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Abstract

To understand the role of sphingomyelinase (SMase) in the function of biological membranes, we have investigated the effect of conversion of
sphingomyelin (SM) to ceramide (Cer) on the assembly of domains in giant unilamellar vesicles (GUVs). The GUVs were prepared from mixture
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), N-palmitoly-D-erythro-sphingosine (C16Cer), N-palmitoyl-D-erythro-sphingosylphosphor-
ylcholine (C16SM) and cholesterol. The amounts of DOPC, sum of C16Cer and C16SM, and cholesterol were kept constant (the ratio of these four
lipids is shown as 1:X:1–X:1 (molar ratio), i.e., X is C16Cer/(C16Cer+C16SM)). Shape and distribution of domains formed in the GUVs were
monitored by a fluorescent lipid, Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (0.1 mol%). In GUVs containing low C16Cer
(X=0 and 0.25), round-shaped domains labeled by the fluorescent lipid were present, suggesting coexistence of liquid-ordered and disordered
domains. In GUVs containing intermediate Cer concentration (X=0.5), the fluorescent domain covered most of GUV surface, which was
surrounded by gel-like domains. Differential scanning calorimetry of multilamellar vesicles prepared in the presence of higher Cer concentration
(X≥0.5) suggested existence of a Cer-enriched gel phase. Video microscopy showed that the enzymatic conversion of SM to Cer caused rapid
change in the domain structure: several minutes after the SMase addition, the fluorescent region spread over the GUV surface, within which
regions with darker contrast existed. Image-based measurement of generalized polarization (GP) of 6-dodecanoyl-2-dimethylaminonaphthalene
(Laurdan), which is related to the acyl chain ordering of the lipids, was performed. Before the SMase treatment domains with high (0.65) and low
(below 0.4) GP values coexisted, presumably reflecting the liquid-ordered and disordered domains; after the SMase treatment regions with
intermediate GP values (0.5) and smaller regions with higher GP values (0.65) were present. Generation of Cer thus caused a phase transition from
liquid-ordered and disordered phases to a gel and liquid phase.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the cell, lipid microdomains (rafts), a putative membrane
regions enriched with sphingolipids and cholesterol, are
believed to provide a platform for signaling molecules [1–3].
A presumed role of the lipid microdomains is to concentrate the
molecules involved in the signal transduction, thereby regulat-
ing the efficiency of the signal transduction process. However,
the entity of lipid microdomains is controversial [4–10].
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To study the physicochemical principle of organization of
lipid microdomains, giant unilamellar vesicles (GUVs) com-
posed of ternary mixture of cholesterol, saturated and unsatu-
rated phospholipids have been used as a model system that
exhibits liquid-ordered and liquid-disordered phase separation
[11–16]. In these studies mainly two approaches have been
taken. One is to study the effect of depletion or modification of
cholesterol with β-cyclodextrin [17] or cholesterol oxidase [13]
that have been shown to destroy organization of lipid
microdomains in vivo [18–20].

Another is to study the effect of conversion of sphingomye-
lin (SM) into ceramide (Cer) by sphingomyelinase (SMase). SM
is one of the major lipid components of lipid microdomains and
Cer is a well-known mediator in the lipid signaling process ([21]
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for review). In in vitro studies, the effect of Cer on phase
separation in lipid membranes composed of Cer, SM and/or a
single kind of phosphatidylcholine have been investigated [22–
33]. For example, SMase treatment of GUVs composed of 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and
SM induces Cer-rich domains and change in the topology of
membranes [24]. However, the effect of Cer on the separation of
liquid-ordered and liquid-disordered phases remains unknown.
Recently, it has been shown that Cer displaces cholesterol from
detergent resistant membrane (DRM) fraction prepared from the
ternary mixture of DOPC, 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and cholesterol [34], and this was attributed
to disassembly of liquid-ordered and liquid-disordered domains
by Cer. In the cell, production of Cer catalyzed by SMase occurs
mainly in the outer leaflet of the plasma membrane because
almost all SM molecules reside there [35]. Hence, the dynamic
and asymmetric production of Cer in the cell may alter the
domain structure of the cell membranes.

