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Recently, DHSM, a minor constituent in naturally occurring SMs, was indicated to form a raft-like ordered phase
more effectively than a naturally occurring form of SM because DHSM has greater potential to induce the inter-
molecular hydrogen bond. In order to examine the influence of the DHSM-induced hydrogen bond on the phase
segregation, the thermal phase behavior of stearoyl-DHSM/DOPC binary bilayers was examined using calorime-
try and fluorescence observation and compared with that of SSM/DOPC binary bilayers. Results revealed that the
DHSM/DOPC bilayers undergo phase segregation between two L, phases within a limited compositional range.
On the other hand, apparent phase separation was not observed above main transition temperature in SSM/
DOPC mixtures. Our monolayer measurements showed that the lipid packing of DHSM is less perturbed than
that of SSM by the addition of small amount of DOPC, indicating a stronger hydrogen bond between DHSM
molecules. Therefore, in DHSM/DOPC binary bilayers, DHSM molecules may locally accumulate to form a
DHSM-rich domain due to a DHSM-induced hydrogen bond. On the other hand, excess accumulation of DHSM
should be prevented because the difference in the curvature between DHSM and DOPC assemblies causes elastic
constraint at the domain boundary between the DHSM-rich and DOPC-rich domains. Competition between the
energetic advantages provided by formation of the hydrogen bond and the energetic disadvantage conferred
by elastic constraints likely results in L,/L, phase separation within a limited compositional range.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction addition, some scientists speculated that lipid distribution is not homo-
geneous [4] but specific lipids assemble to form distinct domains in live
cells. For example, in 1982, Zalduondo et al. reported that a gel-like
ordered domain exists in bovine luteal cell membranes and shows
high contents of SM and chol [5]. Recently, this SM/chol-rich domain,
called lipid rafts [6], has attracted scientific interest since the raft
provides a platform for important biological events, including signal
transduction [7-13].

The biophysical properties of the lipid rafts have been determined
using model membrane systems. Previously, DSC measurements re-
vealed that the addition of chol to SM bilayers leads to the chol-rich
and chol-poor phase segregation [14] and SAXD measurements
disclosed that the chol-rich domain possesses the intermediate lipid

Since 1980s, it has been reported that specific domains with distinct
lipid and protein compositions exist in biomembranes [1-3]. In
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packing between the L, and Lg phases [15]. Recently, further complex
systems have been employed to examine the membrane properties of
rafts. For example, Veach and Keller reported that SM/chol/DOPC ternary
mixtures undergo phase separation with SM/chol-rich and DOPC-rich do-
mains [16]. FCS measurements revealed that the diffusion coefficient of
the SM/chol-rich region (0.1 x 10~ cm?/s to 0.8 x 10~8 cm?/s) was sig-
nificantly smaller than that of the DOPC-rich region (~4.9 x 10~ cm?/s to
5.1 x 108 cm?/s), but much greater than that of the Lg (or Pg) phase in
GUVs comprising pure SM, which is virtually immobile within the time
scale of FCS [17]. The SM/chol-rich ‘fluidizing’ gel phase with an interme-
diate diffusion coefficient is defined as the L, phase [18] and the L, phase
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is thought to physicochemically resemble the lipid raft because the L, do-
main shows strong detergent resistance, which is characteristic of lipid
rafts [19-21].

Why does the SM/chol mixture conduce to the phase segregation
and raft phase formation? Previously, IR spectroscopy revealed inter-
molecular hydrogen bond between the amide group in SM and the 3-
hydroxyl group in chol [22]. Moreover, NMR spectroscopy has indicated
that SM forms intramolecular and intermolecular hydrogen bonds more
effectively than glycerophosphatidylcholines do [23-25]. Therefore, the
electrostatic interaction between SM and chol is likely a crucial factor for
the stabilization of the raft-like L, phase that phase-separated from the
Lq (or Ly) phase. Despite many reports on the SM-chol hydrogen bond,
contribution of the SM-SM hydrogen bond to the phase separation
should be known.

In order to address this issue, some studies on miscibility of SM with
unsaturated lipid have been reported. For example, Maulik et al. found
that egg SM (consisting mainly of C16:0-SM) and egg PC (70% of all
PCs consist of unsaturated lipids) are immiscible in fluid (L) phase bi-
layers, whereas bovine brain SM (consisting mainly of C18:0-SM) and
egg yolk PC are miscible within a certain temperature range [15].
SAXD result demonstrated that binary mixtures of egg PC and egg SM
show L,-L, immiscibility, while the mixtures of egg PC and brain SM ap-
parently are miscible at all temperatures [26]. The MD simulations
showed that phase separation occurred in SM/DOPC bilayers, which
led to formation of only small clusters having cluster molecular lifetimes
of less than 200 ns [27]. Anyway, so far, the subject is very complicated
and, thus, influence of SM-SM hydrogen bond on the phase segregation
remains unclear.

