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Lipid rafts are assumed to undergo biologically important size-modulations from nanorafts to microrafts. Due to
the complexity of cellular membranes, model systems become important tools, especially for the investigation of
the factors affecting “raft-like” Lo domain size and the search for Lo nanodomains as precursors in Lomicrodomain
formation. Because lipid compositional change is the primary mechanism by which a cell can alter membrane
phase behavior, we studied the effect of the ganglioside GM1 concentration on the Lo/Ld lateral phase separation
in PC/SM/Chol/GM1bilayers. GM1 above 1mol % abolishes the formation of themicrometer-scale Lo domains ob-
served in GUVs. However, the apparently homogeneous phase observed in optical microscopy corresponds in
fact, within a certain temperature range, to a Lo/Ld lateral phase separation taking place below the optical
resolution. This nanoscale phase separation is revealed by fluorescence spectroscopy, including C12NBD-PC
self-quenching and Laurdan GP measurements, and is supported by Gaussian spectral decomposition analysis.
The temperature of formation of nanoscale Lo phase domains over an Ld phase is determined, and is shifted to
higher valueswhen the GM1 content increases. A “morphological” phase diagram could bemade, and it displays
three regions corresponding respectively to Lo/Ld micrometric phase separation, Lo/Ld nanometric phase
separation, and a homogeneous Ld phase.We therefore show that a lipid only-basedmechanism is able to control
the existence and the sizes of phase-separatedmembrane domains. GM1 could act on the line tension, “arresting”
domain growth and thereby stabilizing Lo nanodomains.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cell plasma membrane contains hundreds of lipids and proteins de-
signed to perform the functions that cells require. It is now established
that these membranes are mosaics of different types of domains with
different sizes, compositions, dynamics and functions [1,2]. Among the
various types of membrane domains, several are based on lipid interac-
tions, with the most documented being the so-called lipid rafts [3,4].
disordered phase; GUV, giant
sma membrane vesicle; DSPC,
tidylcholine; POPC, 1-palmitoyl-
onosialotetrahexosylganglioside;
sphingomyelin; Laurdan, 6-
1-acyl-2-[12-[(7-nitrobenz-2-
osphocholine; TR-PE, Texas red
lar vesicle; TIP, temperature at

Systèmes Complexes (MSC),
. Condorcet, case 7056, 10, rue
ance. Tél.: +33 1 57 27 70 82;

Puff).
These appear to be involved in many biological functions involving
cellular activation, membrane trafficking, and signal transduction.

Rafts are thought to be rich in sphingolipids, cholesterol, and specific
proteins [5,6] with lipids that are in a phase state that is distinct from
the surrounding membrane [7]. Indeed, it is often speculated that this
raft organization arises from the tendency for lipids in membranes con-
taining cholesterol to separate into coexisting liquid-ordered (Lo) and
liquid-disordered (Ld) phases [8,9]. The raft hypothesis elevated lipids
to a regulatory role inwhich theymediate protein clustering and restrict
protein diffusion in themembrane [4]. While the key role of cholesterol
and sphingolipids is clear, this definition implies long-lived structures
with stable protein recruitment. However, because the characterization
of thesemembrane heterogeneities in live cells has been challenged, the
idea of what constitutes a lipid raft has evolved. Indeed, large-scale
membrane domains are not optically observable without significant
perturbation [10,11] and the biochemical methodology used to study
rafts has generated ambiguous results [12,13]. Currently, lipids rafts
are viewed as highly dynamic nanoscale assemblies [14,15] that could
undergo coalescence into micrometer-sized domains during specific
cellular activation process [16,17]. This feature may be pivotal to the
raft function and raft size is of crucial importance in the study of cellular
functioning.
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In contrast to in vivo membranes, Lo/Ld phase separation in model
membranes can easily be induced by adjusting the composition and
temperatures of lipid bilayers. In particular, giant unilamellar vesicles
(GUVs) allow optical fluorescence discrimination of coexisting lipid
phases. Using simple biologically relevant lipid model systems com-
posed of a high transition temperature (Tm) lipid, a low-Tm lipid, and
cholesterol (Chol),micron-scale domains (raft-like or Lomicrodomains)
have been observed on GUVs [9,18], and are believed to represent
the in vitro equivalent of the rafts in natural membranes. The usual
approach for studying the formation of Lo microdomains in GUVs is to
use a range of lipid compositions for their preparation and/or to vary
the temperature. These studies have yielded important results, culmi-
nating in the determination of several Lo/Ld phase diagrams for specific
lipid mixtures [19,20]. GUVs containing Lo microdomains coexisting
with an Ld phase, have become important tools for the modeling of
properties and biological functions of lipid rafts [19,20]. These have
been also instrumental in evaluating current ideas as well as making
new proposals for raft-associated mechanisms [21–23].

However, the biological relevance of Lo microdomains on GUVs
systems has been questioned because, in comparison to in vivo mem-
branes, such domains are stable equilibrium structures with a larger
micrometric size. First, it has to be noticed that the use of techniques
other than optical microscopy to probe shorter length scales that are
biologically relevant provides evidence for much smaller Lo domains
[24–26], even with lipid mixtures and temperatures for which fluores-
cence microscopy indicates only the presence of a single homogeneous
phase [27]. On the other hand, it has been shown that giant plasma
membrane vesicles (GPMVs, same membrane composition as intact
cells but lacking a cytoskeleton) formed from the plasma membranes
of cultured mammalian cells can segregate in micrometer-scale fluid
domains [28,29]. Coexisting fluid membrane phases in GPMVs show
fluorescence probe partitioning behavior similar to model membranes
with Lo/Ld phase coexistence. As emphasized by Hancock [30], “there
is no a priori reason to assume that the basic lipid biochemistry and
thermodynamics that operate in model systems are not the same as
those that operate in the plasma membrane”, and a systematic study
of the factors affecting domain size is clearly needed.