In this study, we observed the effect of the enzymatic
conversion of SM to Cer on the pre-existing lipid domains on
GUVs prepared from the mixture of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)/N-palmitoyl-D-erythro-sphingosine
(C16Cer)/N-palmitoyl-D-erythro-sphingosylphosphorylcholine
(C16SM)/cholesterol. The GUVs were visualized under fluo-
rescence microscope either with a dye-tagged lipid, 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine conjugated
with Texas Red (TR-DPPE), which is predominantly distributed
in liquid-disordered phase [12,14,17], or with an environment-
sensitive dye, 6-dodecanoyl-2-dimethylaminonaphthalene
(Laurdan) [12,36–38]. Two different types of domains
corresponding to high and low ratios of Cer to SM were
observed. Furthermore, dynamic change occurred in the
structure and morphology of domains that existed at low Cer/
SM ratio as a result of enzymatic action of SMase on GUVs.
Fig. 1. Schematic representations of (A) observation chamber and (B) dual-color
imaging system. (A) GUVs were formed in a solution containing sucrose and
placed in a solution containing glucose. The GUVs were settled on a cover glass
with enhanced contrast owing to the difference in specific gravity and refractive
index between glucose and sucrose. SMase solution was delivered to the target
GUV from a micropipette, which was connected to a water column for the
control of hydrostatic pressure. (B) In the dual-color imaging apparatus, the
fluorescence image was split into two separate images with a dichroic mirror,
which reflect the light below 465 nm, and the two images were focused on
different regions of the chip of a cooled CCD camera.
2. Materials and methods

2.1. Materials

DOPC, C16SM and C16Cer were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Cholesterol and trinitrophenylaminolauroylsphingomyelin
(TNPAL-SM) were from Sigma-Aldrich Co. (St. Louis, MO). TR-DPPE and
Laurdan were from Molecular Probes, Inc. (Eugene, OR). The lipids were used
without further purification.

SMase from Streptomyces sp. (Sigma-Aldrich Co.) was dissolved in a buffer
(10 mM HEPES–NaOH, 0.1 mg/ml BSA, pH 7.4) dialyzed against the same
buffer and was checked for the enzymatic activity by using TNPAL-SM [39].
The concentration of SMase ranged from 10 to 20 U/ml, where one unit will
hydrolyze 1.0 μmole of TNPAL-SM per min at pH 7.4 at 37 °C.

2.2. Preparation of GUVs and multilamellar vesicles

GUVswere prepared by gentle hydrationmethod [40,41]. A 40-μl mixture of
lipids and a dye (7.5 mg/ml in 2:1 (v/v) mixture of chloroform/methanol) in a
glass test tube attached to a rotary evaporator was dried at 45 °C to form a thin
lipid film on the bottom of the test tube. Then, the tube was placed in vacuo for at
least 3 h to remove trace of organic solvents. After 3 ml of “internal buffer”
(100 mM sucrose, 10 mM MgCl2, 10 mM HEPES–NaOH, pH 7.4) was added,
the tube was incubated at >50 °C overnight to hydrate the lipids. When GUVs
were labeled with TR-DPPE or Laurdan, the label was mixed with chloroform–
methanol solution of lipids before the drying process. In this paper, we describe
the molar ratio of lipids in the mixture containing DOPC, C16Cer, C16SM and
cholesterol as follows: 1:X:1–X:1, where X=C16Cer / (C16Cer+C16SM).

To prepare multilamellar vesicles (MLVs), a mixture of lipids (7.5 mg total
lipid/ml in 2:1 (v/v) mixture of chloroform/methanol) in a glass vial was dried
under a stream of nitrogen. The vial was placed in vacuo for at least 3 h to
remove all traces of the organic solvent. After 1.5 ml of 10 mM HEPES–NaOH
(pH 7.4) was added, the solution was mixed vigorously with a vortex mixer and
incubated at >90 °C for at least 3 h. Final concentration of lipids in the MLV
preparation was 3 mM.