DHSM contains a saturated bond between the sphingosine C4 and C5
and accounts for 5-10% of all SMs in cultured cells, such as human skin fi-
broblasts and baby hamster kidney cells [28,29]. Several recent studies
have indicated that the DHSM has a higher potential to provide the inter-
molecular hydrogen bond than the usual type of SM. For example, fluo-
rescent quenching measurements showed that C16:0-DHSM/chol
bilayers form more ordered domains than comparable C16:0-SM/chol bi-
layers [30]. Fluorescence microscopic observations also suggested that, in
GUV consisting of C16:0-DHSM/egg PC/egg PE/chol in a 1:1:1:1 molar
ratio, the L; phase composed of C16:0-DHSM/chol appears at room tem-
perature, which is more ordered than the L, phase. In contrast, the re-
placement of C16:0-DHSM by egg-SM (mainly consisting of C16:0-SM)
results in formation of the L, phase [31]. Moreover, some studies on
lipid packing in pure DHSM membranes have been reported. Nyholm
et al. demonstrated that a fluorescent dye, prodan, partitions less toward
the L, phase in the order of C16:0-DHSM > DPPC > C16:0-SM, indicating
the formation of more ordered bilayers by DHSM than by SM in the ab-
sence of chol [32]. These results suggest that DHSM provide hydrogen
bond more effectively than SM. Thus, it is expected that the DHSM is
useful to examine the contribution of SM-SM hydrogen bond to phase
separation.

The present study examined the thermal phase behavior of DHSM/
DOPC binary mixtures using DSC and confocal fluorescence microscopy.
Results showed that DHSM/DOPC binary bilayers experience L,/Ly
phase separation within a limited compositional range at temperatures
greater than the main transition temperature. Very few studies about
the phase segregation between two L, phases in binary phospholipid
systems have been reported [33,34]; therefore, this raft-mimicking mix-
ture that experiences phase segregation in the L, phase is very interest-
ing. In addition, a possible mechanism is proposed for the L,/L, phase
separation in the DHSM/DOPC binary mixture.

2. Materials and methods
2.1. Materials

Porcine brain SM and DOPC were purchased from Avanti Polar Lipid
(Alabaster AL), and SSM was extracted from brain SM using HPLC.

DHSM was prepared from SSM by hydrogenation of SSM using palladi-
um (Wako Pure Chemical Industries, Ltd., Osaka, Japan) as a catalyst
[35]. The purity of DHSM and SSM was checked by thin layer chroma-
tography (TLC), and showing a single spot. These SMs and DOPC were
separately dissolved in chloroform/methanol (4:1 v/v) at a concentra-
tion of 1 mg/mLor 10 mg/mL and stored at — 20 °C until use. A fluores-
cent probe, bodipy-PC, was purchased from Molecular Probe (Eugene,
OR). This probe was dissolved in chloroform/methanol (4:1 v/v) at
a concentration of 50 ug/mL and stored in the dark at —20 °C until
use.

2.2.DSC

The phase behavior of SM/DOPC bilayers was examined by nano-
differential scanning calorimeter (Calorimetry Science Corp., UT). Bilay-
er samples were prepared by a conventional method. Briefly, appropri-
ate amounts of SM and DOPC dissolved in chloroform/methanol (4:1)
were mixed in a glass vial. The solution was dried under a flow of nitro-
gen and then under reduced pressure for at least 24 h. The resulting
lipid film was dispersed into distilled and deionized water (Simplicity
UV, MerckMillipore, Billerica, MA) and incubated for approximately
30 min at 55 °C for SSM mixtures and at 65 °C for DHSM mixtures
with intermittent vortexing. The final concentration of SM was
5.48 mM. Then, 330 pL of the sample were placed into the DSC immedi-
ately before measurements. A scanning rate of 0.5 °C/min was used for
all DSC measurements.

2.3. Surface pressure vs. molecular area measurements and preparation of
glass-supported monolayers

Monolayers of lipid mixtures were prepared on a computer-
controlled Langmuir film balance (USI System, Fukuoka, Japan) calibrat-
ed using stearic acid (Sigma Aldrich, St. Louis, MO). The subphase, which
consisted of distilled, freshly deionized water, was obtained using a
Milli-Q System. The apparatus was covered with vinyl sheets, which
prevented deposition of dust on the water surface. The sample solution
was prepared by mixing the appropriate amount of SM and DOPC solu-
tion in a micro-vial. A total of 30 L of lipid solution (1 mg/mL) was
spread onto the aqueous subphase (100 x 290 mm?) using a glass
micropipette (Drummond Scientific Company, Pennsylvania, USA).
After an initial delay period of 10 min for evaporation of the organic
solvents, the monolayers were compressed at a rate of 20 mm?/s. The
subphase temperature and the ambient temperature were con-
trolled to 25.0 4 0.1 °C and 25 4 1 °C, respectively. The measure-
ments were repeated 3 to 5 times under the same conditions to
obtain reliable results. These measurements provided the molecular
area at a corresponding pressure within an error of ~=+ 1 A2, The in-
fluence of oxidation on the unsaturated chains in SSM and DOPC at
the air-water interface was checked by intentionally exposing pure
SSM and pure DOPC monolayers to air for 10-30 min before com-
pression [36]. The change in the isotherm after prolonged exposure
of SSM or DOPC monolayers to air was within the error described
above.