Recent work from Feigenson et al. [31,32] has investigated a domain
size transition in the four-component mixture DSPC/DOPC/POPC/Chol,
which may yield insight into how cells are able to exploit lipid
composition changes to alter the size and connectivity of domains.
These studies establish that both the size andmorphology ofmembrane
Lo domains can be controlled by the concentration and the type of low-
melting lipid in mixtures of cholesterol and high-melting lipid. Another
fourth appropriate candidate to add to the classical raft-like-domain-
making three component lipid mixtures could be the ganglioside
GM1. Indeed, gangliosides are known as major players in the creation
of lateral order within biological membranes [33]. They are essential
components of rafts and are directly involved in several raft-
associated cellular processes [34]. GM1has a strong amphiphilic charac-
ter due to the big saccharidic headgroup that bears a protonatable sialic
acid moiety, and the saturated double-tailed hydrophobic moiety. GM1
can separate fromunsaturated lipids as a result of immiscibility [35] and
seems to be preferentially distributed in the Lo domains in model
systems [36,37]. Moreover, because of the excluded volume effect of
its bulky headgroup, GM1 can also segregate from other saturated lipids
and be heterogeneously distributed in submicron-sized domainswithin
the ordered phase [38]. Concerning the domain size modulation, AFM
experiments show that asymmetrically-inserted GM1 on pre-formed
supported lipid bilayers promotes not only a change in the dominant
lipid component of the Lo phase but also, a decrease of the Lo domain
area with increasing GM1 concentration [39]. These complex intermo-
lecular interactions between GM1 and saturated lipids, unsaturated
lipids, and cholesterol, allow the membrane structure to be modulated
with an incredible diversity via distinct mechanisms. Because each
method introduces a different set of issues and the same set of lipid
mixtures are rarely used, further experiments on four-component mix-
tures containing GM1 are still needed to improve the role of GM1 on Lo
domain size modulation.

In the present work, the effect of GM1 concentration on the lateral
phase separation in the PC/SM/Chol (50:30:20) bilayers was studied
by fluorescence microscopy and spectroscopy. As expected for this
lipid mixture below 23 °C without GM1 [40], fluorescence microscopy
shows the occurrence of micrometer-sized Lo domains in GUVs. Oppo-
sitely, GUVs displaying a homogeneous phase are observed at higher
temperature. Interestingly, GM1 above 1 mol % abolishes the formation
of micrometer-scale Lo domains. We show however that the homoge-
neous phase observed in that case by optical microscopy corresponds
in fact, for a certain temperature range, to a Lo/Ld lateral phase separa-
tion below the optical resolution. This nanoscale phase separation is
revealed by fluorescence spectroscopy on LUVs, including of C12NBD-
PC self-quenching and Laurdan GP measurements, and is supported by
Gaussian spectral decomposition analysis. This allowed us to determine
the temperature of formation of Lo phase domains over an Ld phase. The
determined demixing temperatures from Ld to Lo/Ld phase separation
are shifted to higher values when the GM1 content increases, which is
linked with the change of the dominant composition of Lo domains.
A lipid only-based mechanism is consequently able to control the
existence and the sizes of phase-separated membrane domains. This
last feature is tentatively attributed to GM1 effect on the line tension,
“arresting” domain growth and thereby stabilizing Lo nanodomains.
2. Materials and methods

2.1. Reagents

Lipids were obtained as follows and used without further purifica-
tion: egg yolk L-α-phosphatidylcholine (PC), egg yolk sphingomyelin
(SM), cholesterol (Chol) and ovine brain GM1 were from Avanti Polar
Lipids. The fluorescent lipid analogue Texas red DPPE (TR-PE) was
from Invitrogen and the lipophilic membrane probe C12NBD-PC (1-
acyl-2-[12-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]dodecanoyl]-
sn-glycero-3-phosphocholine) was obtained from Avanti Polar Lipids.
Fluorescent probe 6-dodecanoyl-2- dimethylaminonaphthalene
(Laurdan) was from Molecular Probes, Inc. All others chemicals were
of highest purity grade.
2.2. Giant unilamellar vesicle preparation and imaging

The electroformation method developed by Angelova and Dimitrov
[41] was used to form the vesicles. We followed the particular protocol
for giant unilamellar heterogeneous vesicle formation described else-
where [42]. GUVs were prepared with the starting molar composition
PC/SM/Chol 50:30:20. GM1 was substituted for SM in proportions
from 1 to 10 mol %. The vesicles were formed in a temperature-
controlled chamber in 0.5 mM HEPES buffer, pH 7.4. The temperature
was controlled with a water circulating bath. The vesicles were always
formed at 45 °C at which a high yield of vesicles was consistently ob-
tained. Texas red phosphatidylethanolamine (TR-PE) was used as a
probe at a concentration of 0.25% (mol/mol). TR-PE partitions in favor
of the Ld phase [9] which appears brighter while the Lo phase appears
darker by fluorescence microscopy.

A Zeiss Axiovert 200M microscope (fluorescent unit fluo arc N HBO
103, Zeiss), equipped with a Lambda 10-2 unit (Sutter Instrument
Co.), plus a CCD B/W chilled camera (CoolSNAP HQ, Photometrics)
was used for GUV imaging. The setup was computer-controlled by the
Metamorph 6.2 software (Molecular Devices). A 40× Ph LD Zeiss objec-
tive was used. The phase morphology transformations and dynamics in
the heterogeneous GUV membranes were followed by fluorescence
using Zeiss filter set 15 (Ex/Em = 550/620 nm).



Fig. 1. GM1 concentration effect on the Lo/Ld phase coexistence in GUVs. (A) Phase
behavior of PC/SM/Chol/GM1 GUVs as a function of temperature and GM1 mole fraction
presented as a morphology diagram. GUVs were prepared with the molar composition
PC/SM/Chol/GM1 50:30-x:20:x (0 ≤ x ≤ 10) mol/mol. Texas red phosphatidylethanol-
amine (TR-PE, 0.25 mol %) was used as a probe. Each point corresponds to the evolution
of a single GUV, and data are gathered from two or three different samples for each
GM1 concentration. Each region represents one type of phase morphology: Region I
(▲), Lo microdomains over an Ld phase; region II (x), optically homogeneous phase. (B)
Images of GUVs illustrating the effect of temperature and GM1 molar fraction on the Lo/
Ld phase coexistence in GUVs. Scale bar = 10 μm.
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2.3. Large unilamellar vesicle preparation and spectroscopic fluorescence
measurements

Large unilamellar vesicles (LUVs)were prepared using the extrusion
method [43] in HEPES 5 mM, pH 7.4, EDTA 0.1 mM as described previ-
ously [44]. Sampleswere prepared by dissolving andmixing the indicat-
ed lipids in chloroform/methanol (9.4:0.6 v/v) to obtain the desired
compositions. In the self-quenching experiments, C12NBD-PC concen-
tration was 4 mol %. The fluorescent probe Laurdan was mixed with
the lipids in the initial organic solution at a Laurdan:lipid ratio of
1:200. LUV samples were kept at 4 °C, and used for measurements the
day after.