2.3. Observation of GUVs

The GUV suspension prepared as the above method was transferred into an
observation chamber containing an “external buffer” (120 mM glucose, 10 mM
MgCl2, 10 mMHEPES–NaOH, pH 7.4). The sugar concentration of the external
buffer (120 mM) is slightly higher than that of the internal buffer (100 mM)
because we expected to avoid osmotic pressure-caused burst of the GUVs. The
difference in the sugar species between the external and the internal buffers
facilitated sedimentation of GUVs on a cover glass owing to the difference in the
specific gravity, and enhanced the contrast of GUVs against the surrounding
mediumunder phase-contrast lightmicroscope (Fig. 1A) [40,42]. The cover glass
that formed the bottom of the chamber had been washed and coated either with
agarose or with BSA and poly-L-lysine to prevent adhesion of GUVs [41]. GUVs
were observed at room temperature (22–25 °C) with an inverted epi-fluorescence
microscope (Axiovert S100, Carl Zeiss, Inc., Tokyo) equipped with an objective
(×40, NA=0.75. Plan Neofluar, Carl Zeiss Inc.), and the images of GUVs labeled
with TR-DPPE were acquired with an image-intensified charge-coupled device
(CCD) camera (C2400-89, Hamamatsu Photonics, Hamamatsu, Japan). The
lamellarity of GUV was estimated based on the fluorescence intensity of the
membranes of GUVs stained with TR-DPPE [40].

The SMase solution was applied with a micropipette (inner diameter
∼10 μm) to the external surface of individual GUVs. As shown in Fig. 1A, the
flow of SMase solution was controlled by hydrostatic pressure between the stage
and the surface of water in a column connected to the micropipette [40].

2.4. Measurement of generalized polarization

To evaluate the ordering of acyl chains, GUVswere labeledwith Laurdan and
a parameter called generalized polarization (GP, see below) was measured with a



Fig. 2. Domain structure in GUVs containing various amount of Cer. GUVs
were prepared from 1:X:1–X:1 mixture of DOPC/C16Cer/C16SM/cholesterol
(molar ratio). (A) X=0; (B) X=0.25 (i.e., molar ratio of Cer was 8.3% of total
lipid); (C) X=0.5 (17% of total lipid). The arrows indicated the irregular-shaped
dark domain. Domains were visualized with TR-DPPE (0.1 mol% of total lipid).
Observations were performed at room temperature (22–25 °C). Scale bars were
10 μm. (D) The ratio of projected area of the bright domain to the total GUV
area. Values were the mean and S.D. of 15 vesicles. (E) DSC thermograms of
MLVs. Lipid composition from the bottom to the top: X=0, 25, 50 and 60. The
total lipid concentration was 3 mM. The heating rate was 0.5 K/min.
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home-built microscopic imaging instrument [38]. Laurdan shows the shift in the
peak of emission spectrum, which is linearly correlated with the polarity of the
solvent [43]. In lipid membranes, this shift occurs with the change in the water
content in the vicinity of the dye, and can be related to the ordering of acyl chains
[36]. The emission shift is quantified with the GP value, which also provides a
method to visualize the lipid domains [12,38,44]. The GP value is defined as

GP ¼ I440�g I490
I440þg I490

; ð1Þ

where and correspond to the fluorescence intensities at 440 nm and 490 nm,
respectively [36,37]. The g factor corrects the wavelength dependence of the
sensitivity of detection system, and was obtained under the assumption that the
GP value of DPPC MLVs in gel phase, which was measured under fluorescence
microscope, was equal to that determined for the same sample in spectro-
fluorophotometer (GP=0.6, agreed with the literature values [12,37]).

To achieve the image-based quantification of GP values, the GUV solution
was illuminated by the light passed through a 365 nm band-pass filter. The
fluorescence was collected with an apochromat objective (×40, NA=0.95 Plan
Apochromat, Carl Zeiss, Inc.), passed through a home-built dual-color imaging
module (Fig. 1B) [38,45] and acquired with a cooled CCD camera (C4742-95,
Hamamatsu Photonics). The dual-color imaging module splits the fluorescence
image with a dichroic mirror, which reflects the light below 465 nm, into two
separate images and focuses them on different regions of the chip of the CCD
camera. To reduce polarization dependence of reflectance of dichroic mirrors, a
quarter-wave plate was placed before the dichroic mirror. The acquired images
were superimposed at a sub-pixel resolution using affine transformation (i.e.,
rotation, lateral shift and scaling of two images) after subtraction of background
intensity. The parameters used for the transformation were determined from an
image of 10 μm-grid acquired in the same manner. GP values of individual
pixels were calculated according to the above equation [38,46,47].

2.5. Differential scanning calorimetry of MLVs

Differential scanning calorimetry (DSC) measurements were performed with
a differential adiabatic microcalorimeter (DASM-4, Privalov) at a heating rate of
0.5 K/min under 2.0 atm to prevent bubble formation [48]. Repeated scanning
except for the first scan showed no change in the shape of thermogram. Total
lipid concentration was 3 mM.

