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Abstract

The hydration properties of the lipid bilayer interface are important for determining
membrane characteristics. The hydration properties of different lipid bilayer species were
evaluated using the solvent sensitive fluorescence probe, 6-lauroyl-2-dimethylamino
naphthalene (Laurdan). Sphingolipids, D-erythro-N-palmitoyl-sphingosylphosphorylcholine
(PSM) and D-erythro-N-palmitoyl-dihydrosphingomyelin (DHPSM) showed specific,
interfacial hydration properties stemming from their intra- and intermolecular hydrogen bonds.
As control, the bilayers of glycerophospholipids, such as
1-palmitoyl-2-palmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine (DOPC), were also evaluated. The fluorescence
properties of Laurdan in sphingolipids indicated multiple excited states according to the results
obtained from the emission spectra, fluorescence anisotropy, and the center of mass spectra
during the decay time. Deconvolution of the Laurdan emission spectra into four components
enabled us to identify the variety of hydration and the configurational states derived from
intermolecular hydrogen bonding in sphingolipids. Particularly, the Laurdan in DHPSM
revealed more hydrated properties compared to the case in PSM, even though DHPSM has a
higher T, than PSM. Since DHPSM forms hydrogen bonds with water molecules (in 2NH
configurational functional groups) and the different flexibility among the head groups
compared with PSM, which could modulate space to retain a high amount of water molecules.
The careful analysis of Laurdan such as the deconvolution of emission spectra into four
components performed in this study gives the important view for understanding the membrane

hydration property.

Introduction

Plasma membrane bilayers play a fundamental role of regulating cellular function by
delineating a membrane wall which divides the intracellular and the extracellular spaces. In
addition, each role of the membrane, such as encapsulation, localization of proteins, and
molecular permeation across the membrane, can depend on the compositions of their membrane
proteins and lipid species (1). In particular, lipid rafts have been attracting interest of
researchers for many years because they mediate important cellular functions via interaction
with biomolecules (2-5). Once lipid rafts are formed in the bilayer, they could be stabilized
through hydrogen bond networks between lipid molecules (3, 6). Sphingolipids are the major
lipid species known to associate with raft domain stability (7). The intermolecular hydrogen
bond can be facilitated through their hydrogen bonding acceptor (C=0, P=0, 30H, or 2NH)
and donor moieties (30H or 2NH) (6, 8). Furthermore, most of sphingolipids have long,
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saturated acyl chain that allows them to be packed tightly (9). Even with a subtle
configurational difference of saturated or unsaturated, the physicochemical property, such as the
phase transition temperature (Tn,) of sphingolipids in bilayer, can be varied. For example,
D-erythro-N-palmitoyl-sphingosylphosphorylcholine (PSM), having a saturated acyl chain and
an unsaturated long-chain base, shows the T, of 41.2 °C in bilayer (10).
D-erythro-N-palmitoyl-dihydrosphingomyelin (DHPSM), having a saturated long-chain base,
showed the T, of 47.7 °C in bilayer (11-13). The former and later sphingolipids are found as a
predominant species in most of plasma cell membranes and in human lens cell membranes,
respectively. The hydrogen bonds between lipids makes the phase state of the membrane rigid
and ordered, especially in the presence of cholesterol, which can lead to important raft functions,
such as localization and transportation of proteins during signal transduction.

Integration of external (or internal) biomolecules into the membrane surface is promoted by
several factors: the electrostatic and hydrophobic interactions between those molecules and the
membranes are usually dominant (14-16). Furthermore, the water molecules at the interface of
lipid membrane can control the activities of biomolecules by modulating surface pressure,
coordination of hydrogen bonding, and surface charge state (17, 18). In lipid raft, the membrane
interface could be maintained as dehydrated state, because the intermolecular hydrogen bonding
between sphingolipids can exclude the hydration waters. Therefore, it is considered that the
hydration property at the membrane interface could regulate raft function which is able to
integrate molecules and promote their activity. Many researchers have studied membrane
hydration (18-21). It could be hypothesized that sphingomyelins may have specific hydration
properties at the bilayer surface. However, little is known regarding the interfacial hydration
state of local raft regions compared to other regions within the same membrane, because the
observation of heterogenic hydration properties has not been established.