Steady-state fluorescence measurements were carried out with a
Cary Eclipse spectrofluorimeter (Varian Instruments, CA) equipped
with a thermostated cuvette holder (±0.1 °C). Quartz cuvettes were
used. Excitation and emission slits were adjusted to 5 nm. All fluores-
cence measurements were carried out at a total lipid concentration of
0.5 mM for C12NBD-PC self-quenching experiments, and 0.2 mM for
Laurdan measurements. Cooling temperature scans were performed
with several measurements from 60 to 10 °C, allowing sample equili-
bration for 5minwhen the desired temperature is reached.We checked
(i) that there was no hysteresis when the temperature scan was done
heating the sample from 10 to 60 °C, and (ii) that the probe emission
was stablewith time after a 5min incubation, indicating that the system
has reached the steady-state.

Wemonitored the Lo/Ld phase coexistence through the concentration-
dependent self-quenching of C12NBD-PC known to be mostly excluded
from the Lo phase [45]. C12NBD-PC fluorescence was excited at 470 nm,
and emitted fluorescence maximum was measured at 538 nm.

Laurdan is known to be very sensitive to the phase state of themem-
brane. The basis of Laurdan spectral sensitivity lies in its ability to sense
the polarity and dynamics of dipoles in the immediate environment due
to its dipolar relaxation processes. Excitation wavelength for Laurdan
was 355 nm. All emission spectra (from 370 to 600 nm) were recorded
twice and averaged. Analysis of the steady-state spectra was performed
using IGOR 6.10A (WaveMetrics). Polarity changes are shown by shifts
in the Laurdan emission spectrum, which are quantified by calculating
the generalized polarization (GP) defined as GP = (I440 − I490)/(I440 +
I490) where I440 and I490 are the emission intensities at 440 and
490 nm respectively [46]. GP values can theoretically assume values
from +1 (being the most ordered) and -1 (being the least ordered).
GP measurements are done by simply registering the two mentioned
emission intensities (2 sets of 5 measurements averaged).

3. Results

3.1. GM1 concentration effect on the Lo/Ld phase coexistence in GUVs

GUVs were prepared at 45 °C with the starting molar composition
PC/SM/Chol 50:30:20. This composition was chosen because it yields
Lo microdomains below 23 °C [40]. Texas red phosphatidylethanol-
amine (TR-PE) was used as a probe. It partitions in favor of the Ld
phase [9] which appears brighter while the Lo phase appears darker
by fluorescence microscopy. Starting from 45 °C without any prior
fluorescence illumination, the temperature was decreased. At a chosen
temperature, each specific isolated GUV is illuminated in fluorescence
and the presence of a Lo/Ld phase coexistence is checked. This protocol
was repeated with several vesicles for different temperatures and
allows the phase-separation-temperature to be determined without
any artifacts coming from possible light-induced lipid chemical modifi-
cation [47]. As expected, below 23 °C, fluorescence microscopy of these
GUVs shows the occurrence of micrometer-size domains initiated by
nucleation. Oppositely, GUVs displaying a homogeneous phase are ob-
served at higher temperature. The same kind of experiment was done
with different amounts of GM1, substituted for SM in proportions
from 1 to 10 mol %. The presence of GM1was found to have a profound
influence on the GUV's bilayer phase separation. Indeed, while with
1 mol % GM1 the temperature at which Lo microdomains over an Ld
phase appears, is just slightly decreased to 20 °C, and no visible phase
separation occurs with more than 1 mol % GM1 for any temperature
above 15 °C. Fig. 1A summarizes the different results as a function of
the GM1 molar ratios and temperature. This “morphological” phase
diagram shows therefore only 2 regions: Lo microdomains over an Ld
phase corresponds to region I whereas an optically homogeneous
phase is associated to region II. Some vesicle images corresponding to
representative points near the regions boundary on Fig. 1A are shown
in Fig. 1B. Two explanations are possible for the existence of region II
with the corresponding lipid mixtures. One is that GM1 at more than
1mol % intrinsically destabilizes the Lo phase due toweaker interactions
with other lipids. While this explanation cannot be excluded, this does
not seem in agreement with current comparative thermotropic data
on these interactions [48]. Another explanation is that GM1 could “ar-
rest” Lo domain growth. This would therefore stabilize nanoscale Lo do-
mains and thereby hinder (for 1 mol % GM1), even abolish (for higher
GM1 concentrations) the formation of Lo microdomains. In this case,
the membrane might be in the state of a 2D microemulsion, which is
globally homogeneous but locally phase-separated. This trend could
be attributed to different physicalmechanisms thatwill be discussed af-
terwards. Anyway, the use of techniques other than optical microscopy
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to probe shorter length scales would provide ample evidence of the ex-
istence of Lo nanodomains.

3.2. Evidence of nanoscale Lo/Ld phase coexistence from fluorescence probe
self-quenching experiments.

Based on our previous work [45], the concentration self-quenching
properties of C12NBD-PC were employed in order to reveal the Lo/Ld
phase co-existence. Indeed, it is known that NBD fluorescence intensity
in lipid membranes is modulated by two mechanisms: (i) effect of the
environment on the NBD fluorescence, i.e., the membrane composition
and structure [49,50] as well as by (ii) concentration-dependent NBD
self-quenching, i.e., by the concentration of the NBD fluorophore in
lipid membrane [51]. In addition, as originally proposed by Hoekstra
[52], self-quenching has been recognized as the dominant mechanism
for change in the quantum yield of NBD in lipid membranes. An impor-
tant feature of NBD lipid analogues is their unequal partitioning
between the different lipid phases coexisting in a lipid membrane,
resulting in the almost complete exclusion of the C12NBD-PC from
ordered lipid phases [53]. Consequently, the formation and increase of
Lo phase membrane fraction in the vesicles under temperature de-
creases will lead to a decrease of fluorescence intensity consistent
with the exclusion of the fluorescent probe from the Lo phase [45].