2.6. Measurement of activity of SMase in GUVs

The hydrolysis of SM in GUVs was measured by thin-layer chromatography
(TLC). A 1 ml of GUV suspension (containing 50 nmol C16SM) was incubated
for 10 min at 25 °C in the presence of 0.2 U of SMase solution in 10 μl. Then,
0.5 ml of chloroform/methanol (2:1) was added to the suspension and mixed
vigorously. After centrifugation at 1000×g for 5 min, the aqueous phase was
completely removed. Then, chloroform was dried to obtain a lipid film, which
was resuspended in 5 μl of chloroform/methanol 2:1, applied to TLC plate and
was developed in the TLC solvent (1,2-dichloroetane/methanol/water=
90:20:0.5 (v/v) [49]). Upon staining lipids with primuline (Nacalai tesque,
Inc., Kyoto), three bands corresponding to SM with DOPC, cholesterol and Cer
were observed. The images of the bands were video-recorded and the staining
intensities of SMwith DOPC in the presence and absence of SMase (Isd

±SMase) and
those of cholesterol (Ichol

±SMase) were quantified with ImageJ program (ver. 1.26).
Fraction of hydrolyzed SM was calculated as {Isd

−SMase− Isd+SMase× (Ichol
−SMase /

Ichol
+SMase)} / Isd

−SMase, assuming that SM andDOPCgive the same intensity. Ichol
+SMase

and Ichol
−SMase were not affected by the SMase treatment, and were used as internal

controls.

3. Results and discussion

3.1. Domain morphology in GUVs composed of
DOPC/C16Cer/C16SM/cholesterol

We compared the structure of domains in GUVs that were
prepared from 1:X:1–X:1 mixture of DOPC/C16Cer/C16SM/
cholesterol, where X=0, 0.25 ,0.5, 0.6, 0.75, 1. The domains in
GUVs were visualized at room temperature with TR-DPPE that
has been shown to distribute mainly in the lipid phase with
lower order [12,14,17]. Fig. 2A and B show two GUVs with
different C16Cer contents (X=0 and 0.25, respectively). In the
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case of X=0 round, domains with bright fluorescence were
apparent. We occasionally observed coalescence of two round
domains indicating liquid nature of the round-shaped domains
(see Fig. 3A). The round shape of these domains is an indication
of coexistence of liquid-ordered and liquid-disordered phases,
the latter of which was distributed with TR-DPPE [12,14,17].
The phase coexistence state was stable during observation (of
the order of a few hours). A study of the phase diagram has also
demonstrated the coexistence of liquid-ordered and disordered
phases [50–52]. At X=25, similar round domains were formed
(Fig. 2B left and middle), though the contrast of domains in
some vesicles was inversed (Fig. 2B right). This indicated that
the ratio of the projected area of bright domain was increased,
which was clearly shown in Fig. 2D. Thus, liquid-ordered and
liquid-disordered phases coexisted at low Cer contents. On the
other hand, at X=0.5 structure and morphology of the domain
was completely different (Fig. 2C): bright domains were larger
and irregular-shaped, narrow dark domains appeared (arrows).
The distribution of TR-DPPE suggests that at X=0.5 bright
domains that occupied most of the membrane was in less
ordered state and the dark domains were in more ordered state.
Similar narrow domains with irregular border have been
observed and explained as separation of ordered (gel) and
liquid phases [11,44,53]. When X≥0.75, lipid aggregates, but
no GUVs, were observed (not shown).
Fig. 3. (A) A sequence of images showing the process of SMase-induced alteration of d
of the record. Until 27 s, two domains were apparent; during 27–33 s they fused to eac
39 s. At 57 s, TR-DPPE began to spread into the dark region. The dots were small
Supplemental movie), which can represent surface movements. (B) Images of the sam
the addition of SMase. Initial composition of the GUV was DOPC/C16SM/cholester
Fig. 2E shows results of differential scanning calorimetry
(DSC) of MLVs composed of the same lipid mixture as above.
Endothermic peak was absent below X≤0.25 indicating that the
latent heat was negligibly small or null. The absence of the peak
in thermogram has been reported for MLVs with similar lipid
composition (1:1:1 mixture of DOPC/brain SM/cholesterol
[54]). On the other hand, at X≥0.5, where elongated domains
were observed in GUVs, an endothermic peak appeared at 37
°C, and the area of the peak was larger at X=0.6, suggesting that
the transition enthalpy depended on Cer concentration in the
membrane. C16Cer has the phase transition temperature of 80
°C [55], the highest among the lipids contained in the GUVs.
Cer is poorly miscible with phospholipids, possesses low
affinity to cholesterol and tends to form a Cer-rich phase when
Cer content is high [56]. We presume that the peak represented
the melting of Cer-rich, gel or gel-like phase, and the dark
domain that was observed in the GUVs with high Cer content
was Cer-rich.