To evaluate membrane hydration states, the fluorescence probe 6-lauroyl-2-dimethylamino
naphthalene (Laurdan) has been widely used (22-24). The fluorescence emission of Laurdan is
sensitive to the surrounding solvent environment. In the lipid bilayer, the amphipathic structure
of Laurdan localizes it at the hydrophobic-hydrophilic interface region. Thus, the obtained
information are relevant to the microscopic interfacial properties of the lipid bilayer (24, 25). By
excitation, the fluorophore moiety has a large dipole moment (25, 26). Laurdan can take
multiple excitation energy states. The highest excitation energy state can be relaxed by
surrounding solvent molecules, which results in a complex emission property, such as blue shift
or long lifetime (24, 27, 28). The predominant emission peaks of the Laurdan in lipid bilayer
have been previously identified, one can be observed in the gel phase membrane with the Aey of
440 nm, and the other can be observed in the liquid-crystalline phase membrane with the A, of
490 nm) (22).
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By utilizing these emission properties of Laurdan in lipid bilayer, an analytical method for
the microscopic polarity of the membrane has been developed: considering two-state
assumption (gel-phase or liquid phase), the generalized polarization (GP) value can be used to
assess membrane hydration during phase transition (22). The relaxation state of Laurdan can be
measured through deconvolution of the emission spectrum, measurement of fluorescence
lifetime, and the transition of the center of mass spectra in time-resolved fluorescence analysis,
which can also be used to assess membrane hydration (25, 29-31). Despite these methodologies,
further investigation has been required to evaluate dynamic hydration behaviors at the lipid
bilayer surfaces, since there are many factors that would affect the heterogeneity of Laurdan
relaxation, e.g., hydrogen bonding, lateral lipid density, lateral heterogeneity, and so on (32).

Once again, the GP method can be widely applied to investigate the hydration properties of
the membrane, while subtle differences in the Laurdan emission peaks found in sphingolipid
bilayer (33), have not been discussed enough. In this study, we evaluated the interfacial
hydration properties of bilayers made from different lipid species to determine whether the
different configurations, including backbone structure or degree of saturation, would affect the
surface hydration properties of bilayer. Specifically, we focused on how the hydrogen-bonding
donor and acceptor groups in PSM and DHPSM affected the interfacial hydration. To evaluate
the hydration properties of bilayer membrane, the steady state measurements of excitation
spectra, emission spectra, and anisotropy of Laurdan were carefully performed, together with
the time-resolved emission analysis. Herein, we propose the deconvolution of obtained Laurdan
fluorescence emission spectra into four components. Because the emission properties of
Laurdan depend on its surroundings, the differences of microscopic surroundings around
Laurdan in each lipid bilayer system can be discussed as “hydration property” of the lipid

bilayer surface.

Materials and Methods
Materials

All phospholipids (egg yolk SM, 1-palmitoyl-2-palmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine (DOPC), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). PSM was purified from egg yolk SM as described previously (12).
PSM was hydrogenated to yield DHPSM, as previously reported (9). The purity of
sphingomyelins was confirmed by mass spectrometry. Laurdan was purchased from Sigma
Aldrich (St. Louis, MO, USA). Other chemicals were obtained from Wako Pure Chemical

Industries, Ltd. (Osaka, Japan), and used without further purification.
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Preparation of the lipid bilayer vesicles

Lipids and fluorescence probe were dissolved in methanol. Appropriate amounts were
dispensed into a glass tubes, and the solvent was evaporated under a stream of nitrogen gas. The
dry lipid films were hydrated in pure water at 65 °C (60 min) and sonicated in the sonicator
bath, Bransonic 2510 (Branson Ultrasonics, CT, USA), for 5 min at 65 °C. Large unilamellar
vesicles (LUVs, 100 nm diameter size) were prepared by extrusion (34). Lipid concentration

was measured using the method reported by Rouser et al (35).