Fig. 2 displays the effect of temperature on the relative normalized
fluorescence intensity of C12NBD-PC (4 mol %) embedded in different
lipid composition bilayers: pure egg PC, in liquid disordered (Ld)
phase over the temperature range 10 to 60 °C (Tm around -5 °C, [54]);
PC/SM/Chol 46:30:20 (mol/mol), known from our GUV experiments
to yield Lo microdomains below 23 °C (Fig. 1A); and PC/SM/Chol/GM1
46:25:20:5 (mol/mol), known from our GUV experiments to be optical-
ly homogeneous over the entire temperature range studied (Fig. 1A).
With decreasing temperature, the homogeneous bilayer (pure PC) be-
comes more ordered which is reflected by a monotonic increase of the
relative normalized fluorescence intensity as a convex curve (Fig. 2,
○). This order results in lower penetration of water molecules into or-
dered lipid bilayer, thereby decreasing the polarity in the NBD environ-
ment with a consequent increase in NBD fluorescence intensity. If one
considers now the curve of C12NBD-PC-containing vesicles having a
composition in which there is formation of Lo phase microdomains
Fig. 2. Temperature dependence of C12NBD-PC relative normalized intensity for 4 mol %
C12NBD-PC in LUVs of different compositions. PC (○), PC/SM/Chol/GM1 46:30-x:20:x
(mol/mol) with x = 0 (□), and x = 5 (●). C12NBD-PC fluorescence was excited at
470 nm, and emitted fluorescencemaximumwasmeasured at 538 nm. All measurements
were carried out at a lipid concentration of 0.5 mM and were recorded at pH 7.4. Sample
temperature was gradually decreased. After fewminute equilibration under agitation, the
measurements were done.
within a designated range of temperature, i. e. PC/SM/Chol 46:30:20
(mol/mol), the variation of the relative normalizedfluorescence intensi-
ty with temperature is no longer convex but sigmoidal (Fig. 2, □).
Indeed, upon cooling, the relative normalized fluorescence intensity
curve presents an inflection followed by a slower increase with increas-
ing temperature, resulting from the self-quenching of the C12NBD-PC
accumulated in the remaining membrane fraction in Ld phase.
The curve inflection observed here may correspond to the miscibility
transition and formation of Lo phase [45]. The inflection is observed at
a temperature equal to 28.9 °C. These results (i) confirm theGUV exper-
iments, i.e., the formation and expansion of Lo phase domainswithin the
membrane when the temperature decreases, and (ii) highlight a differ-
ence between the temperatures of formation of Lo domains determined
with the two different approaches. There is formation of Lo nano-
domains at approximately 28.9 °C while Lo microdomains appear at
23 °C. Another striking point is that the curve for the C12NBD-PC-con-
taining vesicles having a composition in which only an optically homo-
geneous phase is observed over the entire temperature range in our
GUV experiments, i.e. PC/SM/Chol/GM146:25:20:5 (mol/mol), presents
the same sigmoidal fluorescence intensity profile (Fig. 2, ●). This indi-
cates C12NBD-PC self-quenching, i.e., formation of Lo phase domains
upon cooling. The lipid-driven lateral separation of immiscible liquid
phases (Ld and Lo phases) still takes place at 5 mol % GM1, but within
a scale below the optical resolution. Consequently, the “morphological”
phase diagram based on our GUV experiments (Fig. 1A) has to be
improved with regards to these results.

3.3. Determination of the demixing temperature of nanoscopic Lo/Ld phase
separation by Laurdan fluorescence.

We then investigated whether the GM1-dependent concentration
effect on Lo domain formation could have their counterpart at the
molecular level. We therefore studied the effect of GM1 concentration
on lipid packing properties using LUVs with Laurdan as a fluorescent
probe. Its fluorescence in lipid membranes undergoes a shift in its
emission spectrum due to a packing-dependent environmental sensi-
tivity of its excited state relaxation [46]. This is usually expressed as
the general polarization GP which is a measure of lipid packing at the
molecular level. Laurdan is also believed to show no preferential phase
partitioning betweenordered and disordered lipid phases and is consid-
ered to have uniform lateral and transbilayer distribution [55]. It must
be emphasized that considering its spectroscopic properties, Laurdan
fluorescence data is expected to yield an essentially static picture of
the nanodomain organization. Indeed, the lateral diffusion coefficient
of Laurdan is of the same order of magnitude as that of phospholipids,
i.e. aroundDT=5µm2 s−1, both in Lo and Ld phases [56]. The character-
istic time for exchange of Laurdan between Lo nanodomains and Ld
phase can be estimated as L2/4DT = 0.5 ms, L = 100 nm being the size
range of nanodomains [30]. This is to be compared to the 5 ns fluores-
cence lifetime of the probe [57]. Therefore, Laurdan spectra correspond
to the sum of contributions of probes uniformly [55] distributed
between Lo and Ld phases.

3.3.1. Role of GM1 on membrane properties at the molecular level
Fig. 3A displays the effect of GM1 concentration and temperature on

Laurdan GP values for LUV lipid compositions similar to those studied
with GUVs (PC/SM/Chol/GM1 50:30-x:20:x; 0 ≤ x ≤ 10). As expected,
for the overall lipid compositions tested, GP values decrease when the
temperature increases. This suggests that at high temperatures, the
membrane becomes less packed thereby imparting higher mobility at
the membrane interface (where Laurdan is located) which leads to an
increase in the dipolar relaxation in this region of themembrane. More-
over, at all temperatures, the increase of the GM1 content from 1 to
10 mol % leads to a GP shift to higher values (Fig. 3A), a feature which
can be related to the known ordering effect of GM1[48,58]. It appears
from three different AFM studies [36,38,39] that, although GM1 has a

image of Fig.�2
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preference for the Lo phase, it can also partition in the Ld phase depend-
ing on its average concentration and the specific amount of the other
lipid components. Therefore it is reasonable to assume that GM1 is
distributed between the two phases (when coexistence occurs) and
leads on average to a high membrane order. As a control, we measured
the GP temperature dependence for LUV lipid compositions typical of Ld
(pure egg PC, [54]) and pure Lo (SM/Chol 50:50 mol/mol, [59]) phases
with different GM1 amounts (Fig. 3B and C). As expected, at a given
temperature, the GP values are much larger for vesicles in the Lo phase
than for those in the Ld phase. Moreover, as for the lipid mixtures
designed to exhibit Lo/Ld phase coexistence (Fig. 3A), pure Ld and Lo
LUVs present the same GP temperature dependence and the same
tendency to higher GP values in the presence of GM1. However, since
the Lo phase is already nearly maximally packed, the further increase
of packing that can be achieved by GM1 incorporation is limited
(Fig. 3C). Oppositely, for the Ld phasewhich is intrinsically more loosely
packed, incorporated GM1 can generate a higher increase in lipid pack-
ing (Fig. 3B). The distinct effect of 10 mol % GM1 on the different lipid
systems is summarized and further emphasized in Fig. 3D where GP
values are plotted as a function of temperature. As expected, GP values
for Lo/Ld lipid systems are intermediate between pure Lo and Ld phases
and, as mentioned previously, GM1 leads to high membrane order
whatever the lipid bilayer composition.

