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Influence of Hydroxylation, Chain Length, and Chain Unsaturation on
Bilayer Properties of Ceramides
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ABSTRACT Mammalian ceramides constitute a family of at least a few hundred closely related molecules distinguished by
small structural differences, giving rise to individual molecular species that are expressed in distinct cellular compartments,
or tissue types, in which they are believed to execute distinct functions. We have examined how specific structural details
influence the bilayer properties of a selection of biologically relevant ceramides in mixed bilayers together with sphingomyelin,
phosphatidylcholine, and cholesterol. The ceramide structure varied with regard to interfacial hydroxylation, the identity of the
headgroup, the length of the N-acyl chain, and the position of cis-double bonds in the acyl chains. The interactions of the ceram-
ides with sphingomyelin, their lateral segregation into ceramide-rich domains in phosphatidylcholine bilayers, and the effect of
cholesterol on such domains were studied with DSC and various fluorescence-based approaches. The largest differences arose
from the presence and relative position of cis-double bonds, causing destabilization of the ceramide’s interactions and lateral
packing relative to common saturated and hydroxylated species. Less variation was observed as a consequence of interfacial
hydroxylation and the N-acyl chain length, although an additional hydroxyl in the sphingoid long-chain base slightly destabilized
the ceramide’s interactions and packing relative to a nonhydroxyceramide, whereas an additional hydroxyl in the N-acyl chain
had the opposite effect. In conclusion, small structural details conferred variance in the bilayer behavior of ceramides, some
causing more dramatic changes in the bilayer properties, whereas others imposed only fine adjustments in the interactions

of ceramides with other membrane lipids, reflecting possible functional implications in distinct cell or tissue types.

INTRODUCTION

Ceramides, one of the simplest classes of sphingolipids,
virtually comprise a large number of heterogeneous, yet
structurally very closely related molecules produced in
mammals by the six distinct ceramide synthases for which
the tissue expression profiles seem to correlate with the
acyl chain composition of the ceramides in the specific
tissues (1,2). Besides their central role as immediate precur-
sors of more complex sphingolipids, several lines of evi-
dence point to a role for ceramides in cellular activities
and signaling cascades (3-6). The local levels of ceramides
in cells may be significantly increased (e.g., by activation of
sphingomyelinases (7,8)). Being very hydrophobic, ceram-
ides exhibit extremely low solubility in aqueous media
such as the cellular cytosol, and are therefore expected to
exert their effects on the level of membranes. Many biolog-
ically relevant ceramide species display high phase transi-
tion temperatures relative to other membrane lipid classes,
making them solid-like molecules that have major influ-
ences on the physical properties of bilayer membranes.
These range from altered thermodynamical behavior
(9,10), to significant impacts on the molecular order and
lateral distribution (11-19), as well as the topographical
organization of membranes (20-25), often caused by the
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self-segregation of ceramides into highly ordered lateral do-
mains in bilayers, and their tendency to induce negative
membrane curvature. Ceramides thus affect the physical
state of lipid bilayers, and along with the proposition that
the membrane physical state could influence the physiolog-
ical state of a cell (26,27), membrane phenomena induced
by ceramides have also become a subject of intense study.
Ceramides have been studied from both biological and
biochemical, as well as from biophysical points of view,
to understand the molecular properties of ceramides that
affect their functions in distinct subcellular compartments,
possibly influencing cell physiology.