Fluorescence measurements of Laurdan in steady state

All samples were prepared to adjust a final concentration of lipid and Laurdan to 100 uM
and to 1 UM, respectively. The concentration of Laurdan was estimated from its absorbance,
using the molecular extinction coefficient (¢ = 2000 cm™) (36). Steady state fluorescence
measurements were performed with a QuantaMaster™™ from Photon Technologies International
(Lawrenceville, NJ, USA). The temperature of the sample cell was monitored and regulated by
a Peltier system, and data acquisition was controlled using the Felix 32 software. Emission
measurement was performed using excitation light at 360 nm, and emission spectra of Laurdan
were collected from 400 to 540 nm.

Fluorescence anisotropy, r, was calculated from vertically (/,) and horizontally (I;)

polarized emission intensity by the following equation;
_ 4y =aI)
r= / (I + 2G1) (Ea. 1)

G=1/1, (Ea. 2)
as defined in a previous report (37). The changes of anisotropy as a function of temperature
were continuously measured from 20 °C to 70 °C, and the results were analyzed with the
sigmoidal fitting curves, based on Boltzmann equation. The measurement was performed using
excitation light at 360 nm, and the emission was measured at 490 nm.
The deconvolution of obtained emission spectra was carried out using the software Peakfit
(Systat Software, Inc., San Jose, CA, USA). All fitting equations were operated with the

lognormal amplitude function following a previous report (30). The equation for the fitting is;

InX> z
y = agexp <_%< a‘:1> ) (Eg. 3)

where a, isthe amplitude, a, isthe center (#0) and a, is the width (>0) of the fitting curve,

respectively. From the fitting acquisition, the integrated area and its area ratio [%] were
obtained; the integrated area was calculated from the integration of the obtained analytical

curve.
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Time-resolved fluorescence measurements
Time-resolved fluorescence measurements were all performed on the FluoTime 200 instrument
(PicoQuant, Rudower Chaussee, Berlin, Germany). The sample temperature was controlled by
a Peltier system, and data acquisition was performed with the PicoHarp system. The samples
were excited with a 378 nm diode laser and the emission was measured from 400 to 540 nm in
10 nm step (14 acquisitions). The time resolution was performed with 64 picoseconds. A decay
curve was produced after150 seconds acquisition time. Data were analyzed by the FluoFit Pro
software. After integration of all decay curves, the time-resolved emission spectra were
extracted in every 1.6 nanoseconds after excitation (from 7.168 ns to 48.768 ns, in 28 spectra),
and the center of spectral mass (1) was calculated according to the previous report (38);

A= XAF/XF (Eqa. 4)
where F; is the fluorescence emitted at the emission wavelength 4;.

Results

Emission spectra of Laurdan in the steady state

The fluorescence emission spectra of Laurdan were measured in the presence of bilayers
formed by DPPC, DOPC, PSM, and DHPSM. As shown in Figure 1, the Laurdan in DPPC (Tn,:
41°C) showed a sharp peak at around 440 nm, which was well-consistent with the reported
Laurdan peak position of DPPC bilayer in gel phase state (22). In contrast, the Laurdan
spectrum in DOPC bilayer showed a broader, red-shifted peak at approximately 490 nm, which
can be derived from the Laurdan located in liquid crystalline phase. For the Laurdan molecules
in PSM and DHPSM bilayers at 20 °C, the spectra showed broader peaks compared with that in
DPPC. The phase transition temperatures of PSM and DHPSM in bilayer are 41.2 °C and
47.7 °C, respectively (10), suggesting that the phase states of PSM and DHPSM bilayers could
resemble that of DPPC bilayer. In the SM bilayers, broader peaks, at 440 nm in PSM and at 460
nm in DHPSM, indicate that the Laurdan in SM bilayer would be in multiple hydration states. A
red-shifted spectrum was observed in DHPSM bilayer compared to PSM, despite the lateral
packing state of DHPSM and PSM molecules could be almost similar (39). This result suggests
that DHPSM bilayer may be highly hydrated at the lipid bilayer interface where Laurdan
existed. The Laurdan emission spectrum in DHPSM bilayer seems to be considerably similar to
that in DOPC bilayer, suggesting this lipid can form a highly hydrated bilayer similar to DOPC
bilayer.
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Anisotropy of Laurdan