3.3.2. Sigmoid-like shape of the GP temperature dependence for lipid
mixtures designed to exhibit Lo/Ld phase coexistence

The GP values measured in bulk lipid correspond to the sum of
the different relative contributions existing in the sample (see above).
Nevertheless, several points pertaining to bilayer heterogeneity can be
highlighted with a deeper investigation of the plots displayed in Fig. 3.
First, a gradual change of membrane order as a function of temperature
is observed for all the lipid mixtures. Secondly, the plots for pure Ld and
Lo LUVs – and for these LUV compositionswith an increasing amounts of
GM1 – present a GP decrease with increasing temperature displaying a
single concavity (convex for Ld LUVs, Fig. 3B; concave for Lo LUVs,
Fig. 3C). On the other hand, Lo/Ld lipid system plots have a sigmoid-
like shape with an inflection point, and this feature remains whatever
the GM1 content in the membrane (Fig. 3A).The persistence of such a
curve-shape above 1 mol % GM1 is another indication for Lo/Ld phase
separation at the nanoscale for high GM1 content. Indeed, in agreement
with NBD quenching data, the concave to convex transition seen in all
curves in Fig. 3A corresponds to the appearance of the Lo/Ld phase coex-
istence. Such data allows the determination of a demixing temperature
range for Lo/Ld phase separation. So, we fitted the data of change in GP
with temperature to a sigmoid regression function to derive a value
for the temperature at the inflection point (TIP). This temperature repre-
sents an approximate (due to the inherent limitations of such curve
fitting) demixing temperature. As an example, Fig. S1 (Supporting Infor-
mation) displays for one lipidmixture (PC/SM/Chol 50:30:20 mol/mol)
the GP evolution as a function of temperature, its sigmoid fit, and the
sigmoid function derivative. Here, the value of the TIP is equal to
31.4 °C (this value, determined with the fit, corresponds to the mini-
mum of the derivative function, which is shown for more clarity). The
same fitting procedure is then applied to all curves presented in
Fig. 3A, and the result is that the higher the GM1 content, the higher
the TIP is (Fig. 4) (it should be emphasized that in spite of the possible
uncertainty on TIP determination, this variation is significant since it
can already be inferred from the raw data of Fig. 3A). This last feature
is consistent with the fact that increasing GM1 mole fraction leads to
Fig. 3.Effect of temperature andGM1on lipid packing in LUVs asmeasured by Laurdan ex-
periments. Allmeasurementswere carried out at a lipid concentration of 0.2mMandwere
recorded at pH 7.4. Sample temperature was gradually decreased. After few minute
equilibration under agitation, the measurements were done. (A) Evolution of GP with
temperature for LUVs composed of PC/SM/Chol/GM1 50:30-x:20:x mol/mol with x = 0
(□), x=1 (◊), x=2 (♦), x=5 (∇), and x=10 (■). (B) Evolution of GPwith temperature
for LUVs composed of PC (○), and PC/GM1 90:10 mol/mol (●). (C) Evolution of GP with
temperature for LUVs composed of SM/Chol/GM1 50-(x/2):50-(x/2):x mol/mol with
x = 0 (Δ), x = 1(▼), x = 5 (∇), and x = 10 (▲). (D) Evolution of GP with temperature
for LUVs composed of SM/Chol 50:50 mol/mol (Δ), SM/Chol/GM1 45:45:10 mol/mol
(▲), PC/SM/Chol 50:30:20 mol/mol (□), PC/SM/Chol/GM1 50:20:20:10 mol/mol (■),
PC (○), and PC/GM1 90:10 mol/mol (●). The lines are added only to guide the eye.
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Fig. 4. Evolution with GM1 mole fraction of the temperature (TIP) at the inflection
point of sigmoid-like GP curves. TIP values (○) for LUVs composed of PC/SM/Chol/
GM1 50:30-x:20:x mol/mol (0 ≤ x ≤ 10). The line is added only to guide the eye.
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the change in the dominant lipid component of the Lo phase from SM to
SM/GM1 [39], and consequently to the TIP value.
3.4. Gaussian decomposition analysis of the Laurdan emission spectra

One of the limitations of the experiments presented in Fig. 3 is the
measurement of an average or bulk parameter, GP, that samples the
bilayer as a whole. Fig. S2 displays Laurdan emission spectra recorded
at different temperatures ranging from 10 to 60 °C for LUVs made of
PC/SM/Chol 50:30:20 (mol/mol). As expected when the temperature
increases, there is a shift of the spectralmaximumtohigherwavelength.
The peak at 490 nm becomes more pronounced, i.e., the GP values
decrease (Fig. 3A; (□), 0 mol % GM1).