For the preparation of the glass-supported monolayers, the bodipy-
PC (0.1-0.2 mol% of total lipids) was added to the sample solution for
subsequent fluorescent microscopic observations. The micro cover
glass (thickness no. 1, Matsunami, Osaka, Japan) was dipped vertically
into the water followed by compression of the sample at 20 mm?/s to
reach the appropriate surface pressure. After compression, the glass
substrate was extracted from the water at a rate of 0.2 mmy/s to form
the glass-supported monolayer. The fluorescence observations were
conducted immediately after the sample preparation using confocal
laser scanning microscopy (FV1000-D 1X81, Olympus Corp., Tokyo,

Japan).
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2.4. GUV preparation and fluorescence observations

GUVs composed of SM and DOPC were prepared using the
electroformation method originally developed by Angelova and
Dimitrov [37]. Briefly, 5-10 pL of SM/DOPC (1:1 mol/mol) mixed solu-
tion (1 mg/mL) in the presence of 0.2 mol% bodipy-PC were spread on
the surface of the electrodes, which were platinum wires (100 pm diam-
eter), and dried under vacuum for at least 18 h. The electrode surface
was coated by the thin lipid film. Then, parallel aligned electrodes
were put into ~400 pL of Milli-Q water sandwiched between two
cover glasses (24 mm x 60 mm, 0.12-0.17 mm thickness) using an
open-square shaped rubber spacer (1 mm thickness). This chamber
was fixed on a temperature-controlled sample stage (Thermo plate,
Tokai hit, Shizuoka, Japan) for the subsequent microscopic observations.
The DHSM/DOPC and the SSM/DOPC samples were incubated at 65 °C
and 55 °C, respectively, for 30-40 min, and a low-frequency alternating
current (AC) (sinusoidal wave function, 10 Vpp, 10 Hz) was applied by a
function generator (20 MHz function/arbitrary waveform function
generator, Agilent, Santa Clara CA). After sample preparation, the
GUVs were cooled to 20 °C, equilibrated for 15 min, and then heated
to the selected temperature. A scanning rate of 2 °C/min was used for
the temperature-resolved observations unless otherwise mentioned.
The temperature of the bulk solution was measured separately using a
K-type thermometer (AD-5602A, Sansyo Industries, Ltd., Tokyo,
Japan), and the temperature difference was calibrated. Fluorescence ob-
servations were conducted using confocal laser-scanning microscopy
(FV1000-D 1X81, Olympus Corp., Tokyo, Japan) with an air objective
lens with a long working distance (LUCPLFLN 60 x, Olympus Corp.,
Tokyo, Japan). A wavelength of 473 4+ 2 nm was used for excitation of
the bodipy. A laser scanning rate of 4.0 ps/pix or 8.0 us/pix was used
for the acquisition of confocal images (512 pix x 512 pix). In order to
provide the clearer images for the phase separation, brightness and con-
trast were edited by Adobe Photo Shop CS6 (Adobe Systems Inc., CA).

3. Results
3.1. Thermal phase behavior of DHSM/DOPC and SSM/DOPC binary bilayers

Composition-dependent thermal phase behavior of DHSM/DOPC
bilayers was examined using DSC and the results were compared to
that of SSM/DOPC bilayers. Fig. 1a shows the DSC heating and cooling
thermograms of DHSM/DOPC bilayers. In the heating thermograms,
pure DHSM bilayers produced some endothermic peaks: Lg-to-Ps
phase transition (pretransition) and Ps-to-L, phase transition (main
transition) centered at 44.9 °C, and 52.0 °C, respectively. In addition, a
broad peak centered at 32.0 *C corresponds to the L-to-Ls phase transi-
tion (subtransition) because prolonged low-temperature incubation
enhanced its transition enthalpy (see Fig. S1). In both the heating and
cooling scans, the addition of DOPC resulted in broadening of the main
transition peaks, indicating that DOPC facilitates the L;;/L,, coexistent re-
gion. In the cooling thermograms of DHSM/DOPC (xpopc = 0.3) bilayers,
a small exothermic peak newly appeared at the immediate higher tem-
perature side of the main transition peak (indicated by an arrow in
Fig. 1a), suggesting that two L, phases coexisted immediately above
the main transition temperature; this small peak corresponds to the
phase transition between L, phases. In addition, DHSM/DOPC (xpopc =
0.4) bilayers also provided the small exothermic peak above the main
transition temperature but DHSM/DOPC (xpopc = 0.5) bilayers gave no
indication of the L,/L, phase transition (Fig. S2). Fig. 1b shows the DSC
thermograms of SSM/DOPC bilayers. In the heating thermograms, pure
SSM bilayers showed two endothermic peaks: the pre-transition and
main transition at 32.5 °C and 44.5 °C, respectively. These results are sim-
ilar to previous results [38-40]. The DSC thermograms of SSM/DOPC bi-
layers did not contain a peak indicating L,/L, phase separation in the
experimental compositional range. However, because transition enthalpy
between the L, phases was small and unclear, the phase behavior was

examined at a higher temperature region using fluorescent microscopic
observations.

