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D-ribo-phytosphingosines are biologically significant long-chain bases present in various sphingolipids from
yeasts, fungi, plants and mammals. In this study we prepared phytopalmitoylsphingomyelin (phytoPSM) an-
alogs based on the D-ribo-phytosphingosine base. The N-linked acyl chains were either 16:0, 2OH(R)16:0
(natural isomer), or 2OH(S)16:0. The gel-phase of phytoPSM was more stable than that of PSM (Tm 48.6 °C
and 41.0 °C, respectively). The gel-liquid crystalline phase transition enthalpies were 9.1±0.4 and 6.1±
0.3 kcal/mol for phytoPSM and PSM, respectively. An N-linked 2OH(R)16:0 in phytoPSM destabilized the
gel phase relative to phytoPSM (by ~+6 °C, based on DPH anisotropy measurements), whereas 2OH(S)
16:0 in phytoPSM stabilized it (by ~−6 °C). All phytoPSM analogs formed sterol-enriched ordered domains
in a fluid ternary bilayer, and those containing phytoPSM or 2OH(S)phytoPSM were more thermostable than
the domains containing 2OH(R)phytoPSM or PSM. The affinity of cholestatrienol for POPC bilayers containing
20 mol% phytoPSM was higher than for comparable bilayers with an equal amount of PSM. The
2-hydroxylated acyl chains in phytoPSM did not markedly alter sterol affinity. We conclude that phytoPSM
is a more ordered sphingolipid than PSM, and is fully capable of interacting with cholesterol.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sphingolipids constitute a group of very important lipid compo-
nents in eukaryotic cell membranes. Sphingolipids can be distin-
guished from other membrane lipid species by the long-chain base,
which most often is either sphingosine (18:1Δ4t), dihydrosphingosine
(18:0), or phytosphingosine [1–3]. Modifications of the basic structure
of the long-chain base, the head group, or theN-linked acyl chains lead
to a huge number of different molecular species of sphingolipids
which are present in various cells and tissues. This variation in struc-
ture, and thus function, help cells in performingmany specific and dif-
ferent functions in e.g., cell recognition, in heat stress responses and
cell signaling [2,3].

Phytosphingosine (D-ribo-1,3,4-trihydroxy-2-aminooctadecane) is a
long chain natural sphingolipid possessing an additional hydroxyl group
at C-4 position of sphingosine, thus also lacking the trans double bond
at C-4 [4]. Phytosphingosine is a sphingolipid occurring naturally both
in its free form and as a part of the major fraction of ceramides.
Phytosphingosines were first identified in glycosphingolipids isolated
from plants by Carter and collaborators [4] and subsequently found in
l)-sn-glycero-3-phosphocholine;
iphenyl-1,3,5-hexatriene; Kx,
sn-glycero-3-phosphocholine;
l to liquid-crystalline phase
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yeasts, protozoa, sea urchins, amoebae,fish aswell asmammalian kidney,
intestine and adenocarcinoma cells [5–9]. Recently, sphingomyelin (SM)
molecular species, in which the long-chain base is phytosphingosine,
was found in significant amounts in human breast milk as well as in bo-
vine meet [10,11]. In addition to having hydroxylated long-chain bases,
sphingolipids also incorporate α-hydroxylated fatty acids in their
N-linked position [12]. Hydroxylated sphingolipids have important
biological effects in cells and tissues. For example, α-hydroxylated cere-
brosides are important for the stability of the myelin sheet [12]. Hydrox-
ylated ceramides (both in the long-chain base and in the acyl chain) exist
abundantly in the skin where they together with cholesterol, cholesterol
sulfate, and fatty acids help to maintain the barrier function of skin [13].
The presence of α-hydroxylation in cerebroside sulphates stabilizes
intermolecular interactions, and increase gel/liquid crystalline phase tran-
sition temperatures in hydratedmodelmembrane systems [14,15].Mem-
brane stabilization by a 2OH(R)-fatty acid in galactosylceramide bilayers
has also been reported [16]. Hydroxyl-related stabilization of molecular
packing is seen with ceramide monolayers, where α-hydroxylated
ceramides are more condensed compared to their nonhydroxylated
counterparts [17]. We showed recently that α-hydroxylated SM has a
much more stable gel phase as compared to non-hydroxylated SM [18].
The affinity of cholesterol to bilayers containing α-hydroxylated SM was
less than observed for bilayers containing non-hydroxylated SM species
[18].