In order to get more detailed information on the bilayer structural
changes,we have attempted to decompose the experimentally obtained
emission spectra into simple Gaussian components. Indeed, it was
shown that the analysis of the spectral decomposition of the Laurdan
emission spectrum is more sensitive to bilayer structural changes than
the GP, and that the spectral decomposition has to be done as a function
of energy, and not the wavelength [60]. This kind of two- or three-
Gaussian component decomposition has been already carried out in
previous analyses of Laurdan fluorescence spectra in model [60,61]
and biological membranes [62], and could be informative in view of
the ability of Laurdan to be excited to and to emit from different states
in an environment-dependent-manner. This sensitivity originates
mainly upon the probe interaction with surrounding water during its
5 ns excited state. Hydrogen bonding, as well as the relaxation of
water molecules which maximizes dipole–dipole interactions, lowers
the energy of the emissive state and promotes a red shift. Only one
study has attempted to interpret the three Gaussian components in
spectroscopic and structural terms [57]. It is well established that the
first emissive excited state of Laurdan type chromophores is a non-
hydrogen bonded charge transfer state [51]. By comparing the emission
maximum wavelength of the three Gaussian component to those of
Laurdan in various solvents, Koehorst et al. [57] proposed that the three
components correspond respectively in decreasing energy to (1) the
non-hydrogen bonded charge transfer state, (2) a solvent hydrogen-
bonded, solvent non-relaxed charge transfer state originating from
(1), and (3) a solvent hydrogen-bonded, solvent-relaxed charge
transfer state originating from (2). State (2) contributes the extra-
component. For the probe in homogeneous fluid membranes, this
component is absent or marginal due to significant water penetration
and mobility that ensures complete or nearly complete conversion
from state (2) to state (3) through dipolar relaxation. In more hindered
and/or less hydrated environment, such conversion is incomplete and
the extra-component can contribute largely to Laurdan emission
spectra.

The Gaussian decomposition analysis of the steady-state Laurdan
emission spectra in the whole temperature range studied (10 to
60 °C) was done for all LUV compositions studied. Fig. 5 presents
some examples of this spectral decomposition for chosen temperatures
for LUVsmade of PC/SM/Chol 50:30:20 mol/mol. For 60 °C (Fig. 5A) and
for 55 °C (data not shown), the emission spectra could bewell analyzed
as a composition of two Gaussian lines, centered as expected around
2.55 (486 nm) and 2.90 eV (430 nm). Below 55 °C, a two-Gaussian fit
of the emission spectra leads to medium to low-quality results (exam-
ples on Fig. 5B and C, 40 and 20 °C respectively), becoming worse as
the temperature decreases. On the other hand, the fluorescence spectra
can be better-decomposed into three Gaussian line shapes. High-quality
fits were obtained, as was judged by χ2 N 0.99 (Fig. 5D and E). As
observed in others studies [57,62], the centers of the three Gaussian
lines were found to vary around 2.58, 2.72 and 2.91 eV (480, 455, and
426 nm respectively) related to the energy level scheme of Laurdan.
For pure Lo LUVs (SM/Chol 50:50 mol/mol), the analysis reveals that
whatever the temperature between 10 and 60 °C, three Gaussian
components are needed to obtain high-quality fits (Fig. S3, Supporting
Information). This last feature also occurs after GM1 addition to the
lipid mixture. For pure Ld LUVs (PC) and LUV composed of PC/GM1
90:10 mol/mol, three Gaussian components are only needed below
30 °C (Fig. S4, Supporting Information). Conclusions drawn from χ2

values concerning the quality of two- and three-Gaussian fits were
confirmed by residuals analyseswhich are plotted above each spectrum
in Fig. 5.

Fig. 6 summarizes for all the bilayer compositions studied the
Gaussian “extra-component” (~2.72 eV, i.e. ~ 455 nm) area fraction
temperature dependence. Whatever the bilayer lipid composition, the
Gaussian extra-component area fraction increases when the tempera-
ture decreases. The necessity of the extra-component in the fitting
course is not simply related to mathematical fitting difficulties at high
GP. This is borne out on the scatter plot of % extra-component vs. GP
shown in Fig. S5 which shows that there is no unequivocal correlation
between both parameters. Identical GP valuesmay correspond to differ-
ent % extra-component, depending on the lipid composition. Even for a
single lipid composition, the % extra-component is not linearly related
to the GP, the dependence being steeper at intermediate GP that at
high or low GP. This suggests that the extra-component bears different
information than the GP. Interestingly, there appears to be a significant
correlation between the occurrence of the extra-component and the
presence of a Lo phase. In Fig. 6, the points depicted in red are assumed
to represent bilayers in the Ld phase, while those in blue symbolize
bilayers with at least a fraction of the bilayer in the Lo phase. For LUVs
made of PC/SM/Chol/GM1 50:30-x:20:x mol/mol, the TIP values
displayed in Fig. 4 have been used in order to determine the tempera-
ture threshold of Lo phase existence. One can see that the Gaussian
extra-component per se can be considered as an index of the Lo phase
above a threshold (red to blue symbol color change for a value of the
extra-component area fraction around 0.09). As expected, the spectral
decomposition in two or three Gaussian components reflects the
temperature-dependent probe environment, and could be a way to de-
tect Lo phase existence. Whereas the GP reports on the average order
and packing of the bilayer, the % extra-component, above a minimal
threshold, reports upon the bilayer phase heterogeneity, i.e. occurrence
and amount of an ordered phase.

4. Discussion

In the present work, the effect of GM1 concentration on the Lo/Ld lat-
eral phase separation in the PC/SM/Chol bilayerswas studied.We showed
that, in LUVs made of PC/SM/Chol/GM1 (50:30-x:20:x mol/mol), GM1
above 1 mol % abolishes the formation of the micrometer-scale Lo do-
mains observed in GUVs for lower GM1 amounts (Fig. 1A). The
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Fig. 5.Gaussian decomposition of fluorescence emission spectra of Laurdan in LUVsmade of PC/SM/Chol 50:30:20 mol/mol at different temperatures. (A) 60 °C, two Gaussians; (B) 40 °C,
two Gaussians; (C) 20 °C, two Gaussians; (D) 40 °C, three Gaussians; and (E) 20 °C, three Gaussians. The fitting of the experimental data (◊) was performed using IGOR 6.10A program
using symmetrical Gaussians (dashed lines); solid lines are the sum of the different Gaussians. λexc = 355 nm. Residuals analyses are plotted above each spectrum.
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homogeneous phase observed in optical microscopy corresponds in
fact, for a certain temperature range, to a Lo/Ld lateral phase separation
below the optical resolution. This nanoscale phase separation revealed
by the self-quenching properties of C12NBD-PC (Fig. 2) was supported
by the Laurdan data (Figs. 3–6).

A question arose whether experiments with varying GM1 concen-
trations would yield different results if, instead of decreasing SM con-
tent in parallel with increasing GM1 content (as performed above),
the 5:3:2 PC/SM/Chol molar ratio was kept constant while adding
GM1. Control experiments were thus performed using the later ap-
proach. TIP value changes from Laurdan experiments were below
0.6 °C for GM1 concentrations from 2 to 10% (Fig. S6 and Tab. S1).
Such changes are of the sameorder of the experimental error. Therefore,
although the question of the choice of themethod is relevant, it does not
seem to impact the data in the chosen GM1 concentration range.