3.2. Two L, phases coexisting in DHSM/DOPC binary bilayers as shown by
phase diagram

Fig. 2a shows confocal fluorescence micrographs of the DHSM/DOPC
(xpopc = 0.3) GUVs containing 0.2 mol% bodipy-PC, which is widely
used as a marker for disordered domains [41-43]. Darker domains
surrounded by brighter areas were observed on the GUV surface at
43 °C. The DSC measurements indicating L;/L, phase separation at this
temperature (see Fig. 1a) mean that the brighter and darker domains
correspond to the L, and Lg phases, respectively. Coexistence of the
darker and brighter domains was observed up to 62 + 1 °C, which is
significantly higher than the upper limit temperature of the main tran-
sition (Fig. 1a). This result demonstrates that DHSM-rich and DOPC-rich
L, phases coexist above the main transition temperature. For the coex-
istence of two L, phases, the DHSM-rich darker domain is referred to as
the Ly phase and the DOPC-rich brighter domain as the L., phase (see
next section for the difference in lipid packing between the DHSM-rich
and DOPC-rich phases). Further increase in the temperature results in
the disappearance of the darker domains and all domains transformed
into the homogeneous L, phase at 63 °C. Here, the stability of the L,
phases was checked by the incubation of the sample above the main
transition temperature (Fig. 3Sa) and the L;/L,> phase separation was
observed even after sample incubation at 60 °C for 15 min, suggesting
that the L,; phase, together with the L,, phase, was stably formed
above the main transition temperature. In addition, this L,/L,, phase seg-
regation was also observed with another representative fluorescent
probe; TR-DPPE, which was localized preferentially in the disordered
phase, similar to bodipy-PC (Fig. S3b). Furthermore, the DHSM/DOPC
(xpopc = 0.45) GUVs clearly demonstrated the appearance of Ly;/Lao
coexistence regions far above the main transition temperature; the
phase separation was maintained up to 68 + 2 °C (Fig. 2b).

Fig. 2c shows the confocal fluorescence micrographs of SSM/DOPC
(xpopc = 0.3) binary GUVs containing 0.2 mol% bodipy-PC. A darker re-
gion surrounded by a brighter region was observed at 41 °C. DSC mea-
surements showed the coexistence of the Lz and L, phases under
these conditions (Fig. 1b). This phase separation nearly disappeared at
49 °C (Fig. 2c), which is close to the upper temperature limit of the
main transition (Fig. 1b). Thus, an SSM/DOPC (xpopc = 0.3) bilayer is
likely to form a homogeneous L, phase above the main transition
temperature. In addition, the phase separation disappeared at 45 °C in
SSM/DOPC (xpopc = 0.5) bilayers (Fig. 2d).

According to the DSC results and confocal fluorescence observations,
the phase diagrams for DHSM/DOPC and SSM/DOPC binary bilayers
were suggested in Fig. 3. DHSM/DOPC bilayers gave rise to segregation
of the L,; and L,, phases within a limited compositional range. In
contrast, the phase boundary in the higher temperature region of
SSM/DOPC mixtures decreased with an increase in DOPC composition.
Thus, coexistence of two L, phases is unlikely above their main transi-
tion temperatures, according to the phase rule. This result for SSM/
DOPC mixture could be supported by previous reports; egg PC (70% of
all PCs consist of unsaturated lipids) and brain SM (~50% of all SM con-
sist of SSM) are miscible in the L, phase [15,41]. In addition, similar con-
focal fluorescence observations demonstrated that C16:0-SM/DOPC
bilayers showed the coexistence of Ls/L,, phases, but no further phase
separation [42].

3.3. Difference in lipid packing in DHSM/DOPC and SSM/DOPC binary
mixtures

To obtain information on the lipid packing in DHSM/DOPC and SSM/
DOPC mixtures, surface pressure vs. molecular area isotherm (11-A iso-
therm) measurements using the monolayer systems were conducted.
Fig. 4a shows the r-A isotherms of DHSM/DOPC binary monolayers at
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Fig. 1. DSC thermograms of (a) DHSM/DOPC bilayers (b) SSM/DOPC bilayers. The left and right panels correspond to the heating and cooling scans, respectively. Insertion in (a) represents
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temperatures at which confocal images are shown in Fig. 2a and c. The molar fraction of DOPC xpopc is described directly. Evaporation of gas dissolved in the water occurred in the higher

temperature region.

25 °C. The pure DHSM monolayer showed a liquid-expanded (LE) to
liquid-condensed (LC) phase transition at 2-5 mN/m and collapsed at
73.2 mN/m. Similar phase behavior also was observed in the monolayer
of a DHSM/DOPC (xpopc = 0.1) binary mixture. In contrast, DHSM
monolayers in the presence of 30 mol% and 50 mol% DOPC experienced
a step-wise collapse at 50.5 £ 0.5 mN/m and 67.5 & 0.5 mN/m. Previ-
ously, m1-A isotherm measurements and atomic force microscopic obser-
vations revealed that a monolayer composed of ordered and disordered
phases showed a step-wise collapse, with the latter domain becoming
selectively squeezed out immediately above the first collapse pressure
[43]. Thus, in the present study, two phases should coexist in DHSM/
DOPC monolayers at these compositions, and the DOPC-rich disordered
domain first collapsed in the lower pressure region. A further increase
in the concentration of DOPC resulted in a single collapse at ~48 +
1 mN/m.

