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Sphingosine is a bioactive molecule which is known to participate in the regulation of a number of cel-
lular processes such as apoptosis, cell differentiation, growth, etc. Sphingosine was observed to exhibit
different domain morphology depending on the surrounding lipid matrix in biomimetic systems such
as giant vesicles. Our current results showed that in a glycerophospholipid matrix sphingosine segregated
in gel leaf-like domains whereas cholesterol presence increased its miscibility by melting gel domains in
a concentration-dependent manner. Sphingosine and cholesterol did not form merging liquid domains on
the micron scale as observed for sphingomyelin and cholesterol. However, we were able to visualize that
sphingosine appears as a stabilizer and amplifier of domains in liquid-ordered phase by increasing the
temperature of their formation and fraction. These results imply that sphingosine acts as a modulator
of the lipid domain formation and thus it could exert its biological role, not only through direct binding
to proteins, but also indirectly by influencing their sorting in membranes and modulating the processes of
signal transduction.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction the production of sphingosine-1-phosphate [6]. According to some
Interest in sphingolipids and their metabolites has grown very
rapidly since the establishment of their important role in cell sig-
naling. The mechanisms of action of ceramide and sphingosine-1-
phosphate have been particularly well studied. It is known that
these two sphingolipids exhibit opposite effects on various cellular
processes such as apoptosis, cell differentiation, growth, etc. Sphin-
gosine-1-phosphate exerts an inhibitory effect on apoptosis unlike
ceramide which stimulates this process [1–3]. The interest of many
authors has been attracted by the so-called ‘‘ceramide/sphingo-
sine-1-phosphate rheostat”, i.e. the ratio between these two lipids
could determine the fate of a cell – apoptosis in case of high cera-
mide levels or cell survival if sphingosine-1-phosphate predomi-
nates [4]. However, the intermediate product in the metabolic
chain ‘‘ceramide/sphingosine-1-phosphate”, sphingosine, has re-
ceived less attention. Studies related to its mechanism of action
are quite incomplete, although its essential role in the functioning
of the ‘‘ceramide/sphingosine-1-phosphate rheostat” is more than
obvious. It is assumed that cellular sphingosine (SPH) is formed
exclusively as a result of ceramide degradation whereas its even-
tual de novo synthesis does not occur [5].

Sphingosine generated by neutral ceramidase could also be
found in the plasma membrane outer monolayer. This indicates
that neutral ceramidase can actively participate in ceramide
metabolism at plasma membrane level and thus be a mediator in
ll rights reserved.

taneva).
authors the presence of acid sphingomyelinase and neutral ceram-
idase at the cellular surface suggests that membrane rafts are the
site for generation of sphingosine [7,8]. Hengst et al. [9] demon-
strate that endogenous human sphingosine kinase 1 and its sub-
strate, D-erythro-sphingosine, reside in the plasma membrane
lipid raft domains. These facts support the key role of SPH in the
sphingomyelin signaling pathway and the importance of plasma
membrane lipid microdomains in the performance of these
processes.

There is still no data revealing the tendency of SPH molecules to
self-aggregate and form microdomains, and to interact with choles-
terol, as it is typical for sphingomyelin and the most relevant ques-
tion in the current study is whether SPH has the ability to form or
modulate micron-scale domains in liquid-ordered phase which are
considered as a simplified lipid model of rafts at the cellular level.

What we know for the physico-chemical properties of sphingo-
sine is its pKa = 8.9 in membranes which determines the positive
charge of this molecule under physiological conditions [10]. Re-
cently Sasaki et al. [11] have shown that the changes in the aggrega-
tion structure of sphingosine between pH 6.7 and 9.9 is a shift in the
predominant hydrogen-bonding network from intramolecular to
intermolecular. The authors presumed that this shift plays a key role
in the formation of large sphingosine aggregates which may be
important for understanding of certain lysosomal glycosphingolipid
storage disorders. Biophysical studies on the phase behavior of mix-
tures involving sphingosine with dipalmitoyl phosphatidylcholine
(DPPC) and dielaidoyl phosphatidylethanolamine (DEPE) [12,13]
or phosphatidylserine (PS) and cholesterol [13,14] showed that
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SPH rigidified membranes. According to Garmy et al. [15], SPH
formed pair-wise condensed complexes with cholesterol. These
authors suggested that SPH interacts specifically with cholesterol
and inhibits the intestinal Niemann–Pick C1 like 1-dependendant
transport of micellar cholesterol. Also the pro-apoptotic action of
certain receptor systems and various environmental stress factors
(such as ionizing radiation, heat shock, oxidative stress) is associated
with the signaling cascades launched by CER or SPH. It is assumed
that the pre-initiation of apoptosis is lying at the basis of neurode-
generative diseases (for example Alzheimer’s disease and Hunting-
ton’s disease) [16]. It is known that the accumulation of SPH in
lysosomes, known as Niemann-Pick (C1) disease, is the initiating
factor that alters Ca2+ homeostasis, which in turn leads to accumula-
tion of other sphingolipids and cholesterol [17]. To emphasize the
vast physiological role of SPH it should be mentioned that sphingoid
bases have been reported to stimulate DNA synthesis [18].