Since very few biophysical studies exist in which the effects of the
long-chain base hydroxylation have been studied, we have undertak-
en to study how SM properties change when an additional hydroxyl is
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incorporated in the 4-position of the long-chain base, yielding
phytosphingomyelin (Scheme 1). We selected to study SM instead
of e.g., cerebrosides, since its preparation was more feasible, it is
physiologically relevant, and since the biophysical properties of vari-
ous structural SM analogs have been studied extensively by us and by
others.

2. Materials and methods

Highly pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and D-erythro-phytosphingosyl phosphorylcholine were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA) and used with-
out further purification. α-Hydroxylated palmitic acid used for
SM synthesis were obtained from Larodan Fine Chemicals (Malmö
Sweden). N-palmitoyl-D-erythro-sphingomyelin (PSM) was purified
from egg sphingomyelin using reverse-phase HPLC as described in
[19]. The identity of purified PSM was verified by ESI-MS (purity
better than 99%). 1-Palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-
phosphocholine (7SLPC) and cholesta-5,7,9(11)-trienol (CTL) respec-
tively, were synthesized and purified as described previously [20–22].
The identity of CTL was positively verified by APCI-MS. 1,6-
Diphenyl-1,3,5-hexatriene (DPH) was purchased from Molecular
Probes (Leiden, the Netherlands). The fluorophores were stored
under argon in the dark at −87 °C until dissolved in argon-purged
ethanol (CTL) or methanol (DPH). The concentration of CTL and
DPH in the respective stock solutions was determined spectrophoto-
metrically using their molar absorption coefficients (ε) values:
11,250 M−1cm−1 at 324 nm for CTL, and 88,000 M−1 cm−1 at
350 nm for DPH. c-Laurdan was kindly provided by professor Bong
Rae Cho (Department of Chemistry and Center for Electro- and
Photo-Responsive Molecules, Korea University 1-Anamdong, Seoul
136–701, Korea) and synthesized as described in reference [23].
Stock solutions of the lipids, prepared in hexane/2-propanol (3/2, by
vol) were stored at −20 °C and used within a week. All the phospho-
lipid stock solutions were taken to ambient temperature before use
and the concentration of the lipids was determined by phosphate
assay subsequent to total digestion by perchloric acid. Water was
used as aqueous solvent in all studies. All other inorganic and organic
chemicals used were of the highest purity available. The solvents used
were of spectroscopic grade. Water was purified by reverse osmosis
followed by passage through a Millipore UF Plus water purification
system having final resistivity of 18.2 M Ω cm.

2.1. Synthesis of phytoPSM analogs

PhytoPSMwas prepared from phytosphingosyl phosphorylcholine
and palmitic anhydride as follows: 5 μmol of phytosphingosyl
phosphorylcholine was reacted with 15 μmol of palmitic anhydride
in 0.3 ml dry chloroform in the presence of 5 μl trimethylamine.
After 60 min at 40 °C, the reaction volume was reduced to dryness
(with nitrogen gas). The synthesis mix was taken up in 1 ml dry
methanol, and purified using preparative HPLC (Supelco Discovery
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Scheme 1. Molecular structure of phytoSM analogs studied. From lef
C18 column, dimension 250×21 mm with 5 μm particle size) and
elution with pure methanol. The phytoPSM fraction was collected,
and the identity was verified by ESI-MS analysis.