To discuss the composition dependence of the phase behavior, col-
lapse pressure was plotted as a function of xpopc (Fig. 4b). At lower
DOPC concentrations (0 < xpopc < 0.15-0.2), the collapse pressure of

DHSM/DOPC binary monolayers monotonously decreased as DOPC con-
centration increased, indicating that DHSM and DOPC are miscible and
form a homogeneous monolayer. A further increase in DOPC concentra-
tion (0.15-0.2 < xpopc < 0.6-0.7) produced step-wise collapse, indicat-
ing the coexistence of DHSM-rich and DOPC-rich domains. Because the
greater collapse pressure of 66.2 £ 1.8 mN/m is close to the collapse
pressure of DHSM/DOPC at xpopc = 0.15 (65.1 mN/m), and the lower
collapse pressure at 49.3 4 1.3 mN/m is close to that of DHSM/DOPC
at Xpopc = 0.7 (489 mN/m), DHSM/DOPC (XDOPC = 015—02) and
DHSM/DOPC (xpopc = 0.6-0.7) are likely to coexist within the interme-
diate compositional range. At higher concentrations of DOPC (0.6-0.7 <
Xporc < 1), the step-wise collapse was not observed. Thus, DHSM and
DOPC are considered miscible under these conditions. These results
agree with fluorescence observations of their glass-supported mono-
layers immediately below the first collapse pressure. The fluorescent
image of DHSM/DOPC (xpopc = 0.5) showed darker regions surrounded
by the brighter matrix (Fig. 4c). Considering that the bodipy-PC preferen-
tially localizes in the disordered phase, the darker domain corresponds to
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Fig. 2. Confocal fluorescence micrographs of (a, b) DHSM/DOPC and (c, d) SSM/DOPC
binary GUVs in the presence of the 0.2 mol% bodipy-PC, respectively. The brighter region
corresponds to the DOPC-rich disordered domain and the darker region corresponds to
the DHSM-rich ordered domain (indicated by arrows).

the DHSM-rich ordered phase and the brighter matrix corresponds to the
DOPC-rich disordered phase. In addition, the areal ratio of DHSM-rich
darker domain from three randomly selected micrographs of the
DHSM/DOPC (xpopc = 0.5) monolayer was measured and revealed
that 15 £ 5% of all domains transform into the DHSM-rich domain
under these conditions. In contrast, the fluorescence images of DHSM/
DOPC (xpopc = 0.1) and DHSM/DOPC (xpopc = 0.9) monolayers did
not show a phase separation.

Furthermore, to compare the lipid packing characteristics of the
DHSM-rich and DOPC-rich phases, the mean molecular area Ap,es Was
plotted as a function of xpopc at 30 mN/m, which is immediately
below the first collapse pressure (Fig. 4d). At lower DOPC concentra-
tions (0 < xpopc < 0.15-0.2), the Anhes-values nearly corresponded to
the additivity line. Together with the fluorescence observations and
the collapse pressure analysis (Fig. 4b and c), these results indicate
that the DHSM and DOPC, at xpopc < 0.15-0.2, are miscible without per-
turbation of the lipid packing. At 0.15-0.2 < Xpopc < 0.6-0.7, the Anes
value increased linearly as the xpopc increased, deviating positively
from the additivity lines. Thus, under these conditions, the DHSM-rich
phase coexists with the DOPC-rich phase, where the lipid packing of
DHSM must be perturbed by DOPC. At higher concentrations of DOPC
(xpopc > 0.6-0.7), the Anes Values were nearly constant, irrespective of
the composition, and were similar to the lateral occupied area of the
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boundaries at lower DOPC concentrations were estimated from DSC thermograms; trian-
gles correspond to the upper limit temperature of the main transition of mixtures because
the end-temperature of the main transition in the DSC heating thermogram corresponds
to the disappearance temperature of the darker domain in the fluorescent observations.
The phase boundary at higher DOPC concentrations was estimated from confocal fluores-
cence observations; circles correspond to the temperature at which the darker region dis-
appeared. The phase boundary between the homogeneous L phase region and the Ls/Ly
phase coexistence region (dashed lines) could not be determined accurately because the
superposition of the pre-transition peak on the main transition obscures the lower tem-
perature limit of the main transition. The other phase boundaries were determined by
the phase rule.

pure DOPC molecule (62 A?). Thus, under these conditions, DHSM mol-
ecules adopt a lateral occupation area similar to that of DOPC because of
the perturbation of the lipid packing. Use of the composition of the
DHSM- and DOPC-rich domains in addition to the apparent partial mo-
lecular areas of DHSM and DOPC in each domain, the areal ratio of the
DHSM-rich domain to all monolayer domains in the DHSM/DOPC
(xporc = 0.5) monolayer was calculated to be 24 4 8% (see appendix
for calculation). This value is consistent with that estimated directly
from their confocal micrographs (15 4 5%) within the error.