The ability to increase membrane rigidity appears to be a pri-
mary property of sphingosine [19]. Probably therein lays the indi-
rect inhibitory effect of SPH on different protein kinase C isoforms
[20] as well as its stimulating effect on the activity of DAG kinase
and phospholipase C [21,22]. It is well known that these enzymes
do not contain a sphingosine-binding site, which excludes the di-
rect influence of SPH on their activity.

It is very likely that the mentioned physiological effects of SPH
are due to its impact on the physical state of cell membranes and
thus on various functionally active proteins–enzymes, receptors,
etc. That is why our current study is devoted to the effect of SPH
on the domain morphology in various lipid matrix. Giant unilamel-
lar vesicles (GUVs) comprised of different ratios of natural-occur-
ring lipids such as egg-yolk phosphatidylcholine (PC), egg-yolk
sphingomyelin (SM), bovine brain sphingosine (SPH) and choles-
terol (CHOL). Different patterns of domain formation in the micron
scale were visualized using fluorescence microscopy in PC/SPH
binary mixtures, PC/SPH/CHOL; PC/SM/CHOL ternary and PC/SPH/
SM/CHOL quaternary mixtures. We were able to determine the
temperature of micron-scale domain formation, identification of
domain shape and size as well as their dynamics like for example
their capacity to merge. The binary mixtures allowed us to visual-
ize the formation of gel leaf-like domains composed of self-aggre-
gated SPH molecules in glycerophospholipid matrix. The next step
was to establish the effect of CHOL in a lipid bilayer containing SPH
(ternary mixtures) in order to be able to answer the question
whether SPH and CHOL interact in a manner similar to SM and
CHOL as could be presumed in view of the structural analogy be-
tween SPH and SM molecules: a common sphingoid base. We ob-
served that SPH and CHOL (PC/SPH/CHOL) did not form liquid
domains in micron scale unlike SM and CHOL (round shape and
merging domains). In quaternary mixtures we examined the direct
SPH influence on the formation of ‘‘rafts” type domains and we ob-
served that SPH increases the temperature of domain formation
and their fraction. Thus, SPH appears as stabilizer and amplifier
of the domains in the liquid-ordered phase.

With this study, we aimed to clarify how SPH, a product of
sphingolipid-metabolizing enzymes, affects the lateral organiza-
tion of lipids in membranes in order to understand how this mol-
ecule works not only on intra-cellular organelles (sphingolipid-
enriched lysosomes) but also in the extra-cellular space, including
the outer monolayer of plasma membranes.
2. Materials and methods

2.1. Commercial reagents

Egg-yolk L-a-phosphatidylcholine, egg-yolk sphingomyelin,
bovine brain sphingosine and the fluorescent lipid analogue
L-a-phosphatidylethanolamine-N-(lissamine rhodamine B sulfo-
nyl)-Rhod-PE (Chicken) were obtained from Avanti Polar Lipids,
Alabaster, AL and used without further purification. The distribu-
tion of fatty acids in egg phosphatidylcholine consisted of 34%
C16:0, 2% C16:1, 11% C18:0, 32% C18:1, 18% C18:2 and 3% C20:4
and for egg sphingomyelin it was 84% C16:0, 6% C18:0, 2% C20:0,
4% C22:0 and 4% C24:0. Cholesterol was from Sigma–Aldrich, St.
Quentin-Fallavier, France. The buffer Hepes was also purchased
from Sigma–Aldrich.