For the preparation ofα-hydroxylated phytoPSManalogs, the racemic
2(OH)-palmitic acid was first converted to its N-hydroxysuccinimide es-
ters, as described previously [24]. Coupling of the activated hydroxyl-
fatty acidwith sphingosyl phosphorylcholinewas performed as described
for phytoPSM. Purification of the α-hydroxylated phytoPSM analogs by
preparative HPLC gave two equal fractions eluting 3–4 min apart. Both
fractions contained a product with the correct molecular weight (based
on the M+-Na adduct m/z value). We have previously demonstrated
that 2OH(S)-containing SM elute after the 2OH(R)-SM analog [18], and
assuming that the 4-OH in the long-chain base of phytoPSMdid not inter-
fere with elution order, we have assigned the first eluting component as
2OH(R)phytoPSM and the last eluting component as 2OH(S)phytoPSM.
2.2. Preparation of liposomes

Lipid vesicles were used as model membranes for all experiments
in this work. Multilamellar lipid vesicles used in fluorimetric studies
were prepared by mixing lipids and probes to a final concentration
of 50 μM (spectroscopy) or 1.4 mM (calorimetry). Appropriate
amounts of the lipids and probes were mixed and the solvent was
dried under a constant stream of N2 at 40 °C to yield an apparently
homogenous lipid film. The lipid film was further dried in the high
vacuum for at least 1–2 h at room temperature. Lipid films were hy-
drated by adding warm milliQ water for 20 min at a temperature
above Tm of the highest melting lipid. The lipids were dispersed by
vigorous mixing (Vortex). Vesicles for spectroscopy were additionally
sonicated for 2 min using a W-450 Branson Ultrasonics probe
sonicator (20% duty cycle, 15 W power setting). Vesicles for equilibri-
um partitioning were extruded (11x) through 200 nm filters at a
temperature above the Tm of the highest melting lipid.
2.3. DSC measurements

Differential scanning calorimetry was performed with a VP-DSC
instrument (MicroCal, Northampton/MA, USA) to obtain the Tm and
ΔH for the main transition of some SM analog bilayers, and to obtain
information about mutual interactions in bilayer membranes, essen-
tially as described previously [25].
2.4. Determination of steady state fluorescence anisotropy

Steady-state anisotropy of 1,6-diphenyl-3,5-hexatriene (DPH)
was measured to obtain acyl chain order information for pure SM an-
alog bilayers, and for SM bilayers containing increasing amounts of
cholesterol, essentially as described previously [19]. The wave lengths
of excitation and emission of DPH were 360 nm and 430 nm, respec-
tively. The steady state anisotropy was calculated as described in [26].
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Table 1
Thermodynamic data for the thermal transitions of PSM analogs derived from DSC
analysis of pure or binary bilayer membranes. Thermodynamic data for dihydroPSM
is included for comparison.

Lipids Pretransition Main transitionmain transition

T (°C) Tm (°C) ΔH (kcal/mol) T1/2 (°C)

PSM 30.4 41.0 6.1±0.3 0.97
dihydroPSMa 41.5 46.9 8.5 1.10
PhytoPSM 44.6 48.6 9.1±0.4 0.97
PSM:dihydroPSM (50:50)a 32.6 43.6 6.7 1.14
PSM:phytoPSM (50.50) 34.6 42.8 6.2 0.95

a Data taken from [40].

Fig. 1. DSC analysis of pure PSM or phytoPSM bilayers. Multilamellar vesicles were pre-
pared to a final phospholipid concentration of 1.4 mM in water. Thermograms or pure
PSM or phytoPSM bilayers, or an equimolar mixture of the two, were collected (second
heating scan). The temperature gradient was 1 °C/min. The pre-transition temperature
is indicated.
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2.5. Determination of c-laurdan fluorescence

The emission spectra of c-laurdan were determined for pure SM
analog bilayers in the gel or liquid-crystalline phase, to obtain infor-
mation about interfacial hydration and lateral packing properties, as
described previously [27]. The temperature for analysis was selected
to be −5 °C or +5 °C from the Tm for each SM analog. Each experi-
mental temperature is indicated in the figure legend. The total lipid
concentration in the assay was 50 μM and the c-laurdan concentra-
tion was 1 mol%. Excitation was at 365 nm and emission spectra
were recorded between 390 and 550 nm.