Both NBD-PC and Laurdan GP measurements allowed us to deter-
mine the temperature range of formation of Lo phase domains over an
Ld phase. At 0 mol % GM1 for example, the demixing temperature of
phase separation determined by the self-quenching experiments is
equal to 28.9 °C, close to the one (31.4 °C) defined by the position of
the inflection point in the GP temperature dependence curve. The
small difference can be explained by the distinct sensitivity to phase
separation of the two measurements, and by the different probe effect
on the bilayer organization in the two sets of experiments, as well as
by fitting uncertainties. The inflection seen in the curves in Fig. 3A
differs from the abrupt transition classically observed during gel–liquid
disordered phase transition, and from the single concavity curve evolu-
tion of the GP in the course of gel–liquid ordered phase transition [63].
Consequently, we assume that the temperatures (TIP, Fig. 4) determined
at the inflection point of the temperature GP curves correspond
approximately to the demixing temperature of Lo/Ld nanoscopic phase
separation. Moreover, the TIP values depend on the GM1 amount (x)
in the PC/SM/Chol/GM1 (50:30-x:20:x) bilayers. The demixing
temperatures of phase separation (Fig. 4) are shifted to higher values
when x increases, which is linked with the change from SM to
SM/GM1 of the dominant composition of Lo domains [39]. A possible
explanation is that, in additional to the establishment of the stabilizing-
lateral-segregation network of hydrogen bonds between ceramide
moiety, lateral segregation of GM1 is further favored by the formation
of hydrogen bonds between adjacent sugar residues [64].
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Fig. 6. Temperature dependence of the Gaussian extra-component area fraction. The area
fraction is determined with the best fit of the Laurdan fluorescence spectra given by a
three Gaussian decomposition analysis. For a specified lipid mixture, the absence of a
point at a given temperature means that the spectrum has been better-decomposed in a
two Gaussian line shapes. PC ( ); PC/GM1 90:10 ( ); PC/SM/Chol 50:30:20 ( and );
PC/SM/Chol/GM1 50:30-x:20:x with x = 1 ( and ), x = 5 ( and ), and x = 10 (
and ); SM/Chol/GM1 with x= 0 ( ), x = 1( ), x = 5 ( ), and x = 10 ( ). The points
depicted in red are assumed to represent bilayers in the Ld phase, while those in blue
symbolize bilayers with at least a fraction of the bilayer in the Lo phase.
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These results were supported by the Laurdan spectra decomposition
analysis showing that there is a significant correlation between the TIP
values and the temperature belowwhich an extra-component becomes
significant. Our proposal of the extra-component as an index of the Lo
phase is consistent with the interpretation of Koehorst et al. [57] (see
Section 3.4). Indeed the ordered nature of the Lo phase is characterized
by a higher lipid packing density and therefore a lower available volume
between lipid molecules. This likely corresponds to a lesser hydration
and a lower lipid mobility of hydration water molecules and therefore
a slower solvent relaxation around the Laurdan chromophore. To our
knowledge, the mobility of water molecules bound to Lo phase bilayers
has not been addressed yet. However, the study of M'Baye et al. [65]
indeed shows that Lo phases have an intrinsic lower hydration than Ld
phases. On the other hand, it does not seem that the extra-component
is contributed by the environment located at the boundaries between
Lo and Ld phases. Indeed, for each specific lipid composition, when the
temperature is increased above TIP, there is a Lo microdomain to Lo
nanodomain transition which leads to an increase in the contribution
of domain boundaries. However, such an increase of temperature
promotes a decrease in the % extra-component (Fig. 6).

The fact that a small amount of extra-component is observable
with Ld bilayers below 20 °C simply indicates that (2) → (3) dipolar
Table 1
Effect of GM1 content on TIP, Tmicro, and on theGaussian extra-component area fraction range
between 10 °C and TIP for vesicles composed of PC/SM/Chol/GM1 50:30-x:20:xmol/mol.

GM1 content (mol %)a

0 1 2 5 10

TIP
b 31.4 34.9 35.4 36.9 38.2

Tmicro
c 23.0 20.0 None None None

Gaussian “extra-component”
area fraction range
between 10 °C and TIP

d

0.07-0.21 0.12-0.28 nd. 0.12-0.30 0.10-0.32

a GM1 content (x mol %) in PC/SM/Chol/GM1 (50:30-x:20:x) lipid systems.
b Temperature value at the inflection point for the curves displayed in Fig. 3A, following

the procedure described in Fig. S1.
c Temperature of appearance of Lo microdomains over an Ld phase in GUVs (from Fig. 1A).
d Values extracted from Fig. 6.
relaxation at such low temperatures is slightly incomplete. This residual
amount is 2–10% in our experiments.

Table 1 summarizes for the lipid mixtures designed to exhibit Lo/Ld
phase coexistence, the values of the demixing temperature of Lo/Ld
phase separation (TIP) and the temperature of appearance of the
micrometric Lo/Ld phase separation on GUVs (Tmicro, values derived
from Fig. 1A). For the lipid mixtures known to exhibit this micrometric
phase separation (0 and 1 mol % GM1), TIP is greater than Tmicro (there
is no Tmicro for mixtures with more than 1 mol % GM1). For example,
at 0 mol % GM1, TIP is equal to 31.4 °C and Tmicro to 23 °C. In this frame-
work, we propose that over the entire temperature range, the
membrane at 0 mol % GM1 exhibits different morphologies or phases:
(i) between 60.0 and 31.4 °C, the membrane is in a homogeneous Ld
phase; (ii) at 31.4 °C, the nanoscale Lo/Ld phase separation occurs; and
(iii) between 31.4 and 10 °C, themembrane exhibits a Lo/Ld phase coex-
istence butwith discrete Lomicrodomains observable over a continuous
Ld phase only below 23 °C. A similar interpretation holds for the PC/SM/
Chol bilayer containing 1mol%GM1 (Table 1). There is therefore a range
of Lo/Ld lipid mixtures (from 0 to 10 mol % GM1) that exhibit a Lo/Ld
phase separation into nanodomains at specific but slightly different
temperatures. Only a part of thesemixtures (0 and 1mol% GM1) under-
go a Lo nano- to micro-domains transition when the temperature
decreases. So, a new “morphological” phase diagram can be made
(Fig. 7), which displays now three regions corresponding respectively
to Lo/Ld micrometric phase separation (region I, Fig. 7), to Lo/Ld
nanometric phase separation (region II, Fig. 7), and to a homogeneous
Ld phase (region III, Fig. 7). Table 1 also indicates the range of % extra-
component found by Gaussian analysis of Laurdan emission spectra
between10 °C, the lowest studied temperature and TIP. There is a strong
correlation between the increase of % extra-component at low temper-
ature and the occurrence of a nanoscopic demixing transition. For Ld
only bilayers (PC ± GM1), this component remains below 10% for this
temperature range.