2.2. Preparation of Giant Unilamellar Vesicles

The electroformation method, developed by Angelova and Dim-
itrov [23], was used to prepare giant unilamellar vesicles (GUVs).
The vesicles were formed in a temperature – controlled chamber
in 0.5 mM Hepes buffer, pH 7.4. The temperature was controlled
with a Peltier microscope stage at rate of 0.2 �C/min. The vesicles
were always formed at 45 �C at which a high yield of vesicles
was consistently obtained. Recently, formation of lipid peroxides
caused by electrochemical reactions was reported during the vesi-
cle preparation by using ITO-glass electrodes [24,25] unlike GUVs
formed by titanium electrodes [24]. Platinum (Pt) electrodes, used
under our experimental conditions as well, were not studied in de-
tail and the authors assumed that ‘‘it would lead to generation of
peroxides because the platinum is not a ‘‘valve metal” as it is for
the titanium. Ayuyan and Cohen [24] state that only those vesicles
that came within proximity of the ITO-glass electrodes could have
their lipids electrochemically peroxidized. We did not observe dif-
ferences in the phase separation between the vesicles attached on
the Pt electrodes and those which were far enough. We ascribed
this fact not only to the use of Pt electrodes but also to the appli-
cation of low 300–400 mV peak to peak sine wave voltages and
not 1.4 V like in Ayuyan and Cohen’s report [24] and even more
(up to 10 V) in Zhou et al. [25]. This, of course, makes two to three
times longer the time of vesicle preparation. To avoid photo-in-
duced oxidation during the fluorescence observation the following
preventive measures were undertaken. Low power illumination,
50 W Hg arc lamp light, and low dye concentration were used
(up to 0.8 mol% for epifluorescence measurements) [26]. Also, we
accepted as experimental results the phase separation visualized
immediately after opening of illumination with exposure time
from 300 to 800 ms and not those taken after longer exposure
and/or observation time (in the order of minutes). Our results were
averaged from at least 10 random vesicles at each temperature of
observation and at least three experiments of each lipid mixture.
The vesicles were observed using a Zeiss Axiovert 135 microscope
equipped with 63� long working distance objective lens (LD Ach-
roplan Ph2). Observations were recorded using Zeiss AxioCam HSm
CCD camera connected to an image recording and processing sys-
tem (Axiovision, Zeiss). The phase morphology of the heteroge-
neous GUV membranes were followed in phase contrast and in
fluorescence by Zeiss filter set 15 (Ex/Em = 546/590 nm). The head-
group labeled lipid analogue egg Rhod-PE is excluded from the
more ordered phase and partitions predominantly in the disor-
dered one. That makes the more ordered phase appear as a dark
spot within the bright vesicle membrane. Since there is evidence
in the literature that certain lipid markers such as Rhodamine-
DPPE and DiIC18 partition into different phases (gel or liquid-disor-
dered) depending on the local chemical environment [27,28], we
checked the studied phase separation by using the followed fluo-
rescent probes: headgroup labeled fluorescent lipid analogue
(Texas-red – DPPE) and fatty acid labeled ones (18:1-12:0 NBD-
PC and NBD-SPH) (data not shown). Irrespective of the type of
the fluorescent probe, none of them showed a reversal of the con-
trast making bright gel phase (bright leaf-like domains) or making
bright liquid-ordered phase (bright round shape domains) on dark
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liquid background in all of the studied lipid mixtures. Difference in
the temperature of domain formation and their shape was not ob-
served as well. Therefore, it can be concluded that all fluorescent
probes, used in this study, were partitioned in liquid-disordered
phase. The assignment of phases is not problematic in the case of
gel/liquid-disordered phase coexistence because gel domains exhi-
bit leaf-like shapes and they are not merging domains. However,
when liquid/liquid immiscibility is observed in the membrane bi-
layer the fluorescent probe assignment of phases would be con-
fused because two phases share similar physico-chemical
properties. Higher affinity for disordered phase than for a more
compact one is expected for the used by us fluorescent probe-
egg-Rhod-PE due to its unsaturated fatty acids which prevent the
tight packing of N-acyl chains unlike Rhodamine-DPPE. The same
reason is adopted also for all NBD-chain labeled lipid species
[29]. Another indirect argument for unambiguous assignment of
the dark domains as domains in liquid-ordered phase is related
to systematic variations in SM and CHOL concentrations in the
mixtures. At low SM and CHOL concentrations the fraction of li-
quid-ordered domains must be smaller than liquid-disordered.

Micron-scale miscibility transition temperatures were recorded
as the temperature at which visible domains appeared and then
disappeared as temperature was decreased and then increased (Ta-
ble 1). This is described in detail by Veatch and Keller [30]. Transi-
tion temperature is defined as the average of these two points.
Standard deviations correspond to the averaged data from at least
10 vesicles. Integers were taken because experimental errors in
transition temperatures had a systematic contribution of ±1 �C
from the response time of the thermistor. It should be noted that
measured transition temperatures correspond to 63x objective
magnification.
3. Results

3.1. GUVs prepared from phosphatidylcholine/sphingosine (PC/SPH 90/
10, 80/20 and 60/40) binary mixtures

To better understand the phase behavior of SPH in complex
quaternary mixtures, modeling more closely natural membranes,
we started our studies by exploring its phase behavior (in term
of domain formation) in three simplified binary mixtures: PC/SPH
90/10, 80/20 and 60/40. The micron-scale miscibility transition
temperatures for all studied lipid mixtures are summarized in
Table 1.
Table 1
Micron-scale miscibility transition temperature for different series of lipid mixtures.