2.6. Fluorescence quenching measurements

In order to follow the formation andmelting of ordereddomains, the
steady-state quenching of CTL by the quencher 7 SLPCwasmeasured on
a PTI QuantaMaster spectrofluorimeter (Photon Technology Interna-
tional, Lawrenceville, NJ, USA). The excitation and the emission slits
were set to 5 nm and the temperature was controlled by a Peltier ele-
ment with a temperature probe immersed in the sample solution. The
samples were heated from 7 °C to 70 °C at a rate of 5 °C/min. The mea-
surementswere done in quartz cuvetteswith a light path length of 1 cm
and the sample solutions were kept at a constant stirring (350 rpm)
throughout the fluorescence measurement. Fluorescence intensity of
CTL was detected with excitation and emission wavelengths at
324 nm and 374 nm. The fluorescent probe was protected from light
during all the steps of experiments. Fluorescence emission intensity
was measured in the F-sample (quenched) consisting of POPC/7SLPC/
SM analog/ cholesterol, (30:30:30:10, molar ratio) and in the F0 sample
(non-quenched), in which 7SLPC had been replaced with POPC [28].
The fluorescence intensity in the F sample was divided by the fluores-
cence intensity of the F0 sample giving the fraction of non-quenched
CTL fluorescence plotted versus the temperature. CTL replaced 1 mol%
of cholesterol and was added to the lipid solution prior to drying.

2.7. CTL equilibrium partitioning between unilamellar vesicles
and cyclodextrin

The partitioning of CTL between large unilamellar vesicles and
methyl-β-cyclodextrin (mβCD; Sigma chemicals, St. Louis, MO) was
measured to determine the affinity of the sterol for the bilayers
containing SM analogs [29,30]. The partitioning coefficient was calcu-
lated as described previously [29,30]. The assay yields the molar frac-
tion partition coefficient, Kx, for CTL. The CTL and thus sterol
concentration was 2 mol% in all partitioning experiments.

3. Results

3.1. Properties of pure phytoPSM bilayers

Since N-acyl chain hydroxylated SMs showed marked stabilization
of the gel phase, we have made phytoPSM, which has an additional
hydroxyl group in the long-chain base, and tested whether this hy-
droxyl function also affects gel phase stability and interlipid cohesion.
In addition, we also examined the properties of phytoPSM with
α-hydroxy acyl chains. DSC analysis of pure PSM bilayers is known
to give a Tm of about 41 °C, and an enthalpy of about 6–7 kcal/mol
[31,32]. We confirmed these values for PSM (Tm 41.0 °C, ΔH 6.1±
0.3 kcal/mol; Table 1). With pure phytoPSM bilayers, the gel phase
was observed to be markedly stabilized by the additional 4-OH in
the long-chain base of phytoPSM, since the DSC reported Tm was
48.6 °C (ΔH 9.1±0.4 kcal/mol; Table 1). Binary mixed bilayers
containing both PSM and phytoPSM showed a fairly cooperative gel/
liquid crystalline phase transition, since the peak width at half height
was very similar for PSM and for a 1:1 mixture of PSM and phytoPSM
(0.97 and 0.95 °C, respectively, Table 1). Pure PSM and phytoPSM
bilayers had a pre-transition at 30.4 and 44.6 °C, respectively
(Fig. 1). The pre-transition was retained in the 1:1 binary mixture,
where it occurred at an intermediate temperature (34.6 °C; Fig. 1),
marginally higher than dihydroPSM:PSM mixture (Table 1).

3.2. DPH anisotropy and c-laurdan emission spectra in pure SM
analog bilayers

Next we analyzed acyl chain order in pure SM analog bilayers as a
function of temperature, and also included α-hydroxylated phytoPSM
species. Changes in the relative acyl chain order were deduced from
the steady-state anisotropy function of DPH. The main transition,
which DPH anisotropy also reports (Fig. 2), agrees fairly well with DSC
data (Fig. 1) for PSM and phytoPSM. The change in DPH anisotropy dur-
ing the transitionwas also very rapid for both PSM and phytoPSM, indi-
cating a cooperative transition which again agrees with the DSC data.
The fluid phase acyl chain order for PSM and phytoPSM appeared to
be similar at equal temperatures (e.g., at 55 or 60 °C, Fig. 2). When
phytoPSM was acylated with a 2OH-16:0-fatty acid, the Tm of the
main transition differed markedly depending of the stereo-specific ori-
entation of the α-hydroxy-group. For 2OH(S)phytoPSM, the gel phase
was stabilized compared to phytoPSM,whereaswith 2OH(R)phytoPSM
(natural isomer), it was destabilized (Fig. 2). The main transition
appeared to be fairly cooperative for 2OH(R)phytoPSM, whereas it
appeared to be more complex when 2OH(S)phytoPSM was analyzed
(Fig. 2). The fluid phase acyl chain order appeared to be slightly higher
for the α-hydroxylated phytoSM analogs as compared to the non-
hydroxylated analogs.