In general, ceramides comprise a long-chain aminediol
(sphingoid) base to which a fatty acyl moiety is amide(N)-
linked. Natural ceramides display wide variation in the
length of their N-linked acyl chains, with ever-increasing
levels of diversification induced by unsaturation, hydroxyl-
ation and branching that may occur at different positions of
the N-linked chain (28). In addition, variations in the chem-
ical structure also occur in the sphingoid long-chain base of
ceramides (29,30). With the aim of comparing the influence
of selected structural aspects on the bilayer properties of ce-
ramides, this study explores a set of biologically relevant
ceramides in mixtures with other common membrane lipids.
Although the ceramide’s N-linked acyl chain may vary in
length from 14 to 26 or even up to 36 carbon atoms as in
skin ceramides (28,31,32), this study focuses on some of
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the most prevalent mammalian molecular species, namely
the saturated C16-, C18-, and C24-ceramides, as well
as the monounsaturated C18:14%°- and C24:1*'*“-species
(31,33-35), all containing the most prevalent mammalian
sphingosine (18:1%%) long-chain base. In addition, two
mammalian hydroxylated species of ceramides were stud-
ied: C18(20H)-ceramide, (i.e., the [2'R]-isomer of the «-hy-
droxylated ceramide with a sphingosine long-chain base,
and C16-phytoceramide with the [4'R]-hydroxysphinganine
long-chain base (31,33,34,36,37)). Also the biologically
potent metabolite ceramide-1-phosphate (38,39) (i.e., the
product of ceramide kinase activity, and a ceramide
containing a diunsaturated sphingadiene long-chain base
[18:2A4t’14c], which is found in human plasma and aorta
(40,41)), were included in this study. To compare the effect
of the somewhat uncommon cis-double bond in the sphinga-
diene long-chain base with a cis-double bond at a compara-
ble bilayer depth in the N-acyl chain, a ceramide with an
unsaturated C18:1%'%° N-linked acyl chain was included in
the study, although such a molecular species has not, ac-
cording to the best of our knowledge, been reported among
mammalian ceramide species. A complete description of the
N-acyl chain and sphingoid base components of each of the
ceramides are listed in Table 1, and the chemical structures
of the ceramides are shown in Scheme S1 in the Supporting
Material.

The phase behavior, miscibility, and bilayer properties
of ceramides with varying structures have been previously
studied as pure components or (mainly) in binary mixtures
with sphingomyelin (SM) or phosphatidylcholines (PC)
using DSC, NMR as well as fluorescence and monolayer
techniques (9,14,42-50). This study, however, focuses on
collecting comparable data for a variety of ceramide
molecular species in various mixed bilayers together with
palmitoyl sphingomyelin (PSM), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), and cholesterol. DSC
together with various fluorescence-based approaches was
applied to reveal differences in the miscibility of the ceram-
ides with PSM and their lateral segregation in POPC bila-
yers. Fluorescence anisotropy and time-resolved intensity
decays of trans-parinaric acid (tPA), a membrane probe
that readily partitions into (highly) ordered phases such as

TABLE 1 Ceramide molecular species

Symbolic Notation Systematic Name

C16-cer N-palmitoyl-p-erythro-sphingosine
C18-cer N-stearoyl-p-erythro-sphingosine
C24-cer N-lignoceroyl-p-erythro-sphingosine

C16-phyto-cer
C18(20H)-cer
Cer-1-P

C18:1%%-cer
C24:14cer
C18:141%_cer
C18-sphingadiene-cer

N-palmitoyl-p-erythro-4-hydroxysphinganine
N-(2'(R)-hydroxy)-stearoyl-p-erythro-sphingosine
N-palmitoyl-p-erythro-sphingosine-1-phosphate
N-oleoyl-p-erythro-sphingosine
N-nervonoyl-p-erythro-sphingosine
N-12Z-octadecenoyl-p-erythro-sphingosine
N-stearoyl-p-erythro-sphinga-4E, 14Z-diene

For the chemical structures, see Scheme S1.
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ceramide-rich phases in lipid bilayers (15,17,51-53), were
measured to determine the thermal stability and degree of
lateral chain packing within ceramide-rich domains.
Furthermore, as a multitude of evidence shows that ceram-
ides and cholesterol exhibit reciprocal effects on each
other’s membrane lateral distribution (18,51,53-59), bilayer
solubility (60,61), and affinity (62), also studied are the ef-
fect of cholesterol on the thermal stability of the ceramide-
enriched domains and, using a fluorescence quenching
approach that uses a fluorescent sterol-analog (63), choles-
terol’s exclusion from or incorporation into such domains.

Our results reveal that the largest differences within the
ceramides, in terms of ceramide-PSM interactions and the
formation of ceramide(/PSM)-enriched domains in POPC
bilayers, arose from the presence and relative position of
cis-double bonds in the ceramide acyl chains. Much less
variation was observed in relation to the length of the (satu-
rated) N-acyl chain or the presence of additional hydroxyls
in the interfacial region. In conclusion, based on our results
it appears that unsaturation cause more dramatic, although
highly position-dependent, changes in the bilayer physical
properties, whereas variations in the N-acyl chain length
or presence of interfacial hydroxyls provide merely fine ad-
justments in the interactions of ceramides with other mem-
brane lipids.