The rotational mobilities of the fluorescent molecules in bilayer were investigated by
measuring their steady state anisotropy. The anisotropy value would decrease if the molecules
were put into more disordered environment, wherein the molecular rotational mobility or
freedom would increase: for example the phase transition from gel to liquid-crystalline phase.
The anisotropy values of Laurdan in each lipid bilayer are shown in Figure 2. In DPPC bilayer,
a drastic shift of anisotropy was observed at the temperature range around T, (= 41°C). Since
the DOPC bilayer is fluid and disordered state in this temperature range, there was only a slight
response in the anisotropy of Laurdan to the temperature. PSM and DHPSM bilayers showed
broader shifts of anisotropy values, as compared to the shift observed in DPPC bilayer systems.
Moreover, At the temperature below Ty, the Laurdan in DHPSM bilayer showed relatively
smaller anisotropy values in comparison to those in DPPC bilayer in the gel phase, indicating
that the Laurdan molecules might have high mobility at the DHPSM bilayer interface. The
increase of dipole alignment of lipid head group was observed in low water content (40). This
implies that a disordered lipid alignment can provide more hydrated water the bilayer interface,
in such environment, a possibility of the contact between water molecules and located probe
molecules could be increased. Considering gradual shifts of anisotropy values in SM bilayers,
compared to glycerophospholipid species, it suggests the presence of more hydrated waters at
the interface region, despite their tightly-packed state below Ty,. In common to all samples, a
large scattering in the anisotropy values was observed, this could be caused by a variety of the

orientation of Laurdan in each lipid bilayer.

Center of mass of the time-resolved emission spectra

Time-resolved fluorescence analysis is a powerful tool to interpret molecular dynamics of
fluorescence probes. The fluorescence emission decay can be calculated and the center of mass
of the spectrum can be obtained from the integration of the whole emission range. The center of
mass of the time-resolved emission spectra of Laurdan was calculated for DPPC, DOPC, PSM,
and DHPSM bilayers (Figure 3). The significant red-shift in DOPC bilayer was observed,
whereas the value was only slightly shifted in DPPC bilayer. These tendencies are in agreement
with previous findings (29). For the sphingolipids, the center of mass of DHPSM bilayer was
significantly red-shifted, whereas PSM bilayer showed a transition similar to DPPC bilayer. A
unique feature of sphingolipids was found as a function of fluorescence decay time. In SM
bilayers, the center of mass shifted to large wavelength in shorter decay time, indicating a quick
response of Laurdan to the solvent relaxation from the surrounding hydrated waters. This
observation suggests that there are specific molecular interactions among sphingolipids that

enable the probe to be stabilized and relaxed in a short time.
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Excitation spectrum of Laurdan in DOPC and SMs

The intermolecular interactions between Laurdan and lipids were investigated by measuring
the excitation spectra by Parasassi et al.. They investigated that Laurdan can be stabilized via
the interaction with the ester groups of the glycerophospholipid by observing the relative
intensities of two excitation bands (24). From the comparison with glycerophospholipid, they
suggested the interaction of Laurdan with sphingolipid can be weaker because the inter lipid
hydrogen bonds among sphingolipids are strong so that Laurdan couldn’t interact with lipids. In
Figure 4, the excitation spectra for Laurdan in PSM and DHPSM bilayers showed red-shifts.
The red-shifted excitation spectra of sphingolipid were also observed in their results (24).
Generally, the excitation spectrum is symmetric with that of the emission spectrum known as
Franck—Condon principle (41). Moreover, some environmental factors, such as intermolecular
interaction or temperature, could stabilize probe molecules and enable them to appear in
furthermore relaxed state, resulting in a lower excited state (long wavelength range) (37). Based
on the theoretical backgrounds, the red-shifted excitation spectrum of Laurdan in SM bilayers
could be explained due to the configurational property such as intermolecular hydrogen bonds,

resulting in the blue-shifted emission spectrum shown in Figure 1.