Fig. 2. Steady state anisotropy of DPH in pure SM bilayers as a function of temperature.
Experiments were performed with multilamellar vesicles (prepared by probe sonica-
tion) at a scan rate of 5 °C/min. The samples contained 1 mol% DPH as fluorophore
and the lipid concentration was 50 μM. The graphs show representative data from re-
producible experiments.

Fig. 4. Quenching susceptibility of CTL in ternary bilayer. Multilamellar vesicles pre-
pared by probe sonication were composed of (F0 sample) POPC/SM analog/cholesterol
(60:30:10 by mol). In the F-sample, 7SLPC replaced half of the POPC. CTL was included
at 1 mol%. The melting profile is shown as the F/F0 ratio plotted versus temperature.
Representative curves are shown.
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In the gel phase, the phytoPSM bilayer interphase appeared to be
more hydrated than the PSM bilayer, as indicated by the c-laurdan emis-
sion shift (Fig. 3A). This differencewas abolished in the liquid-disordered
phase (Fig. 3B). When phytoPSM contained α-hydroxylated acyl chains,
the gel-phase c-laurdan emission shiftwas evenmore redshifted for both
(2OH(S)-16:0) and (2OH(R)-16:0) analogs, when compared to PSM
(Fig. 3A). In the liquid-crystalline phase, all SM analogs showed very sim-
ilar c-laurdan emission profile (Fig. 3B). Clearly, the long-chain base hy-
droxylation in phytoPSM affected interfacial hydration (compared to
PSM) in the gel phase, and additional acyl chain hydroxylation appeared
to further increase the interfacial hydration.
3.3. Interaction of cholesterol with phytoPSM

To better understand the interaction between cholesterol and the hy-
droxylated PSM analogs in more complex membranes, we prepared ter-
nary mixed bilayers containing POPC, PSM analog, and cholesterol
(60:30:10 by mol), and examined the formation of sterol-enriched
ordered domains by a CTL quenching assay [33]. PhytoPSM analogs in-
cluded in the study were able to form sterol-enriched ordered domains
A

Fig. 3. c-Laurdan emission spectra from multilamellar vesicles containing PSM, phytoPSM, p
50 μM and the c-laurdan concentration was 0.1 mol%. Excitation was at 365 nm and emissi
the gel phase at Tm minus 5 °C, which corresponds to 36 °C for PSM, 42 °C for phytoPSM, 3
from the liquid-crystalline phase at Tm plus 5 °C, which corresponds to 46 °C for PSM, 52 °
in the fluid POPC bilayers (Fig. 4). The phytoPSM formedmore stable or-
dered domains in comparison to that of PSM (mid melting temperature
about 39 °C and 29 °C, respectively, Fig. 4). The stability of ordered do-
mains for α-hydroxylated phytoPSM analogs, varied depending on the
orientation of the α-hydroxy group, and correlated with the transition
temperature of the pure compounds (Fig. 4). With 2OH(R)phytoPSM
and 2OH(S)phytoPSM containing domains, the Tm:s were about 27 and
37 °C, respectively, while the end melting temperatures were about 39
and 49 °C, respectively (Fig. 4). The delta F/F0 (F/F0 ratio before and
after melting) was similar for all analogs, suggesting that the CTL (and
thus sterol) content in the ordered domainswere similar for the different
SM analog domains.
3.4. Sterol affinity for SM analog containing bilayers

A recently developed CTL equilibrium partition assay has been
used to further analyze the interaction between cholesterol/CTL and
the phytoPSM analogs. We determined the CTL molar fraction equi-
librium partition coefficient for POPC bilayers containing 20 mol% of
one of the PSM analogs. PSM in POPC bilayers has been shown to
B

hytoPSM(2OH-R), or phytoPSM(2OH-S). The total lipid concentration in the assay was
on spectra were recorded between 390 and 550 nm. Panel A shows data obtained from
7 °C for 2OH(R)phytoPSM, or 50 °C for 2OH(S)phytoPSM. Panel B shows data obtained
C for phytoPSM, 47 °C for 2OH(R)phytoPSM, or 60 °C for 2OH(S)phytoPSM.