Lipid mixture Tmicron-scale miscibility transition temperature

Binary mixtures
(PC/SPH) Lb/Ld

90/10 (10 ± 2)�C
80/20 (14 ± 3)�C
60/40 (18 ± 4)�C

Ternary mixtures
(PC/SPH/CHOL) Lb/Ld

70/20/10 (14 ± 3)�C
60/20/20 (10 ± 3)�C
50/20/30 (6 ± 2)�C

Control mixtures
(PC/SM/CHOL) Lo/Ld

50/30/20 (24 ± 5)�C
30/50/20 (37 ± 3)�C

Quaternary mixtures
(PC/SPH/SM/CHOL)
50/20/10/20 (18 ± 3)�C (Lb/Ld); (10 ± 4)�C (Lo/Ld)
40/20/20/20 (26 ± 4)�C (Lo/Ld)
30/20/30/20 (37 ± 2)�C (Lo/Ld)
To visualize lipid phase separation, single GUVs composed of
80/20 PC/SPH (Fig. 1) were observed in the wide temperature range
from 37 �C to 4 �C. Upon cooling, from 37 �C to 15 �C the vesicles
exhibited a homogeneous appearance (Fig. 1a) whereas below
15 �C (Table 1) the formation of dark domains was observed as
illustrated by the fluorescence images (Fig. 1b). It should be noted
that the resolution upon our experimental conditions was in the
order of several micrometers, i.e. the presence of phase separation
on the submicron scale (nanometer scale) would not be precluded.
The formation of the dark fraction is a consequence of the exclu-
sion of the fluorescent marker egg Rhod-PE from the more ordered
phase, represented as dark domains and its partition into the
remaining liquid-disordered phase (Ld), appearing as a bright
phase. Well resolved leaf-like domains were detected at about
10 �C (Fig. 1c) which moved laterally within the plane of the bright
lipid phase. The number of petals in the leaf-like domains was usu-
ally five, six or eight. Upon further temperature decrease, the leaf-
like domains increased their size rather than their number at the
given temperature rate (0.5 �C/min). There was often a single
leaf-like domain in a vesicle. This temperature effect was probably
due to the gradual inclusion of SPH molecules in the dark phase.
Furthermore, at low temperatures, the shape of the dark domains
became more distinct (Fig. 1e). The leaf-like shape of the domains
is determined by the balance between two forces that act on the
edge of a domain. The first one is the line tension, which tends
to form round shaped domains and the other force is due to the
electrostatic repulsions between SPH molecules. The electrostatic
repulsive forces are likely to maximize the distance between the
molecules within a domain and thus favor the irregular or frac-
tal-like shape of the domains [31,32]. Therefore, the shape of the
leaf-like domains is rather governed by long-range electrostatic
repulsion rather than by the line tension, which would also explain
why fusion between leaf-like domains was never observed in our
experiments. The domains tended to attach and form clusters of
two (Fig. 1d) or more domains (Fig. 1f). The leaf-like shape of the
dark domains and their property to increase gradually in size with
temperature reduction, without fusion between them, are typical
for domains in gel phase (Lb). They should be composed mainly
of SPH since the melting temperature of this lipid has been re-
ported to be about 30–40 �C depending on the pH of the surround-
ing medium [14,33].

The PC/SPH 90/10 binary mixture is not shown because phase
separation occurred at lower temperature (10 �C, Table 1). Even
at 4 �C due to the small sizes of the domains it was difficult to iden-
tify their shape.

When raising the amount of SPH up to 40 mol% (data not
shown) leaf-like domains formed at a higher temperature (18 �C,
Table 1). Their number did not vary, but a significant increase in
their size was observed compared with the EPC/SPH 80/20 mix-
ture. The number of petals did not vary as well, but the petals be-
came longer.

3.2. GUVs prepared from phosphatidylcholine/sphingosine/cholesterol
(PC/SPH/CHOL) ternary mixtures. Effect of cholesterol on SPH domain
formation

The domain morphology of three PC/SPH/CHOL ternary mix-
tures was studied. We examined the effect of CHOL by varying
its molar ratio from 10, 20 and 30 mol%. The proportion of SPH
was fixed to 20 mol%.

The addition of 10 mol% CHOL to the binary mixture did not
change the temperature of domain formation (14 �C, Table 1) as
illustrated in Fig. 2a and b. Apparently, there was no significant
change in the fraction of the gel domains (Fig. 2b–d). Linear clus-
ters of gel domains were observed at low temperatures (4 �C)
(Fig. 2d) just like PC/SPH 80/20 binary mixture (Fig. 1f).



Fig. 1. Visualization of Lb/Ld phase separation in sphingosine-containing GUVs on the micron scale. PC/SPH 80/20 binary mixture yielded homogeneous vesicles in the
temperature range from 37 �C to 15 �C (a). Domain formation at 14 �C (b). Well resolved dark leaf-like domains at 10 �C (c). Clustering of small leaf-like domains at 10 �C (d).
Formation of well resolved petals at 4 �C (e). Assembly of two (d) and four (f) domains into clusters at 4 �C. Bar 20 lm.

Fig. 2. Lb/Ld phase separation in a ternary PC/SPH/CHOL 70/20/10 mixture.
Homogeneous vesicles in the temperature range from 37 �C to 15 �C (a). Formation
of dark leaf-like domains at 14 �C (b) similar to PC/SPH 80/20 binary mixture.
Domain growth in size upon cooling (c). Formation of domain clusters at low
temperature (d). Bar 20 lm.
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Increasing the amount of CHOL to 20 mol% led to a decrease in
the temperature of domain formation with about 4 �C compared to
10 mol% (Table 1). Domains formed at 10 �C (Fig. 3a and b). Their
size was visibly reduced and that is why their structure remained
unresolved. In contrast to this tendency their number was aug-
menting (Fig. 3b). Despite their large number and nearly round
shape, the domains did not increase their size by fusion. Although
the domains were enough large, their petals were almost invisible
even at 4 �C (Fig. 3c). The fraction of the dark domains was signif-
icantly reduced in PC/SPH/CHOL 60/20/20 compared to the control
PC/SPH 80/20 mixture (Fig. 1) and the previous PC/SPH/CHOL 70/
20/10 (Fig. 2).
At 30 mol% CHOL the formation of the domains was shifted
down to 6 �C (Table 1). The common trend in ternary mixtures
was that each 10% CHOL led to a decrease in the temperature of do-
main formation by about 4 �C (Table 1). 30 mol% CHOL further in-
creased the number of SPH gel domains at the expense of their size
(data not shown). However, there were a large number of domains
in which the number of the petals was reduced to 2–3. It is possible
that these are individual domains, attached to each other. If so,
their size was too small to allow the visualization of their structure.
Overall, the dark domains had a rounded shape, but again they did
not fuse with each other. Despite their round shape, they exhibited
the properties of solid, gel domains. Raising the amount of choles-
terol (to 20 and 30 mol%) exerted also a destabilizing effect on ves-
icle membranes. Some of the vesicles were shrinking upon cooling
(temperature rate 0.5 �C/min) which was not observed for the pre-
vious mixtures. This effect was probably due to the high percent-
age of molecules with one hydrophobic tail in the plane of the
membrane bilayer (CHOL + SPH, a total of 40 or 50 mol%) which
complicated the study on phase morphology. The statistic in our
results was achieved by a greater number of repetitions of the ves-
icle formation (experiments) than the large number of vesicles in a
single experiment.
3.3. GUVs prepared from phosphatidylcholine/sphingosine/
sphingomyelin/cholesterol (PC/SPH/SM/CHOL) quaternary mixtures.
The effects of SM on SPH phase behavior