MATERIALS AND METHODS

POPC, N-stearoyl-p-erythro-sphingosine (C18-cer), N-oleoyl-p-erythro-
sphingosine (C18:1%%-cer), N-(2'(R)-hydroxy)-stearoyl-p-erythro-sphin-
gosine (C18:0(20H)-cer), N-lignoceroyl-p-erythro-sphingosine (C24-cer),
and N-nervonoyl-p-erythro-sphingosine (C24:14'>-cer) were purchased
from Avanti Polar Lipids (Alabaster, AL); N-palmitoyl-p-erythro-sphingo-
sine (Cl6-cer) and N-palmitoyl-p-erythro-phytosphingosine (C16-phy-
tocer) from Larodan Fine Chemicals (Malmo, Sweden); and cholesterol
from Sigma/Aldrich (St. Louis, MO). PSM was purified from egg yolk
SM with preparative reverse-phase high-performance liquid chromatog-
raphy (HPLC) as previously described (64), positively identified by mass
spectrometry on a Bruker Daltonics Ion Trap ESI-MS (Bremen, Germany),
and the purity verified by Merck/Hitachi LaChrome reverse-phase analyt-
ical HPLC (Supelco Discovery 125 x 4.6 mm C18-column with 5 um par-
ticle size, Bellefonte, PA).

Ceramide-1-phosphate (Cer-1-P) was synthesized from sphingosine-1-
phosphate (Avanti Polar Lipids) by acylation with palmitic anhydride
(Sigma Aldrich) according to a protocol described in (65). The product
was isolated by HPLC as described in (64), with an additional 1%
NH4OH in the eluent methanol. The product was positively identified by
mass spectrometry and its purity verified by analytical HPLC. N-12Z-octa-
decenoyl-p-erythro-sphingosine (C18:14'*°-cer) was synthesized from
12(Z)-octadecenoic acid (Larodan Fine Chemicals) and D-erythro-sphingo-
sine (Sigma Aldrich), and N-stearoyl-p-erythro-sphinga-4E,14Z-diene
(C18-sphingadiene-cer) from stearic acid (Sigma Aldrich) and p-erythro-
sphinga-4E,14Z-diene (Avanti Polar Lipids) according to a protocol
described in (65). The products were isolated by HPLC as described in
(64), positively identified by mass spectrometry, and their purity verified
by analytical HPLC. The lipids were dissolved as follows: POPC and
Cl6-cer in methanol, Cer-1-P in methanol:water (100:1 by volume),
C16-phyto-cer in choloform:methanol (1:1 by volume), and PSM, choles-
terol, and all other ceramide analogs in hexane-isopropanol (3:2 by
volume).
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tPA was synthesized from methyl linolenate (Sigma Aldrich) as described
in (66), isolated by HPLC, and positively identified by mass spectrometry.
Purity of tPA was verified by analytical HPLC and absorbance and emission
spectra (identical to published spectra). tPA was stored dry under argon at
—87°C until dissolved in argon-purged methanol and used within a week.
Cholesta5,7,9 (11)-trien-3-beta-ol (CTL) was synthesized and purified as
described previously by Fischer and co-workers (67), stored dry under argon
at —87°C until dissolved in ethanol and used within 10 days. 1-Palmitoyl-2-
stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) was purchased
from Avanti Polar Lipids, stored dry under argon at —87°C until dissolved
in methanol and used within 5 months.

The water used for sample preparation was purified by reverse osmosis
followed by passage through a UF-Plus water purification system (Milli-
pore, Billerica, MA) to yield a product with final resistivity of 18.2 MQcm.

DSC

Multilamellar vesicles (1 mM) for DSC were prepared by mixing equimolar
amounts of PSM and the ceramide analogs, and evaporating the solvent un-
der a stream of nitrogen. To remove any residual solvent, the lipid films were
then kept under vacuum for 1 h. The dry lipid films were hydrated with argon-
purged MQ-water in a water bath at 95°C for 1 h, followed by five cycles of
freeze-thaw between liquid nitrogen and a 95°C water bath, interspersed
with vigorous vortex mixing until opalescent and macroscopically homoge-
neous preparations were obtained. The samples were then cooled down to
room temperature and degassed for 5 min with a ThermoVac instrument
(MicroCal, Northampton, MA) before loading into the DSC. A total of 12
consecutive heating and cooling scans (1-90°C) operating with a 1°C/min
temperature gradient were recorded with a high-sensitivity VP-DSC instru-
ment (MicroCal) for two independently repeated samples. The presented
thermograms were selected from the last heating cycles.