Fig. 5. Affinity of CTL for bilayer membranes containing SM analogs in POPC. The equilibrium distribution of CTL between mβCD and unilamellar vesicles (prepared by extrusion)
was analyzed, and the partitioning coefficient calculated, as described under Methods. The bilayers contained 80 mol% POPC and 20 mol% of one of the SM analogs. The CTL con-
centration was 2 mol%. A higher Kx indicates a higher affinity of CTL for the bilayer.
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increase the sterol affinity markedly [25,29,34,35], and this was again
observed both at 23 and 37 °C (Fig. 5). The CTL affinity for POPC bilay-
ers containing phytoPSMwas higher than for bilayers with PSM (both
at 23 and 37 °C, Fig. 5), signifying that the additional hydroxyl group
in the long-chain base was able to enhance sterol/SM interaction. CTL
displayed a high affinity also for α-hydroxy-phytoPSM containing
POPC bilayers than pure POPC bilayers. These affinity results show a
good agreement with the CTL quenching data (Fig. 4), which
suggested that the ordered domains contained similar amounts of
sterol, irrespective of the type of phytoPSM analog used.

4. Discussion

An important feature of sphingolipids is the rather high degree of
hydroxylation in the long chain bases (3OH and 4OH) and in the
N-linked acyl chains (2OH) [36]. Hydroxylated (3OH or 4OH) long
chain bases have been shown to be of importance for many biological
processes, for example in cell wall formation and asexual/sexual growth
in Aspergillus nidulans [37]. In mammals, hydroxylated (4OH) long
chain bases are minor yet important components of sphingolipids. The
interfacial hydroxyl groups have been shown to stabilize the interlipid
interactions in model membranes [38,39] but biophysical implications
of an additional hydroxyl group (4OH) in long chain base of SM
has not been determined. We were interested to study how the
phytosphingosine backbone (and α-hydroxylation simultaneously) in
SM affected its membrane properties. Our main objective was to gather
information about the interactions between phytoSMand cholesterol to
evaluate how the presence of phytosphingosine long chain base in SMs
affect the lateral interactions with co-lipids in the membranes. We also
examined how additional interfacial hydroxyls in the N-linked acyl
chains affected phytoPSM properties.

Based on both DSC analysis and DPH steady-state anisotropy, it was
evident that the gel-phase was markedly stabilized in phytoPSM bilayers
as compared to PSM (Figs. 1 and 2, Table 1). The structural difference be-
tweenphytoPSMandPSM is the 4-OH in the long-chain base, and the lack
of a transΔ4 double bond in the long-chain base. It is known that the trans
Δ4 double bond affects gel-phase stability, since dihydro PSM has signifi-
cantly higher Tm compared to PSM (Table 1 and [40]). PhytoPSM, which
also lacks the Δ4 trans double bond in the long-chain base, had gel/liquid
crystalline phase transition temperature that was 7.6 °C higher than that
of PSM (Table 1). The enthalpy value of pure phytoSM bilayers was in-
creased by 3 kcal/mol as compared to PSM bilayers. The enthalpy of the
dihydroSM transition was about 8.5 kcal/mol [40], which is intermediate
between those of PSM and phytoPSM. Both the higher Tm and enthalpy of
phytoPSMbilayers, compared to both PSMand dihydroPSMbilayers, sug-
gest that the 4-OHof the long-chain base in phytoPSMwas capable of sta-
bilizing gel-phase interactions significantly.