In this series of experiments the effect of SM on SPH gel domain
formation was examined on one hand. On the other, we checked
whether the SM-CHOL interactions responsible for the formation
of liquid-ordered phase were influenced by SPH presence. For this
purpose, the ratio SPH/CHOL was fixed at 20/20, while the propor-
tions of SM varied (10, 20 and 30 mol%).
3.3.1. PC/SPH/SM/CHOL 50/20/10/20
The addition of 10 mol% SM to the ternary PC/SPH/CHOL 60/20/

20 mixture (Fig. 3) increased significantly the temperature of do-
main formation by about 8 �C (Fig. 4a and b), i.e. they were formed



Fig. 3. Lb/Ld phase separation in a PC/SPH/CHOL 60/20/20 ternary mixture. Homogeneous vesicles in the temperature range from 37 �C to 11 �C (a). Domain formation at 10 �C
(b). Domains were characterized with short petals (c). Bar 20 lm.
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at 18 �C (Table 1). These dark domains did not fuse but formed
clusters (Fig. 4c). Therefore, these domains could be assigned as
gel phase, although their petals were hardly visible (Fig. 4b). At
about 10 �C dark domains of another type with a different phase
behavior appeared (Fig. 4d). They were round shaped and in-
creased in size through fusion (Fig. 4e–g). Such phase behavior is
typical for two immiscible liquid phases, liquid-ordered phase
(Lo) corresponding to the round dark domains and liquid-disor-
dered phase (Ld) – assigned to the bright phase of the vesicles.
The round shape of the liquid domains is governed by the line ten-
sion [29,34]. The line tension acting on the edge of the domain ob-
tains maximum values when two liquid phases coexist due to the
loss of energy associated with the creation of phase boundary
[29,35]. For example such loss of energy results from the maintain-
ing of about 4 Å hydrophobic mismatch between two liquid phases
Fig. 4. Visualization of phase separation in a PC/SPH/SM/CHOL 50/20/10/20 quaternar
Formation of Lb domains at 18 �C (b). Clusters of two or three Lb domains (c). Formation
due to the difference in thickness of two bilayers in Lo and Ld phase
state [36,37]. Domains with a shape different from circular or leaf-
like were observed at lower temperatures, marked by arrows in
Fig. 4e–g. Such an irregular shape, but closer to a circular one,
could be a consequence of decreased line tension on the edge of
these domains due to the presence of SPH enriched gel phase with-
in the domain or charge dependent effect on the line tension. Thus,
we can say figuratively that liquid Lo domains lose elasticity at the
expense of the gain of plasticity.

3.3.2. PC/SPH/SM/CHOL 40/20/20/20 and 30/20/30/20
20 mol% SM increased the temperature of Lo/Ld phase separa-

tion to 26 �C (Table 1, Fig. 5a). The equimolar ratio SPH/SM/CHOL
exhibited domains with perfectly round shape that quickly grew
in size by fusion. As mentioned above such mechanism of growth
y mixture. Vesicles exhibited a homogenous appearance from 37 �C to 19 �C (a).
of Lo domains at 10 �C (d) and their increase in size by fusion (e–g). Bar 20 lm.



Fig. 5. Lo/Ld phase separation in a PC/SPH/SM/CHOL 40/20/20/20 quaternary mixture (a–c). Formation of Lo domains at 26 �C (a). Domains before (b) and after fusion (c). Lo/Ld