Steady-state fluorescence anisotropy

Multilamellar vesicles (37.5-50 uM total lipid; 75 to 100 nmol total lipid
per 2 ml water) for fluorescence anisotropy measurements were prepared
by mixing the lipids at the desired molar ratios (POPC/XCer, 60/15;
POPC/PSM/XCer, 60/15/15; POPC/PSM/XCer/Chol, 60/15/15/10), and
evaporating the solvent under a stream of nitrogen. Residual solvent was
removed under vacuum for 1 h. The dry lipid films were then hydrated
with argon-purged MQ-water in a water bath at 90°C for 60 min. Finally,
the samples were vortex mixed and sonicated for 5 min in a water bath son-
icator (FinnSonic M3 Bath Sonicator, FinnSonic Oy, Lahti, Finland) at
80°C. Immediately after sonication, tPA was added from a concentrated
methanol stock solution to a final probe concentration of 1 mol %. Addition
was done at constant stirring and no more than 0.2 volume % of methanol
was added to any sample. The samples were cooled down to room temper-
ature before the fluorescence measurements.

The steady-state fluorescence measurements were performed in quartz
cuvettes on a PTI QuantaMaster-spectrofluorometer (Photon Technology
International, Lawrenceville, NJ) operating in the T-format. The samples
were kept under constant stirring and the temperature in the samples was
controlled by a Peltier element with a temperature probe immersed in the
sample. The fluorescence emission of tPA was scanned continuously at
405 nm (excitation 305 nm) while heating the samples at a rate of 2°C/
min. The steady-state anisotropy, r, was determined as described in (68),
by converting the fluorescence emission to anisotropy values with the
PTI Felix32 software.

Time-resolved fluorescence measurements

Multilamellar vesicles (75-90 uM total lipid, 150 to 180 nmol total lipid per
2 ml water) for fluorescence lifetime measurements of tPA were prepared by
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mixing the lipids at the desired molar ratios (POPC/XCer, 60/15, POPC/
PSM/XCer, 60/15/15, or POPC/PSM/XCer/Chol 60/15/15/10). The solvent
was removed under a stream of nitrogen. The dry lipid films were then
hydrated with argon-purged MQ-water in a water bath at 90°C for
60 min, followed by sonication for 5 min at 80°C. Immediately after soni-
cation, 1 mol % tPA (2 nmol tPA) was added from a concentrated methanol
stock solution. The samples were cooled down to room temperature before
recording the fluorescence decays of tPA at 430 nm (excited with a 298-nm
LED laser source) at 23°C and 10°C with a FluoTime 200-spectrofluorom-
eter with a PicoHarp 300E time-correlated single photon counting module
(PicoQuant, Berlin, Germany). The temperature was controlled by a Peltier
element and the samples were kept under constant stirring. The data were
analyzed with the FluoFit Pro software obtained from PicoQuant. The
decay fits were obtained by a nonlinear least squares iterative reconvolution
method, based on the Levenberg-Marquardt algorithm. The justification for
the number of exponentials was assessed from the reduced x? and a random
distribution of the weighted residuals.

Fluorescence quenching assay

Fluorescence quenching measurements were performed by preparing two
samples (50 uM total lipid) for each lipid mixture: the F-sample that in
addition to the desired lipids contained both the quencher lipid (7SLPC)
and the fluorescence reporter lipid (CTL), and the Fy-sample, which con-
tained only the desired lipids and the reporter lipid CTL. The composition
of the F-samples was thus POPC/7SLPC/PSM/XCer/Chol/CTL, 30/30/15/
15/9/1 by mol, and the composition of the Fy-samples POPC/PSM/XCer/
Chol/CTL, 60/15/15/9/1 by mol. After mixing the lipids, the solvent was
removed under a stream of nitrogen followed by vacuum for 60 min. The
dry lipid films were then stored under argon at —20°C until hydrated one
at a time with argon-purged MQ-water at 65°C for 30 min. The samples
were then sonicated in a water bath at 65°C for 5 min and cooled down
to room temperature before the measurements. The fluorescence emission
of CTL at 390 nm (excitation 324 nm) was registered continuously with
a PTI QuantaMaster-spectrofluorometer, while heating the samples under
constant stirring from 10 to 65°C at a rate of 5°C/min controlled by a Peltier
element. Fluorescence quenching was calculated using the PTI Felix32
software and reported as the F/FO ratio which denotes the fraction of un-
quenched fluorescence at a given temperature (63).