The n-A isotherms of SSM/DOPC binary monolayers were used as a
control (Fig. 5a). Pure SSM monolayers showed the LE-to-LC phase tran-
sition at 8-14 mN/m, which is higher than that for the pure DHSM
monolayer (2 mN/m-5 mN/m; Fig. 4a), indicating that the DHSM
monolayer forms an ordered phase more readily compared to the SSM
monolayer. The pure SSM monolayer collapsed at 58.9 mN/m. In SSM/
DOPC binary monolayers, the collapse pressure decreased almost con-
tinuously as xpopc increased, and a step-wise collapse was not observed
(Fig. 5b). These results indicate that SSM and DOPC are miscible and
form a homogenous monolayer throughout the composition range. In
addition, fluorescence observations of the supported monolayers also
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showed no phase separation (Fig. 5¢). The lipid packing features of the Anmes values larger than the additivity value, suggesting that the packing
SSM/DOPC monolayer were determined from the Apes VS. composition of SSM molecules was easily perturbed, even in the presence of a small
plots (Fig. 5d). The SSM/DOPC (xpopc = 0.1) monolayer produced amount of DOPC.
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3.4. Miscibility between DHSM and SSM mixtures

It is important to determine whether DHSM stabilizes the raft to-
gether with usual SM or whether it separately forms a DHSM-rich raft
in biomembranes. Therefore, the miscibility between DHSM and SSM
was examined using monolayer measurements. Fig. 6a shows the m-A
isotherms of DHSM/SSM binary monolayers at 25 °C. Based on the m-A
isotherms, the collapse pressure was plotted as a function of the
molar fraction of SSM xssv (Fig. 6b). Step-wise collapse of the monolay-
er was observed up to xssy = 0.6-0.7, although the isotherm of DHSM/
SSM at xssp = 0.7 did not clearly show a step-wise collapse (Fig. 6a). Be-
cause the collapse pressure of pure SSM monolayer (58.9 mN/m) was
lower than that of pure DHSM monolayer (73.2 mN/m), the SSM-rich
domain collapsed at a lower pressure region (~63.4 mN/m), followed
by the collapse of the DHSM-rich domain (~72.6 mN/m). In addition,
the DHSM-rich domain appears to consist of nearly pure DHSM while
the SSM-rich domain consists of a mixture of DHSM and SSM (xsspy =
0.6-0.7) because the collapse pressures are similar to those of the pure
DHSM and DHSM/SSM (xssm = 0.6-0.7) monolayers (62.3 mN/m),
respectively. A further increase in SSM concentration (Xssy > 0.6-0.7) re-
sulted in monotonous collapse of the monolayer, indicating homoge-
neous membrane formation. A previous report stated that DHSM is a
minor component, accounting for 5-10% of all SMs in cultured cell
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Fig. 6. (a) Surface pressure vs. molecular area isotherms of DHSM/SSM monolayers. Sev-
eral isotherms were omitted from the figure for simplicity. Insertion in (a) represents
magnification of the region bounded by the dashed square. The first and second collapses
are indicated by the arrowhead and arrow, respectively, in the thermogram of the DHSM/
SSM mixture at xsspy = 0.1 (b) Collapse pressure vs. composition plot. Crosses indicate the
collapse pressure of the DHSM-rich domain and circles indicate the collapse pressure of
the SSM-rich domain.

membranes [28,29]. Thus, our results suggest that DHSM and SSM are
miscible in those membranes.

4. Discussion
4.1. Lo/L,, phase separation in DHSM/DOPC binary bilayers

The DHSM has greater potential to induce intermolecular hydrogen
bonds compared to SM, not only in the gel phase but also in the L, phase
[25,32]. This probably explains why DHSM shows greater affinity to chol
than SSM does, and thus a DHSM/chol mixture forms a more ordered
phase [22,28,30,31,44,45]. However, no information on the miscibility
in DHSM/unsaturated lipid binary systems is available. In the present
study, we aimed to disclose the intrinsic potential of DHSM for the
phase segregation in the absence of chol.

In DSC cooling thermograms, DHSM/DOPC (xpopc = 0.3 and 0.4) bi-
layers showed a small exothermic peak at the higher temperature side
of the main transition (Figs. 1a and S2b), suggesting the coexistence of
two L, phases immediately above the main transition temperature. On
the other hand, DHSM/DOPC bilayers at xpopc = 0.5 gave no indication
of the phase transition (Fig. S2a). This behavior is in line with previous
report [34]; the transition enthalpy between the L,; and L., phases
became small in the vicinity of the point M in their phase diagram
(see Fig. 3a). In addition, no peaks corresponding to the phase transition
between the L, phases were seen in the heating thermograms of the
same mixtures (Fig. 1a). In general, an endothermic peak in DSC heating
scans has a long tail toward the higher temperature region because of
the relaxation process. Thus, the long tail of the main transition peak
may obscure the small peak at the higher temperature side of the
main transition. For further comparison between the DSC thermogram
and phase diagram, additional experiments such as X-ray diffraction
and spectroscopic methods are necessary to determine the precise
phase boundary of the Ly,/Lyz coexistence region.

The phase behavior of DHSM bilayers at higher DOPC concentrations
(xpopc = 0.3) was examined using fluorescence observations. In DHSM/
DOPC (xpopc = 0.45) GUVs, confocal microscopy revealed the coexis-
tence of DHSM-rich (Ly;) and DOPC-rich (L,,) phases above the main
transition temperature (Fig. 2b). A previous report indicated that
DEPC/DPPE binary bilayers demonstrated coexistence of the two L,
phases and the phase diagram of this mixture was similar to that of
DHSM/DOPC mixtures [33]. Considering that diacyl-PE induces strong
hydrogen bonds [46,47], the intermolecular hydrogen bond may be an
important factor in the induction of the L,/L, phase separation,
although the previous report have suggested a different mechanism
for L, /L, phase segregation in DEPC/DPPE mixtures.