phase separation in PC/SPH/SM/CHOL 30/20/30/20 (d–f). Formation of Lo domains at physiological temperature (d). Increasing domain number and size with decreasing
temperature (e and f). Bar 20 lm.
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can be attributed only to domains existing in Lo phase (Fig. 5b and
c). Domains of leaf-like shape (in gel phase) were not detected. This
does not necessarily mean that no gel domains existed in the mem-
brane bilayer. There are at least two possible reasons for the above
observation. The first possibility is that phase separation, affected
by the presence of SM, consists of domains of a nanometer scale
dimension. The second possibility is that the domains are formed
within the dark Lo domains, where the fluorescent marker does
not provide enough contrast to visualize them. Even if gel phase
is likely to exist in the dark Lo domains, it is evident that the prop-
erties of the Lo phase are preponderant, leading to fast domains fu-
sion and rapid recovering of the round shape (Fig. 5b and c
(marked by arrows)). Upon further increasing of the SM amount
in the quaternary mixture, the Lo/Ld demixing temperature in-
creased (37 �C, Table 1) and Lo domains were observed at physio-
logical temperature (Fig. 5d). A tendency was observed that the
addition of each 10 mol% SM in the series of quaternary mixtures
led to an increase of the temperature of domain formation by about
8 �C (10 mol% SM at 18 �C (Fig. 4); 20 mol% at 26 �C and 30 mol% at
37 �C (Fig. 5), Table 1). Similar to the previous mixture (20 mol%
SM), no domains with leaf-like structure were observed, but only
the appearance of a large number of round Lo domains was de-
tected at the temperature of their formation (Fig. 5d–f). If vesicles
were left long enough (e.g. for about 30 min) at constant tempera-
ture to reach steady state, one or two large domains occupying in
most cases 1/2 to 1/3 of their surface would form (data not shown).

3.4. Control mixtures: PC/SPH/SM/CHOL 50/0/30/20 and 30/0/50/20

The purpose of these mixtures was to serve as controls for the
PC/SPH/SM/CHOL 30/20/30/20 quaternary mixture, in which Lo/Ld

phase separation was visualized when the total percentage of
sphingolipids (SPH + SM) was 50 mol%. To establish the exact effect
of SPH on the temperature of Lo domain formation, their fraction,
domain number and fusion, two control mixtures were needed.
In the first mixture the ratio SM/CHOL 30/20 was preserved. This
control could give us an idea of the temperature of domain forma-
tion and the percentage of Lo fraction due only to this SM/CHOL 30/
20 ratio, excluding the SPH influence. In the second PC/SPH/SM/
CHOL 30/0/50/30 control mixture, 50 mol% SM mimicked the effect
of total sphingolipid amount (SPH + SM). Thus, this control would
give us information on whether SPH exhibited phase behavior sim-
ilar to that of SM in the raft mixtures. The Lo domains formed at
comparatively lower temperatures, about 24 �C (Table 1), in the
first control mixture PC/SPH/SM/CHOL 50/0/30/20 (Fig. 6a and b)
compared with the EPC/SPH/ESM/CHOL 30/20/30/20 quaternary
mixture, where they formed at 37 �C (Fig. 5d). Besides, the fraction
of the dark Lo phase was smaller (Fig. 6c) than in EPC/SPH/ESM/
CHOL 30/20/30/20 which is quite evident at 13 �C (Fig. 5f). No do-
mains of irregular shape were observed.

In the second control mixture (PC/SPH/SM/CHOL 30/0/50/20),
the formation of Lo domains occurred at 37 �C (Fig. 6d) just like
in PC/SPH/ESM/CHOL 30/20/30/20 (Fig. 5d). However, the size of
the domains in the control was significantly larger at 30 �C
(Fig. 6e) and reached up to 1/2 of the vesicle surface at 13 �C
(Fig. 6f), compared with PC/SPH/SM/CHOL 30/20/30/20 (Fig. 5e
and f). Thus, the control mixtures demonstrate that SPH presence
leads to stabilization (even amplification) of the formation of Lo

phase by increasing the temperature of domain formation and
their size. SPH exhibited properties similar to SM, but only in the
presence of SM. The combined effect of both molecules, however,
was less potent to form Lo domains compared to the net effect of
SM. An effect of fragmentation of Lo phase was observed in the
presence of SPH, which is visible in Fig. 5e and f compared to
Fig. 6e and f. The distribution of domain sizes depends on the bal-
ance between the line tension, which tends to increase the size in
order to reduce the total boundary length and entropy, and the
electrostatic repulsions, which oppose Lo domain fusion [37–39].
SPH is a positively charged lipid molecule and it is expected to pro-
vide a greater contribution to the electrostatic repulsions over the
line tension compared to non-containing SPH raft mixtures.

4. Discussion

Various studies suggest that the cellular functions of SPH are
exerted more through its influence on the lipid phase behavior
than its direct interaction with proteins [19,40,41]. The aim of
our study was to examine the effect of SPH on domain morphology
and its interactions with the raft-forming lipids, CHOL and SM.

Due to its relatively high melting point compared to the unsat-
urated glycerophospholipids (GPLs), SPH, like the other sphingoli-
pids (SM and CER), was partially immiscible in the