The analysis of the phase diagram displayed on Fig. 7 could be infor-
mative in different manners. 1) At a given temperature, one can see
the effect of GM1 on the Lo/Ld phase separation. These composition-
dependent data are particularly valuable, because composition is the
primary mechanism by which a cell can alter membrane phase behav-
ior. Around the physiological temperature for example, increasing
GM1 content leads to a nanoscale Lo/Ld phase separation which is not
present without GM1. Demixing temperature from Ld to Lo/Ld coexis-
tence appears to be GM1 dependent. On the other hand, at 20 °C, the
Lo/Ld phase coexistence always exists at least till 10 mol % GM1, but a
threshold between micro- and nano-scale Lo/Ld phase separations oc-
curs at 1 mol % GM1. Lipid composition alone can control the existence
Fig. 7. GM1 content modulation of the Lo/Ld phase coexistence and the Lo domain size.
Phase behavior of PC/SM/Chol/GM1 vesicles (GUVs and LUVs) as a function of tempera-
ture and GM1 mole fraction presented as a morphology diagram. Vesicles were prepared
with the molar composition PC/SM/Chol/GM1 50:30-x:20:x (0 ≤ x ≤ 10) mol/mol. Each
region represents one type of phase morphology: Region I, Lo microdomains over an Ld
phase; region II, Lo nanodomains over an Ld phase; Region III, homogeneous Ld phase.
The boundary between regions II and III is defined from the TIP values (○) displayed on
Fig. 4. The line is added only to guide the eye.
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and the sizes of phase-separatedmembrane domains. This last feature
seems characteristic of four-component lipid mixtures [32], while for
three-component mixtures at constant temperature, depending on
the lipid composition, the system exhibits one or the other domain
size-scale (see for example Feigenson [19] in which notion of “type
I” and “type II” mixtures is introduced, where the “type II mixtures”
exhibit global phase separation, whereas the “type I mixtures” phase-
separate on the nanoscale but are globally homogeneous, much
like microemulsions). This naturally raises questions regarding the
physical nature of the domain size modulation by GM1. A growing lit-
erature seeks to explain submicron domain stabilization in terms of
composition-dependent membrane properties, like line tension, lipid–
lipid dipolar repulsion, and curvature energies [66–68]. Indeed, the
existence of two coexisting phases implies an energy associated with
the interface between them. This energy per length, called line tension,
is related to hydrophobic mismatch at domain boundaries and always
favors coalescence of small domains into larger domains. Thermody-
namic stability of small domains would require small line tension and
a competing energy term favoring dispersed domains. A way to reduce
line tension is the presence of line-activemolecules, accumulating at the
domain boundaries and bridging the differences in thickness. This role
has been suggested for asymmetric saturated/monounsaturated lipids
[69–71], but GM1, because of its saturated fatty acids (mainly palmitic
and stearic acids) [72], seems not to fit such properties. However, as
explained by Meinhardt et al. [67], an elastic tension, originating from
a coupling between local composition and monolayer curvature, could
be another source of a line tension decrease. The curvature mismatch
between Lo and Ld phases is able to suppress global phase separation,
and thereby stabilize submicron domains. In this framework, Lo-
domain enriched GM1 with its cone-shape (GM1 shape factor around
0.5) appears as a good candidate for monolayer generating curvature,
and this provides a convincing explanation of our experimental results.
2) At a given lipid composition, one can see the effect of temperature on
the existing phases in the bilayer. While lipid mixtures with more than
1 mol % GM1 present only a nanoscale phase coexistence below the
demixing temperature, lipidmixtures with 0 and 1 mol.% GM1 undergo
a Lo nano- tomicro-domain transition when the temperature decreases
(Fig. 7 regions I and II). This could be explained by the increase of the
line tension when the temperature decreases [18], favoring nanoscale
domain coalescence, and leading ultimately to optically visible domains.
Finally, with a marked dependence to local lipid composition and
temperature, line tension appears to be of central importance for the
phase-separation scale determination.

5. Conclusions

Thiswork, carried out with four-component lipidmodel systems, in-
vestigates how lipid composition changes affect bilayer phase behavior.
We show that GM1 content is able to modulate Lo/Ld phase coexistence
and Lo domain size. Is it possible that this GM1 effect be a lipid-based
mechanism of raft modulation in vivo? GM1 regulation in the plasma
membrane is known to profoundly affect cell functions. For example,
NEU3, described as plasma membrane ganglioside sialidase, has the
ability to work on gangliosides that are located on the same membrane
or on themembrane of adjacent cells, thus playing a central role in cell–
cell interactions. NEU3 specifically localizes in lipid rafts. As a result of
NEU3 activity, the cell content of gangliosides decreases, leading to a
variation of the physicochemical properties of lipid rafts whose cluster-
ing represents a pivotal step for membrane fusion during myogenesis
[73]. It has been also shown that the experimental overexpression of
GM1 blocks PDGF receptor signaling by displacing it outside of lipid
rafts [74], suggesting that local accumulation of GM1 might modulate
receptor function. Finally, to try to answer the question at least partially,
further investigations are needed, improving the model systems with
the enzymatic conversion products of GM1. From a thermodynamic
point of view, the role of GM1 on the line tension has to be clarified.
In order to measure this possible dependence, we plan to analyze a set
of Lo domain contours observed in GUV experiments (native domains
for 0 and 1 mol % GM1, and photoinduced domains for higher concen-
tration [47]) to extract the energies of the Fourier modes of domain
fluctuations, and ultimately the values of the line tension corresponding
to these modes [75,76].
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