Discussion

Interpretation of hydration states in PC and SM bilayers using the fluorescence properties
of Laurdan

Analysis of the Laurdan emission spectra is a useful tool to characterize membrane bilayer
interfaces. Some spectral features of the fluorescence emission from representative lipid
bilayers are known. For example, the gel-like membrane phase is indicated by a narrower
significant blue-shifted emission peak while a broader red-shifted peak indicates a relatively
disordered membrane (22, 27). The broader and decomposable peak is caused by a variety of
excited states and the diversity of the probe’s surroundings (microscopic viscosity, hydration
degree, and so on) (28, 32). This complexity causes difficulty in analyzing Laurdan peaks. For
GP, the selection of blue or red peaks are so variable that discrepancies can occur (32). The
deconvolution analysis is effective, especially for separating the fluorescence emission spectra
depending on the contribution of each of the excited states. In a recent study, the asymmetric
function was selected to properly extract the red- and blue- shifted components (30). Though
this asymmetrical deconvolution was consistent, double component deconvolution may not

account for other molecular species.
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Herein, the fluorescence emission spectra of Laurdan in PSM and DHPSM bilayers
revealed the complexity of Laurdan’s location, with the broaden and decomposable emission
peaks, confirming an observation in previous reports (12). In steady-state fluorescence
measurements, the multiplicity of Laurdan’s location or interaction state in the membrane can
be summarized in an emission spectrum. The broaden emission peaks are assumed due to the
SM molecules forming intermolecular interactions and that Laurdan could have complex
excited states in the lipid bilayers (12). The configurational restrictions and unique hydration
properties in SM bilayers were confirmed based on the changes in anisotropy (Figure 2), the
quick responses of the center of mass of the time-resolved emission spectra (Figure 3), and the
blue shifts of the excitation spectra (Figure 4). The common GP analysis was also attempted.
Figure S5 shows the transition in GP values due to increase in temperature in DPPC, DOPC,
PSM, and DHPSM bilayers. Drastic shifts in GP values at around the phase transition were also
found in DPPC, PSM, and DHPSM bilayers. However, considering the broaden emission peaks
in SM bilayers (shown in Figure 1), the analysis based on GP values might have been
concealing specific hydration properties in PSM and DHPSM bilayers. Based on the above
results, information obtained from the Laurdan molecules is complex especially in SM bilayers
and requires more careful interpretation. In the following section, the deconvolution of Laurdan

spectrum was carried out, to investigate more appropriate hydration properties in SM bilayers.

Deconvolution of the Laurdan spectra

In previous, a deconvolution of Laurdan spectrum into two components was employed in
Laurdan studies, because the well-known emission peak at 440 nm and 490 nm correlated with
the hydrated and less hydrated states, respectively (22). The specific Laurdan fluorescent
properties of sphingolipids were confirmed through our results in this study, and it can be
considered that Laurdan has more than two excited energy states. From the observed spectra in
Figure 1, four components can be detected particularly for the Laurdan in SM bilayers, wherein
each peak position at approximately 420 nm, 440 nm, 490 nm, and greater than 490 nm).
Herein, the deconvolution into four components were performed.

Figure 5 shows the peak positions and the area ratios obtained from the four deconvolution
curves. Based on the peak position changes to the increasing temperature, they can be classified
into four groups (less than 440 nm, 440 ~ 460 nm, 460 ~ 480 nm, and greater than 480 nm). In
DPPC, PSM, and DHPSM bilayers, the most blue-shifted peak at approximately 420 nm had
disappeared during the phase transition. As suggested from the excitation spectra, this peak is
originated from stabilizing effects, i.e., tight-packing or hydrogen bond interactions could
prevent the solvation to fluorophore. Interestingly, in the loosely-packed bilayer (like DOPC),

Laurdan also had a peak at 420 nm throughout the whole temperature range. This result seems
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contradictory, however, the Laurdan in DOPC bilayer had a short lifetime (~ 4 ns) at 420 nm of
emission compared with that in SM bilayers and DPPC bilayer (~ 8 ns) (data not shown),
suggesting that the blue shifted components can be derived from the collisional effects which
could bring the excited Laurdan back to the ground state through the non-radiative pathway.
During this pathway, most of the excited Laurdan can be quenched or relaxed.