Fig. 6. Lo/Ld phase separation in a PC/SPH/SM/CHOL 50/0/30/20 control mixture (a–c). Homogenous vesicles from 30 to 25 �C (a). Formation of Lo domains at 24 �C (b).
Domains increased their number and size with temperature decrease (c). Lo/Ld phase separation in a PC/SPH/SM/CHOL 30/0/50/20 control mixture (d–f). Formation of Lo

domains at physiological temperature (d). Domains grew in size by fusion with temperature reduction (e and f). Bar 20 lm.
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glycerophospholipid matrix (Fig. 1b) [33,42,43]. It is known that
SPH on one hand increases the phase transition temperature of
GPLs which results in membrane fluidity decrease. On the other
hand, SPH broadens the lipid phase transitions indicating low
cooperativity and enlargement of the temperature range where do-
mains in different phase states can coexist [13,44]. Despite the
structural differences in the polar head group (phosphocholine in
SM and a single hydroxyl group in CER and SPH), these sphingoli-
pids form leaf-like gel domains (Fig. 1). Such kind of lipid segrega-
tion in membranes is possibly imposed by the hydrophobic
mismatch between glycerophospholipids and sphingolipids. Leaf-
like structure of sphingolipid domains is maintained by the strong
van der Waals interactions between the saturated hydrocarbon
chains and the electrostatic repulsion between the lipid dipoles
(or between the net positive charges of SPH molecules) [32,45]. Be-
cause SPH differs in structure from SM and CER (a small polar head,
a single OH group, only one hydrocarbon chain and the presence of
a net positive charge), it is surprising that this molecule can form
stable leaf-like domains like the other two-chain saturated lipids.
Obviously the high degree of hydrophobicity, based on the satura-
tion of the fatty acid chains, is a unifying factor which determines
the lipid phase behavior of the gel/liquid state.

The addition of CHOL to the binary PC/SPH 80/20 mixture re-
sulted in melting of SPH gel domains but only at ratios SPH/CHOL
less than 1. Each 10 mol% CHOL decreased the temperature of do-
main formation by about 4 �C (Table 1). Such influence, but to a
much larger extent, CHOL exerted on CER gel domains reducing
the temperature of their formation by about 8 �C [46,47]. CHOL ef-
fect on the melting temperature of both sphingolipids (CER and
SPH) is radically different from its effect on SM gel domains. The
progressive enrichment of a PC/SM binary mixture with CHOL
turned the gel/liquid phase coexistence into two immiscible liquid
phases, Lo and Ld [30]. The high affinity of CHOL for phosphocho-
line-containing species, such as SM and saturated PC, and their
specific interactions is a key factor for the formation of Lo phase
[30]. However, the mechanism of CHOL effect on the structur-
ally-identical hydrophobic parts of CER, SPH and SM is different
and the possible reason is apparently the lack of a phosphocholine
polar head group in SPH and CER molecules. CHOL and SPH in glyc-
erophospholipid matrix did not form Lo phase, as shown in Figs. 2
and 3, neither did CHOL and CER [47]. The formation of Lo phase
and its visualization on the micron scale is a feature of the direct
SM-CHOL interactions. The possible mechanism of melting of the
other two sphingolipids, SPH and CER, by CHOL seems rather indi-
rect. The presence of CHOL resulted in an increase of the molecular
order parameter of the Ld phase, which in turn increased the mis-
cibility of these two sphingolipids for this phase [46]. Thus, the
fraction of gel domains gradually decreased with the increase of
CHOL content (Fig. 3). Garmy et al. [15], using a Langmuir balance,
reported a specific interaction between SPH and CHOL, leading to
the formation of condensed lipid complexes. They suggested that
SPH had a similar behavior in terms of SM interaction with CHOL.
However, the visualization of the domain pattern in PC/SPH/CHOL
(Figs. 2 and 3) and PC/SM/CHOL (Fig. 6) ternary mixtures showed
radically different phase morphology of SPH and SM in the pres-
ence of CHOL.

Further complication of the model system by the addition of SM
to the ternary PC/SPH/CHOL mixture demonstrated the competi-
tion between SPH and SM for the interaction with CHOL. Two types
of phase morphology were distinguished in this series of experi-
ments: dark domains with irregular shape at 20/10/20 SPH/SM/
CHOL ratio and perfectly round Lo domains when the SM content
was greater than or equal to that of SPH. In the first case, the pres-
ence of 10 mol% SM resulted in an increase of the temperature of
gel domain formation by 8 �C (18 �C in the PC/SPH/SM/CHOL 50/
20/10/20 mixture compared with the PC/SPH/CHOL 60/20/20 ter-
nary mixture (10 �C) (Table 1)). Obviously the presence of SM leads
to a decrease of the SPH miscibility in the ternary mixture. One
possible mechanism is that SM and SPH form a gel phase with a
higher melting temperature. Our results are consistent with the
observation of Contreras et al. [19] which showed that SPH stabi-
lizes the formation of gel domains in SM/CHOL membranes, by
increasing the melting temperature and the cooperativity of the
phase transition. It is noteworthy that SPH rigidifies the mem-
branes, with or without CHOL, but the effect on the phase transi-
tion cooperativity is different. The broadening effect of CHOL on
the phase transition is compensated by the presence of SPH unlike
its effect on glycerophospholipid matrix. Below 10 �C the border of
some Lo domains was clearly perturbed, other than circular
(Fig. 4e–g). Despite the apparent lower value of the line tension
of these domains, the specific properties of the liquid phase were
preserved, since the domains grew in size by fusion. In the second
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case, when SM mol% >SPH, only Lo/Ld phase separation was ob-
served as the temperature of Lo domain formation raised progres-
sively with increasing of the SM content in the mixture. Lo domains
were visualized at physiological temperature in the PC/SPH/SM/
CHOL 30/20/30/20 quaternary mixture (Fig. 5). The fraction of
the dark Lo domains (for example, at 13 �C) was smaller compared
to the PC/SPH/SM/CHOL 30/0/50/20 control mixture (Fig. 6d–f) and
higher than that in PC/SPH/SM/CHOL 50/0/30/20 (Fig. 6a–c). Thus,
we can conclude that SPH presence leads to enhanced fraction of
domains in Lo phase and exhibits properties similar to these of
SM, but only in the presence of SM. As shown above, SPH did not
form typical Lo domains in the PC/SPH/CHOL ternary mixtures.
The combined effect of SPH and SM as sphingolipids, however,
was less pronounced compared to the net effect of SM on the for-
mation of Lo phase.