3.2. Disruption of liquid-ordered and liquid-disordered domain
structure induced by enzymatic action of SMase

We then investigated the effect of the conversion of SM
to Cer catalyzed by SMase on the structure of the domains
in GUVs. SMase solution was applied to the external
omain structure. Numbers in each panel show the time (in s) elapsed from the start
h other. Then, at 33 s domain boundary started undulating; it became noticeable at
vesicles attached on the larger vesicle. They showed Brownian movement (see
e GUVas in panel A, but were acquired at three different focus levels 10 min after
ol=1:1:1 (molar ratio)+0.1 mol% TR-DPPE. Scale bars were 10 μm.
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surface of GUVs composed of DOPC/C16SM/cholesterol
(1:1:1 mixture), which had been labeled with TR-DPPE, and
the subsequent changes in the domain structure was
observed at the video rate (30 frames/s). SMase treatment
sometimes caused collapse of GUVs within a few minutes
(13 out of 40 GUVs observed), before any change in the
domains was observed. The collapse seemed to occur
independently of the change in the domains, because
GUVs containing no cholesterol also collapsed upon
SMase treatment (Taniguchi et al., manuscript in prepara-
tion). It has been shown that SMase treatment of GUVs
(SOPC/C16SM=3:1) caused membrane invagination [24],
but under our experimental conditions, it was not observed.
The reason for the difference may be due to the difference
in the method of GUV preparation: we adopted hydration
method while the electro-formation method [57] was
adopted in the previous study. The GUVs observed in the
previous study were connected to lipid film on electrode,
and hence change of surface tension can be compensated by
movement of lipid molecules. On the other hand, the
membranes of GUVs observed in this study seemed to be
tensed because they sedimented on a cover glass (see
Section 2.3) and their surface areas tended to decrease due
to smaller molecular area of Cer (0.4 nm2) than that of SM
(0.7 nm2) [58,59]. These differences could make the
response of GUVs to physical perturbation quite differently,
because local deformability of GUVs strongly depends on
its membrane tension [60]. Thus, GUVs in our study were
more difficult to change their shape. Previously, similar
difference was found in the case of the studies of the
activity of PLC on GUVs [61,62].

In GUVs that did not collapse, alteration of domain
morphology was observed (n=27). In the GUVs shown in
Fig. 3A, two circular domains existed until 27 s; during 27–
30 s they fused to each other. Fusion was often seen
without addition of SMase. However, subsequent phenomena
were observed only in the presence of SMase: the
undulation of domain edge became noticeable (39–57s, see
supplemental movie), the area labeled by TR-DPPE
broadened (57–75s), and finally, the labeled area spread
over almost the entire surface of the GUV, which was
apparent from the fluorescence images acquired at different
focus levels after the change ceased (Fig. 3B). No such
change was observed when the buffer alone (10 mM
HEPES–NaOH, 0.1 mg/ml BSA, pH 7.4) was applied to
GUVs (not shown). Fig. 3B shows that there are small
regions with contrast darker than the surrounding areas
(arrowheads) suggesting that lipid distribution was not
uniform presumably due to the low miscibility of Cer
with other lipids. We presume that the domain structure
observed after the SMase treatment was similar to what was
present in the GUVs prepared in the presence of high Cer/
SM ratio.

Since GUVs are far larger than lipid molecules, one can
assume that the lipid composition of the outer and the inner
leaflet was initially the same, and domains existed in both
leaflets. Perhaps, structures of the outer and the inner
domains were the same, as previously suggested in similar
lipid system [12]. If domains in the inner leaflet were not
altered by SMase, the coexisting domains should be
observed after the SMase treatment. Therefore, it was
speculated that the SMase treatment resulted in alteration
of the domains in both leaflets (see Section 3.4).