Fluorescence observation of membranes has some inherent prob-
lems. For example, acceleration of the photo-oxidation of unsaturated
lipids is most noticeable near the miscibility transition and increases
the transition temperature, leading to the formation of smaller domains
in vesicles [16,48,49]. In addition, these effects depend on the degree of
unsaturation of acyl chains [50]. Thus, we examined influence of the
photo-oxidation on the thermal phase behavior using a GUV comprising
of DHSM and POPC, which was substituted with one unsaturated acyl
chain in comparison with DOPC bearing double unsaturated acyl chains.
Our preliminary measurements showed that DHSM/POPC bilayers also
undergo the phase segregation above main transition temperature as
in the case for the DHSM/DOPC bilayer (Fig. S4). These results support
that the L,/L, phase segregation observed in DHSM/DOPC GUVs is not
an artifact coming from the photo-oxidation.

Lipid packing in the Ly; and L, phases was estimated using surface
pressure vs. molecular area isotherm measurements (Fig. 4d). The lipid
packing of DHSM was found to be less perturbed than SSM by the addi-
tion of a small amount of DOPC (xpopc < 0.15-0.2) probably because of
relatively strong hydrogen bond between DHSM molecules. On the
other hand, the Anean Values were significantly larger than the additivity
line in the range of xpopc > 0.6-0.7, indicating the packing of DHSM was
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perturbed under the higher concentration of DOPC. In addition, similar
Xporc-dependence of Aes was observed at other surface pressures
(Fig. S5). It is expected that the lipid packing in the xpopc < 0.15-0.2
and Xpopc = 0.6-0.7regions observed in the monolayer systems could
correspond to those of the Ly, and Ly, phases in the bilayer systems,
respectively. In contrast, the SSM/DOPC (xpopc = 0.1) monolayer pro-
duced larger Apes values compared to the additivity even in the lower
composition of DOPC (Fig. 5d), suggesting that the packing of SSM mol-
ecules is easily perturbed in the presence of a small amount of DOPC
(xpopc < 0.1). Because SSM has a lower capacity for forming intermolec-
ular hydrogen bonds compared to DHSM, these results seem
reasonable.

4.2. Mechanism for Lo/L, phase separation in DHSM/DOPC binary bilayers

In order to determine the mechanism for the compositional-
dependence phase behavior observed in this study; Lo —Loa/Lat — Laa, as-
sumptions included: (1) DHSM assembly produces stronger hydrogen
bond than SSM, and (2) DHSM assembly tends to form a vesicle smaller
than the DOPC assembly does. The first assumption is based on the areal
analysis (Fig. 4d) and previous reports [25,32]. The second assumption
is supported by DLS experiments; DHSM assembly in the L, phase
formed vesicles with the average particle size of 1.2 pm, which is signif-
icantly smaller than that of DOPC assembly with the average particle
size of 3.2 um (Fig. S6). Under the higher concentration of DOPC
(Xpopc = X2), DHSM and DOPC are miscible, leading to a homogeneous
Lo phase (Fig. 7a). Further increase in DHSM content results in the

domain formation due to hydrogen bonds between DHSM molecules
(assumption (1) and Fig. 7b), where the enthalpic advantage may over-
come the entropic disadvantage. Then, DHSM molecules become incor-
porated into the DHSM-rich region to form hydrogen bonds and,
consequently, DHSM-rich domains (L,; phase) are formed in the
DOPC-rich matrix (Lg, phase) as shown in Fig. 7c. Here, according to
the lever rule, the compositions of the DHSM-rich and DOPC-rich do-
mains are Xpopc = X1 and Xpopc = Xo, respectively (Fig. 7f and c).

One of the reasons that the DHSM content in the DHSM-rich do-
mains stays constant at Xpopc = X1, regardless of the total DHSM/
DOPC ratio, may be the curvature difference between DHSM and
DOPC assemblies, because a large difference in DHSM contents in a do-
main causes a curvature gap (assumption (2) and Fig. S6), possibly
resulting in the discontinuity of curvature at the domain boundary
(Fig. 7d). This elastic constraint at the domain boundary could prohibit
a further increase in the DHSM content of the DHSM-rich domain, lead-
ing instead to the lateral proliferation of the DHSM-rich domain while
keeping the composition constant at xpopc = X; (Fig. 7e). And, at higher
DHSM contents in the range of xpopc < X1, the homogeneous L, phase
occurs (Fig. 7f). To support this idea, we added chol to the DHSM/
DOPC mixture at x; < Xpopc < X» and intentionally enhanced the local
concentration of DHSM; it has been reported that the addition of chol
to SSM/DOPC mixtures leads to the formation of SSM-rich L, domains
(compare ref. [15,41] and [17,51]) and the chol-induced SM accumula-
tion is thought to be more favorable in DHSM/DOPC mixtures because of
stronger affinity between DHSM and chol [31]. As a result, the addition
of chol drove DOPC away from L, domains and caused a curvature

local H-bond DHSM-rich Lﬂl phase

X

*popc=*

formation

- clastic constraint

Fig. 7. Schematic illustrations of the mechanism for L./L, phase separation in DHSM/DOPC binary bilayers (see Fig. 3a). The lipids with red and white headgroups show DHSM and DOPC,
respectively. The x, and x, represent molar fractions of DOPC at the phase boundaries between the homogeneous-L, phase and L,;/L., phase coexistence regions and between the Ly /Lo

phase coexistence and homogenous L,; phase regions, respectively.
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discontinuity with Ly domains [52], leading to the protrusion of a
DHSM-rich ordered portion from the GUV surface (Fig. S7). In the
presence of chol, the hydrogen bonds between DHSM molecules may
be enhanced enough to overcome the elastic constraint caused by
curvature discontinuity.