Compared with the case in DPPC bilayer, the deconvolution curves in PSM and DHPSM
bilayers showed more red-shifted peaks similar to the result in DOPC bilayer. In DPPC bilayer,
the shift of peak position among the phase transition was observed; however, in SM bilayers,
only slight red-shifts had been observed. These results indicate that the Laurdan molecules in
SM bilayers can be distributing heterogeneously across the vertical direction of bilayer; one can
be positioned into significantly hydrated region similar to the distribution in DOPC bilayer, and
the other can be replaced in highly dehydrated region as showing the deconvoluted peak
component at 420 nm.

For the interpretation of the deconvolution results, the number of peaks and their peak
position can be linked to the hydration property of water molecules existing in bilayer interface.
Parasassi et al. have previously evaluated the number and probability of water molecules that
contribute to relaxation of Laurdan molecules using Poisson distribution (28): they found out
that there would be between 0 and 5 water molecules. The three major hydration states with 1 to
3 water molecules could be more probable as compared with other states (0 or more than 4
water molecules). In this study, we also observed the four peak distributions in the
time-resolved emission spectrum (less than 440 nm, 440 ~ 460 nm, 460 ~ 480 nm, and greater
than 480 nm) which correspond to the deconvoluted peak distributions obtained from the results
in Figure 5 (data not shown). Therefore, the four-component deconvolution approach is suitable,
because Laurdan can take multiple excited states due to conformation restrictions caused by
hydrogen bonding and the three measured relaxed states affected by the surrounding

environment.

Hydrogen bonding network and interfacial hydration states in SMs

According to previous studies of PSM and DHPSM bilayers, DHPSM bilayers have
stronger intermolecular hydrogen network than PSM, which can be one of possible reasons to
explain the differences in their physicochemical properties in bilayer (T, PSM; 41.2 °C < T,
DHPSM; 47.7 °C) (39, 44). The immiscibility of dihydro-stearoyl-SM and DOPC bilayers was
reported by Kinoshita et al., and this can be interpreted to be due to increased intermolecular
hydrogen bonding (45). Regarding the anisotropy results and deconvolution dependencies on
temperature (Figure 2 and 5, and Figure S5), the DHPSM bilayer showed a phase transition at
higher temperatures than PSM bilayer, and the analyzed hydration properties of DHPSM

10
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bilayer was rather hydrophilic as compared to PSM bilayer. However, considering the effect of
intermolecular hydrogen bonds, Laurdan emission spectra in PSM bilayers were largely
blue-shifted compared to that in DHPSM bilayers (Figure 1). Furthermore, the Laurdan
emission deconvolution analysis of PSM bilayers also revealed a relatively large contribution
from the blue-shifted component (about 7% larger than DHPSM) (Figure 5). Regarding the
extent of hydration, the DHPSM bilayer was more flexible and hydrated than that of PSM as
suggested by the Laurdan emission spectra results, anisotropy and the center of mass of the
time-resolved emission spectra (Figure 1, 2, and 3). The predominant blue-shift of emission
spectra of Laurdan in PSM bilayer, and the highly hydrated properties in DHPSM bilayers seem
contradictory to the previous observation of a strong intermolecular hydrogen bonding network
found in DHPSM bilayer.