The degree of SM to Cer conversion under the microscopic
experiment was difficult to estimate because of difficulty in
controlling the amount of SMase applied on individual GUVs.
In a separate experiment we compared the lipid composition of
GUVs before and after the SMase treatment in the test tube by
TLC. After incubation of GUVs containing 50 nmol C16SM
with 0.2 U SMase for 10 min at 25 °C, 36% of the C16SM was
converted into C16Cer. The solution of GUVs contained
significant amount of multilamellar giant vesicles, due to
which the amount of total SM acted on by SMase was uncertain.
Nevertheless, this result implies that the rate of conversion of
SM to Cer was considerably high under the condition of
observation and we claim that the dynamic and rapid change
shown in Fig. 3 occurred as a result of the hydrolysis of SM.

3.3. Change in GP values of lipid membranes of GUVs
accompanying conversion of SM to Cer

SMase-induced changes of the domain structure were also
studied with Laurdan, an environment-sensitive dye. It has
been shown that the regions with high and low-GP correspond
to the liquid-ordered and liquid-disordered domains, respec-
tively [12]. Fig. 4 shows a GUV labeled with Laurdan. Before
addition of SMase (0 min), it was apparent that a large region
with high-GP (blue: 0.65) (representing the liquid-ordered
state) and a small region with low-GP (orange: 0.25) region
(the liquid-disordered state) coexisted within the liposome.
Corresponding to this, the distribution of GP values initially
(0 min) possessed one sharp peak around 0.65 and another very
broad one below 0.4 (downward arrow). In the presence of
SMase the GP images of the GUV show that the boundary of
the regions started disappearing 2 min after the SMase addition,
became obscure during 3–4 min and finally disappeared
(images in Fig. 4). This change was reflected in the distribution
of GP values that exhibited the leftward shift of the higher peak
of GP and rightward shift of the lower peak; finally, only one
peak was detectable (the bottom trace). Similar observation was
made with 14 other samples. No change in the distribution of
GP values was observed when the buffer alone (HEPES-NaOH
10 mM, 10 mM, BSA 0.1 mg/ml, pH 7.4) was applied to
GUVs.

Close inspection of the color panel in the right row in
Fig. 4 indicates that small regions with higher GP values
(hence in more highly ordered state; arrow) persisted for as
long as 10 min after the addition of SMase. Although this
was not apparent in the GP trace (bottom), presumably
because the area of these regions was relatively small, the
high-GP regions were consistently observed. The GP values
indicate that these regions were in a state of higher order
and were probably Cer-rich gel-like domains, which were
observed after the SMase treatment (Fig. 3B).



Fig. 4. Alteration of domain structure visualized with Laurdan. The color panels in right and left columns are GP-images calculated from the 440 nm and 490 nm
images at indicated times. The middle column shows the change in the distribution of GP values of the contour of GUV. Initially, regions with high-GP value (blue) and
those with low-GP value (red to green) coexisted. Four minutes after the addition of SMase, GP distribution became almost uniform, although smaller regions with
higher GP values were present (arrow). Initial composition of the GUV was DOPC/C16SM/cholesterol=1:1:1 (molar ratio)+1 mol% Laurdan. Scale bars were 10 μm.

Fig. 5. (A and B) Fluorescence (upper) and corresponding phase-contrast
(lower) images of a GUV acquired (A) 0 and (B) 10 min after the addition of
SMase. The dark contrast of the GUV remained unchanged during the alteration
of domain structure. (C), a phase-contrast image of another GUV placed in the
medium containing sucrose instead of glucose demonstrates that the contrast of
the inside of vesicle was the same as the outside. Initial lipid composition of the
GUVs was DOPC/C16SM/cholesterol=1:1:1 (molar ratio)+TR-DPPE 0.1 mol
%. Scale bars were 10 μm.
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3.4. Change in the structure of domains as a result of SM to
Cer conversion