Inclusion of α-hydroxylated acyl chains in the phytoPSM analog
resulted in mixed phase transition behavior depending upon the spatial
orientation of the α-hydroxyl group. 2OH(R)PhytoPSM bilayers showed
significantly destabilized gel phases (by DPH anisotropy) when com-
pared to phytoPSM bilayers, whereas 2OH(S)phytoPSM bilayers had sig-
nificantly increased gel phase stability. If we compare these data with
results obtained in a previous study with PSM and α-hydroxylated
PSM, it is evident that α-hydroxylation in PSM stabilized the gel phase
slightly [41] whereas α-hydroxylation in phytoPSM casued marked
destabilization (with the natural α-hydroxy (R) isomer). Clearly, the
α-hydroxyl in phytoPSM interfered with the gel-phase stabilization
caused by the 4-hydroxyl. It is unclear at thismomentwhether the effect
arose from competing hydrogen-bonding (between α-hydroxyl and
4-hydroxyl) or came from steric packing effects caused by the two
opposite hydroxyls in the interfacial region of the molecules. It is
also possible that the observed effects were in part related to altered
head group dynamics and orientation, since the SM head group is
known to interact (at least) with the 3-OH in the long-chain base
[42]. Atomistic molecular dynamics simulations of hydroxylated
SM bilayers could perhaps provide some information to help explain
the cause of these phenomena.

To study how well cholesterol could interact with the hydroxylated
PSM analogs, and form ordered sterol-enriched domains, we used a CTL
quenching assay (Fig. 5) to elucidate this. Formation of sterol-enriched
ordered domains have been demonstrated in ternary bilayers constitut-
ing POPC as fluid lipid, PSM as saturated lipid and cholesterol [33]. At
low temperatures, CTL present in the ordered domains is more like to
be protected from the collision induced quenching by 7SLPC, present
dominantly in fluid glycerophospholipid, POPC. 7SLPC is unlikely to be
present in SM rich domains because partitioning of bulky doxyl group
is excluded into gel-like phase of saturated long chain SMs. CTL be-
comes more susceptible to quenching by 7SLPC due to melting of or-
dered domains with the increase in temperature. We found that all
phytoPSM analogs were able to form sterol-enriched ordered domains,
and the thermal stability of the domains correlated rather well with
the Tm of the pure PSM analogs (Figs. 4 and 2). It also appeared that
the cholesterol/CTL content of the domains (difference in F/F0 before
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and after melting of domains) was rather similar for all compounds.
These results suggest that 4-OH in phytoPSM did not adversely affect
interactions with cholesterol, and also appeared to increase the sta-
bility of such SM/sterol domains in the POPC environment. Surpris-
ingly, an α-hydroxyl in phytoPSM did not weaken interactions
with cholesterol, contrary to results obtained with α-hydroxylated
PSM analogs [41]. This finding clearly suggests that 4-OH directly,
or via indirect effects on e.g., acyl chain order, affected cholesterol in-
teraction beneficially.

To further understand the interaction of cholesterol with the
phytoSM analogs we used CTL partition [43], an assay significantly mod-
ified in our lab from the procedure reported by Niu and Litman [44].
Partitioning data for CTL also correlated with the results obtained by
CTL quenching. The CTL affinity was lowest for the POPC bilayers and
was higher for all POPC bilayer which contained 20 mol% phytoPSM an-
alogs. Among SM analogs, CTL had the highest affinity for the phytoPSM
bilayers. We have shown that CTL affinity for hydroxylated (2OH and
3OH) SMbilayers is lower than PSM [41]. The 2-hydroxylated acyl chains
in phytoPSM did not markedly alter sterol affinity yet CTL affinity for
2OH(S)phytoPSM bilayer was higher than that of 2OH(R)phytoPSM.

There have been many studies on the importance of
phytosphingosines in physiological processes, both in plants and
mammalian cells. We now show that the phytosphingosine backbone
in SM is also structurally important for membrane properties of the
SM analog. By some yet undetermined mechanism, 4-OH in the long
chain base was able to optimize interlipid interactions, not only be-
tween SMs but also between SMs and cholesterol. These favorable in-
teractions led to gel phase stabilization, and probably increased
cohesiveness between the SM molecules in the fluid phase. The high
affinity of cholesterol for phytoPSM can be understood by their in-
creased order parameter, but the role of hydrogen bonding to
SM-sterol interaction cannot be excluded as also being important.
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