In our previous studies, we showed that up to 10 mol% CER in
PC/CER/SM/CHOL quaternary mixtures (50/10/20/20) did not inter-
fere with the formation of Lo domains, i.e. the properties of a liquid
phase were dominant [47]. For larger CER proportions (20,
30 mol%), however, gel domains formed at higher temperatures
compared with the PC/CER/CHOL 80/10/20 and PC/CER 90/10 con-
trol mixtures, and the formation of Lo domains was shifted to lower
temperatures compared with a raft-forming PC/SM/CHOL 60/20/20
mixture. We demonstrated that CER competed with CHOL for SM
and formed more stable SM/CER gel domains leaving less available
SM for the formation of Lo phase. The idea of the competition be-
tween CHOL and CER was not a new one and was proposed for
the first time by Megha and London [48]. Later, using atomic force
microscopy, other authors reported that the addition of CER to raft
mixtures led to the formation of a third phase, thicker than the
other two phases (Lo and Ld) [49,50]. The formation of a third
phase, obviously enriched in CER, within the Lo domains, is ener-
getically beneficial, as the hydrophobic mismatch between the dif-
ferent phases is minimized.

The effect of SPH on the fluid properties of Lo domains was sim-
ilar to that of CER (10 mol%), but at twice as large concentrations
(20 mol%). We found that SPH stabilized the formation of the dark
Lo fraction, but the question whether it participated in the form of a
gel within the Lo domains or as a homogeneous component of this
phase, similar to SM, remained unsolved. The competition between
SPH and CHOL for interaction with SM occurred in proportions in
which SM < SPH (Fig. 4). The properties of the Lo phase were pre-
ponderant when SM P SPH (Fig. 5) unlike CER effect (PC/CER/SM/
CHOL 40/20/20/20) where the temperatures of gel domain forma-
tion and Lo were well distinguished [47]. Alanko et al. [51] showed
that neither SPH nor sphinganine were able to displace CHOL from
SM/CHOL domains, but the proportion SPH/SM/CHOL in their mix-
tures was 15/30/9, where the content of SM was more than twice
that of SPH. This lipid ratio corresponds rather to SPH/SM/CHOL
20/20/20 and 20/30/20 in our experiments, where SM P SPH. In
these cases, really, only Lo/Ld phase coexistence was observed
and Lo domains formed at higher temperatures. Thus, in this line
of arguments, it can be concluded that SPH exhibits a stabilizing ef-
fect on SM/CHOL domains.
6. Conclusions and biological implications

Interest in the sphingomyelin signaling pathway has increased
very rapidly over the past few years. The first step of the SM path-
way is the activation of cellular sphingomyelinases leading to the
degradation of SM and the formation of ceramide. In our previous
studies we reported that SM acts as an inhibitor of various forms of
phospholipase A2 (PLA2) (secretory [52,53] and cytosolic [54]) and
thus it plays a protective role in maintaining the integrity of cellu-
lar membranes, whereas the product of its degradation, ceramides,
are powerful activators of these enzymes [55]. It is supposed that
the product of ceramide hydrolysis, sphingosine, also modulates
the susceptibility of membrane phospholipids to PLA2 [56–59].
However, it is noteworthy that while studies on sphingomyelin
and ceramides and their role in cell biology are quite advanced,
very little is currently clear about the biophysical properties of
sphingosine and sphingosine-1-phosphate, known as second mes-
sengers in cell proliferation [7] and survival [60] and as functional
participants in the ‘‘CER/S-1-P rheostat” [4].

Our research revealed that SPH exhibited a different domain
pattern depending on the surrounding lipid matrix. In a glycero-
phospholipid matrix SPH segregated in gel leaf-like domains,
whereas CHOL presence increased its miscibility by melting its
gel domains in a concentration-dependent manner. We showed
that SPH stabilized the formation of liquid-ordered phase, increas-
ing the temperature of domain formation and thus their fraction.
All these results implied that SPH is a modulator of the lipid phase
behavior and thus it could exert its biological role, not only
through direct binding to proteins, but also indirectly by influenc-
ing their sorting in membranes and thus modulating cell signaling.
Very small amounts of SPH are needed to induce cellular response
but the generation of SPH by enzyme reactions can reach high local
concentrations in membranes.

Obviously, a study of the physico-chemical properties of all
individual elements of the SM signaling pathway (SM, CER, SPH
and SPH-1-P) is crucial for understanding their role in the modula-
tion of various pathological processes in cells and for finding new
ways of their control.
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