We have shown that the enzymatic conversion of C16SM to
C16Cer induced global change in the pre-formed domain
structure in GUVs: initially, the round-shaped, liquid-disor-
dered domains were floating in dark domains. The conversion
induced broadening of the round-shaped domains and resulted
in coexistence of broad fluorescent domains with less
fluorescent narrow domains. At higher Cer content a different
type of domain structure appeared: it consisted of broad,
fluorescent domains bordered by narrow, less fluorescent
domains. The DSC measurement on the MLVs of the same
compositions suggested that the less fluorescent domain was
perhaps enriched with Cer. The image-based GP measurement
of GUVs demonstrated that as a result of the enzymatic
conversion, the initially existed regions with high and low order
disappeared and a region with an intermediate order and small
regions with the high order appeared. In the latter phase lipids
may be enriched with Cer. The appearance of the highly-ordered
phase was consistent with previous studies which have showed
that Cer tends to form gel phase in DPPC [26,28], DMPC
[29,30], POPC [22,26,27] and SM/cholesterol [26] membranes.
At low contents of Cer, the ratio of liquid-ordered domain was
decreased with increasing Cer, namely with decreasing SM
(Fig. 2D). To our knowledge, SM and PC with saturated fatty
acids are the only lipids which have the ability of formation of
liquid-ordered phase. Close packing between the lipid and
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cholesterol molecules was an important factor to form liquid-
ordered phase. Cer seemed to have lower ability to form the
liquid-ordered phase because of its small polar headgroup.
Moreover, Cer may compete against cholesterol for interaction
with SM [34]. Therefore, the decrease of liquid-ordered phase
was quite reasonable.

Previously, SMase-induced Cer-rich domain in PC or SM
monolayer was visualized and dark rounded and dark
branched domains were observed with increase of Cer
content [31–33]. In this study, the effect of the conversion
on pre-formed liquid-ordered and liquid-disordered domains
in GUVs was visualized. The effect of hydrolysis of SM,
which was reflected in the drastic change in the order of the
lipids, seemed to occur in the inner as well as in the outer
leaflet within a few minutes after the start of hydrolysis of
SM. This is remarkable, because the size of SMase is too
large to rapidly penetrate GUV membranes (for example,
molecular weight of SMase from Bacillus cereus is 40 kDa).
The mixing of the lipids between the outer and the inner
leaflet by transbilayer diffusion (flip-flop) of lipids is also
too slow to explain the result: previous measurements have
shown the characteristic time of hours to days for
phosphatidylcholine [63,64] and SM [65], and ∼20 min
for Cer [65]. There are some reports that Cer raises
permeability of lipid membranes [66,67]. However, aqueous
linking pore seems to be also unlikely; if this had occurred,
sucrose (a content of GUVs) and glucose in the surrounding
medium should have exchanged and the contrast of GUVs
in phase contrast images should have been lost. Indeed, it
was not the case as shown in Fig. 5, which compares
fluorescence and phase contrast images of the same GUV
before and after the SMase treatment. The bright domain
visualized with TR-DPPE before the SMase treatment (upper
panel of Fig. 5A) disappeared 10 min after the SMase
treatment (Fig. 5B, upper panel), but the dark contrast of the
GUV remained unchanged (lower panels). The GUV shown
in Fig. 5C was placed in a medium containing sucrose
instead of glucose so that its contrast was equal to that of
the surrounding medium. Comparison of three phase contrast
images indicates that there was no measurable loss of
contrast during the SMase action, and the possibility of the
formation of linking pores is remote. Another possibility is
that SMase and Cer promote transbilayer movement of lipid,
which was shown by fluorescence-based studies on LUVs
recently [68,69]. This is attributable to the ability of Cer to
cause lamellar to non-lamellar phase transition in lipid
bilayer [70]. The facilitation of transbilayer movement of
lipids is likely to occur in GUVs and might cause alteration
of domains in the inner leaflet.

3.5. Biological relevance

It has been established that several biological signals
enhance SMase activity, thereby reducing the cellular level of
SM and raising the level of Cer. The kinetics of Cer production
in vivo is complex [71]. Approximately 30 to 40% reduction in
the total amount of cellular SM and 3 to 5 fold increase of that of
Cer occur within 10 min after binding of tumor necrosis factor-
α or infection of bacteria and virus [72–76]. The above figures
of the conversion may be underestimated, because the
conversion occurs in plasma membrane [73,77] (the content
of SM in plasma membrane is typically 15–20% [78]) and SM
in other cellular organelles is probably unaffected. Therefore,
based on our observation and other reports, we speculate that in
vivo the SM to Cer conversion can rapidly alter the assembly of
lipid microdomains thereby kinetically affecting the process of
signal transduction (modulation of kinetic parameters, on–off
switching, etc.). Interestingly, SMase treatment of the cell
induces clustering of some membrane proteins during apoptosis
[75,76,79]. A role of SMase in this case seemed to be
modulation of assembly of lipid microdomains.
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