Yasuda et al., has also suggested that DHPSM has a more flexible head group compared to
PSM based on quantum chemistry approach (46). They found that the properties of the 30H
group of DHPSM is different to those in PSM, because the trans double bond in PSM could
restrict the rotational motion of C-C bond where 30H group is present. The intramolecular
hydrogen bond between 30H group and phosphate oxygen is stronger in PSM than in DHPSM
bilayer, as previously reported (39). It is considered that the restriction of 30H group in PSM
influences strong intramolecular hydrogen bonds, and the flexible 30OH group in DHPSM has
more possibilities to form hydrogen bonds with other functional group. Besides, 2NH group of
DHPSM could have hydrogen bonds with water molecules (39). Therefore, it is assumed that
DHPSM has a superior accessibility to form hydrogen bond than PSM, which can stabilize the
water molecules within the cavity around the flexible lipid head group. From the previous
findings, the water exposure of lipids increases in the following order: PSM < DPPC < DHPSM,
as measured from the fluorescence lifetime values of dansyl-PE under collisional quenching
effect from D,O (12). This can explain the highly hydrated state of DHPSM and further

suggests the existence of an interfacial hydration layer.

Plausible model of hydration properties in PC and SM bilayers.

A brief model for the membrane hydration and different populations of Laurdan according
to fluorescence properties is illustrated in Figure 6. In DPPC bilayers, the Laurdan fluorescence
indicated less hydration and high anisotropy below the phase transition (T < Ty,), and a shift to a
higher hydrated state and a decrease of anisotropy above the T, In DOPC bilayers, the
membrane state is liquid-crystalline phase and acyl chains are in highly-disordered state. In
PSM bilayers, some of Laurdan inserted into the membrane was strongly stabilized in the acyl
chain region (“420” written with red font in Fig. 6). However, others can exist at the surface

and sense different hydration states similar to those in DOPC bilayers. A similar situation could
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occur in DHPSM bilayers, but the significant difference is that DHPSM bilayers may retain
more water molecules due to less intramolecular hydrogen bonds, leading to a high density of
water molecules and stronger relaxation of Laurdan compared to that in PSM bilayers.
Generally, the dipole moment of the lipid head group derived from zwitterionic part of the
phosphocholine is aligned almost in parallel to the horizontal direction of the bilayer, in which
the cationic choline part interacts with the anionic phosphate part of the neighboring lipid (40,
47, 48). Although this is just a speculation, the head group orientation could be restricted in SM
bilayers in a direction more perpendicular to the bilayer surface due to the restriction of
intramolecular hydrogen bonds between 30H and phosphate oxygen. Particularly, DHPSM
could have water molecules between lipid head groups, hence, its steric effect promotes the

alignment of head group dipole moment.

Hydration water layer existing at the sphingolipid bilayer interface

The high-dense hydration water in SM bilayers, suggested in the above, seems to be
contradictory, in comparison to previous studies. In molecular dynamics simulations, the water
penetration across the bilayer was higher in DPPC than in PSM since stronger intermolecular
hydrogen bonds in PSM expelled the water from the membrane (20). Investigation of fluidity
and hydration states of raft system indicated that raft-forming bilayer (SM/Cholesterol = 65/35)
were less hydrated than bilayer in the gel phase (DPPC) even though their fluidities values were
similar (49). This discrepancy may be due to that the Laurdan in our study sensed the water
molecules at the surface of the membrane near the bulk region. M’Baye et al., suggested that
the vertical orientation of Laurdan could differ depending on the lipid species (49). SM bilayers
can form highly ordered bilayer structures with intermolecular hydrogen bonds, hence, Laurdan
could exist relatively close to the surface of the bilayer.

The water molecules at the surface of bilayer could be regarded as a hydration layer. Pal et
al. suggest that the surface charge densities of the lipid head groups can modulate the dynamics
of water molecules (50). In some discussions of computational simulations, lipid alignment was
one of the possible factors that could stabilize or perturb the water-water hydrogen network (51).
Furthermore, a bilayer composed by lipids with small head groups, such as
1-palmytoyl-2-palmytoyl-sn-glycero-3-phosphoethanolamine (DPPE), exhibited a stronger
interfacial water network than other lipid species such as PCs. This also supports the correlation
between the surface alignment of lipid bilayer and the stability of the hydration layer (18).