In contrast to the phase behavior of DHSM/DOPC, SSM/DOPC bilay-
ers showed no Ly/L, phase separation upon the confocal microscopic
observation (Fig. 2c and d). Considering the stronger intermolecular in-
teraction of DHSM than that of SSM, the hydrogen bonding should play
a key role in the L,/L, phase separation.

5. Conclusions

DSC and confocal fluorescence microscopy showed that the DHSM/
DOPC binary bilayer undergoes L,/L, phase separation within a certain
composition range. Although the raft-mimic Lo/Lq (or L,) phase separa-
tion currently attracts scientific interests, the L,/L,, phase segregation
observed in the present study revealed an intrinsic potential of the
DHSM molecule for the phase segregation even in the absence of chol.
In addition, our monolayer measurements showed that the lipid pack-
ing of DHSM was not perturbed under lower concentrations of DOPC
(Fig. 4d), indicating strong hydrogen bond among DHSM molecules.
On the basis of these results, the mechanism for L,/L, phase separation
is proposed as follows. When DHSM molecules are added to DOPC bilay-
ers, DHSM starts to form a DHSM-rich complex at a certain composition
probably because of its high capacity of the hydrogen bond formation.
However, excess accumulation of DHSM is prevented because the dif-
ference in the curvature between DHSM and DOPC assemblies
(Fig. S6) causes elastic constraint at their domain boundaries. Probably,
energetic competition between (1) and (2) results in the L,/L, phase
separation within a limited compositional range. Finally, 7-A isotherm
measurements revealed that DHSM and SSM are miscible at higher
SSM concentrations (Xssy = 0.6-0.7), implying that DHSM and SM are
miscible in the usual cultured cell membranes, in which DHSM account
for 5-10% of all SMs. Speculatively, DHSM supports rigid raft domain
formation together with SM in cultured cell membranes because the
presence of DHSM with a flexible saturated C4-C5 bond allows neigh-
boring SMs to closely approach each other to enhance the intermolecu-
lar hydrogen bonding between SM and DHSM molecules, and probably
also between SMs molecules.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2014.01.017.
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Appendix A

On the basis of data shown in Fig. 4b and d, the areal ratio of the
DHSM-rich ordered domain in DHMS/DOPC (xpopc = 0.5) was calculat-
ed and compared with that obtained by fluorescence observation
(Fig. 4c).

The molar fractions of DOPC in the DHSM-rich (dark) and the DOPC-
rich (bright) domains were defined as x3opc and xBopc, respectively, and
the total number of the molecules contained in the DHSM-rich and
DOPC-rich domains are Np and Np, respectively. The total amount of
DHSM Npyspm and DOPC Npopc in this system was expressed as

Npysm = (1 _XgOPC)ND + (1 _XgOPC>NB 1)

D B
Npopc = XporcNp + XpopcNp (2)

Because the amounts of DHSM and DOPC molecules in the DHSM/
DOPC mixture at xpopc = 0.5 are equal Npysm = Npopc(), Np and Np
can be expressed as

Np = C(zxgopc—l) (4)
Ng = C(l —2x30pc) (5)

where C is a proportional constant.

In addition, the partial molecular areas of DHSM and DOPC were de-
fined in the DHSM-rich and DOPC-rich domains as ARy and ABopc, and
ABusm and ABopc, respectively. The areas of the DHSM-rich Ap and
DOPC-rich domains Ag can be expressed as

D D D D
Ap = ApuswlNp (1 _XDOPC) + ApopcNpXporc (6)

B B B B
Ag = ApnsmNp (1 _XDOPC) + ApopcNpXporc (7)

Because the lipid packing is not perturbed by DOPC in the DHSM-
rich domain, the partial molecular area of DOPC (62 A?) should be ap-
proximately 1.5-fold greater than that of DHSM (40 A2) (see Text and
Fig. 4d). In contrast, in the DOPC-rich domain, the lipid packing of
DHSM is perturbed and the partial molecular area of DHSM is similar
to that of DOPC (62 A?).

Therefore, the areal ratio r of the DHSM-rich dark domain to all
domains can be estimated by

A (2xBorc—1) (1+0.5%50rc)
L A A T 0B B D _35,D (8)
p+Ap  2Xpopc + XpopcXpopc —3-5Xpope + 0-5

Because the molar fraction of xpopc in the DHSM-rich and DOPC-rich
domains were roughly estimated to be 0.15-0.20 and 0.60-0.73, respec-
tively, on the basis of the data shown in Fig. 4b, the r-value was calculat-
ed to be 0.24 £ 0.8 according to Eq. (8).
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