As discussed in the above, the specific intermolecular hydrogen bonds of sphingolipids may
stabilize the alignment of the lipid head group, which finally results in the formation the
hydration layer on the membrane surface. By deconvoluting the steady-state Laurdan emission

spectrum, the hidden components, such as the Laurdan which might be stabilized via hydrogen
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bonding or that locating at more hydrophilic environment, can be shed a light. Regarding the
thermodynamic properties for the pre and main transition of lipid bilayers studied using DSC,
PSM and DHPSM showed smaller enthalpy change in pre transition (0.59 and 1.80 kJ/mol,
respectively) compared to that of DPPC (3.39 kJ/mol). The surface topography in lipid bilayer
differs before and after the transition (52). This slight enthalpy change observed in SM bilayers
may indicate that the surface property was maintained by the fully hydrated lipid head groups
during the pretransition. According to the dielectric dispersion analysis, the cooperativity of
water molecules associating lipid bilayer was dominant in DHPSM than in DPPC, indicating
the possibility to possess not only water molecules associating inter lipid region but also the one
existing at lipid bilayer surface (See supporting information Figure S6 and S7). These
suggestions are feasible studies for hydration water layer, and it is possible to consider that the
retained water molecules could form the hydration layer on the DHPSM bilayer surface. As
revealed based on the Laurdan studies, the DHPSM bilayers were in highly hydrated states, in
which lipid molecules are flexible that allows a penetration of the surrounding water molecules
locating on the membrane surface, which may result in the formation of hydration water layer.
Though it is a hypothesis, the unique approach in this study will provide a novel insight into the
hydration property of DHPSM bilayers, which leads us to much deeper understanding towards

the lipid intermolecular interactions and the membrane surface hydration details.
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Figures

Figure 1. Fluorescence emission spectra of Laurdan in DPPC (solid), DOPC (dash), PSM (dot), and DHPSM
(dot 2-dash) bilayers at 20°C. The excitation wavelength was 360 nm. All spectra were normalized with the
strongest peak intensity. The reproducibility found from the different compositional binary system were also

shown in Figure S1.
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Figure 2. Anisotropy transitions as a function of the temperature in DPPC, DOPC, PSM, and DHPSM bilayers.
The excitation wavelength was 360 nm, and the emission wavelength was at 490 nm. Anisotropy was calculated
using the Eq. 1 and 2. The sigmoidal fitting curve was illustrated using the Boltzmann equation. The

reproducibility found from the different compositional binary system are also shown in Figure S2.
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Figure 3. The center of mass of the time-resolved spectra of Laurdan for each bilayer depicted as DPPC (solid),
DOPC (dash), PSM (dot), and DHPSM (dot 2-dash) at 20°C. The excitation wavelength for the diode laser was
378 nm. The value of the center of mass was calculated using Eq. 4. Each data points were extracted every
7.168 ns. The reproducibility found from the different compositional binary system are also shown in Figure

S3.
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Figure 4. Laurdan excitation spectra of DOPC (dash), PSM (dot) and DHPSM (dot 2-dash) bilayers at emission
wavelength (Aem = 435 nm) at 20°C. All spectra were normalized with the strongest peak intensity. The

reproducibility found from the different compositional binary system are also shown in Figure S4.
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Figure 5. (A) Emission spectra of Laurdan in DPPC, DOPC, PSM, and DHPSM were deconvoluted using the
lognormal fitting function as described in Eq. 3. From the four deconvolution curves, peak positions of each
curve and the integrated area ratios to the whole spectral area were calculated. The peak positions and the
integrated area percentages obtained for each bilayer were pictured in the corresponding color with the
deconvolution spectra. (B; above) The peak positions of each deconvolution curve as a function of temperature,
in DPPC, DOPC, PSM, and DHPSM bilayers. (B; below) The transition of area ratios of each deconvolution
curve as a function of temperature, in DPPC, DOPC, PSM, and DHPSM bilayers.
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Figure 6. Hydration and the molecular model relation between lipid and Laurdan in DPPC, DOPC, PSM, and
DHPSM bilayers. Lipids and Laurdan are illustrated in the color of gray and orange, respectively. The number
written in the figure represent the emission peaks for each Laurdan molecule. “(420)” in DOPC is the
component with high mobility and short lifetime. Red font of “420” is suggests that the component is stabilized

by the hydrogen bonding network.
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