The method is based on collisional quenching between CTL and 7SLPC,
which display different lateral partitioning in bilayers where sterol-rich
domains and a disordered (POPC) bulk coexist. Thus, at low temperatures,
the two molecules are physically separated, but as the temperature is
increased and the sterol-rich domains subsequently become more disor-
dered, the quenching susceptibility of CTL increases, allowing for the
detection of temperature-induced melting of the sterol-rich domains. How-
ever, the absence of a detectable domain melting (i.e., efficient quenching
of CTL fluorescence throughout the temperature interval under study) in bi-
layers in which highly ordered ceramide-rich domains coexist with a disor-
dered bulk is indicative of the inability of CTL to partition into the
ceramide-rich domains (55,63). Even though the total amount of 7SLPC
is rather high, it apparently behaves similarly to POPC in the fluid phase,
because domain melting in complex bilayers reported by SLPC and DSC
has similar end-melting temperatures (55).

RESULTS AND DISCUSSION

Thermotropic properties of ceramide/PSM binary
mixtures

The first part of this study was directed at determining the
influence of structure on ceramide’s interactions with
PSM. The phase behavior of ceramide/PSM binary mixtures

Biophysical Journal 109(8) 1639-1651
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(1:1) was studied with DSC (Fig. 1). In general, it can be
stated that no apparent separation of the two sphingolipids
into pure components occurred, but all of the ceramide mo-
lecular species interacted favorably with PSM, displaying
more or less complex gel-to-fluid phase transitions origi-
nating from several constituent compositions. The midpoint
temperatures (7,,) for the main gel-to-fluid transitions for
the broad endothermic peaks are listed in Fig. 1.

Effect of saturated N-acyl chain length

The melting transition of the PSM/C16-cer binary mixture,
with the main endotherm at slightly above 70°C (Fig. 1),
agrees well with previous reports for this mixture (63,69-
72). Reflecting the presence of several constituent composi-
tions, this melting transition was previously deconvoluted
into two components that differ in their relative ratios of
the two sphingolipids (69). Introducing chain mismatch to
the ceramides by increasing the N-acyl chain length from
C16 to C18 or C24 gives very little variation in the Ty, of
the ceramides as pure components (ranging from 91°C to
93°C (9.45)). Similarly, variation in the N-acyl chain length
resulted in rather small differences in the main T}, when the
ceramides were mixed with PSM (Fig. 1). A slightly lower
T., was observed in the presence of C18-cer and C24-cer
compared to Cl6-cer (Fig. 1), even though C16-cer displays
the lowest T, of these ceramides as a pure component. How-
ever, increasing the degree of chain asymmetry appeared to
result in an increase in the complexity of the transition
(broadening of the transition peak). This was probably a
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result of larger hydrophobic mismatch leading to lower mo-
lecular packing and a lower degree of interactions, which
has been observed in monolayer studies with various binary
mixtures of SMs and ceramides with different N-acyl chain
lengths (46).The particularly complex and broad transition
recorded for the C24-cer/PSM mixture was probably also
in part attributable to chain interdigitation.

Effect of interfacial hydroxyls and phosphate headgroup

In general, SMs and ceramides containing a phytosphingo-
sine backbone display higher gel-to-fluid transition temper-
atures (as pure components) than analogous sphingolipids
with a sphingosine backbone (47,73). For example, C18-
phyto-cer melts at 110°C (48), whereas C18-cer melts at
91-93°C (9,45). This observation is attributable to an
enhanced H-bonding capacity due to the additional C4-
OH of the phytosphingosine backbone. However, according
to both monolayer (74) and infrared studies (47), phytos-
phingosine chains pack less tightly than sphingosine chains.
This likely explains the observation in Fig. 1, in which the
C16-phyto-cer/PSM mixture displays a ~4°C lower transi-
tion temperature relative to the Cl6-cer/PSM mixture.
Thus, it appears that when C16-phyto-cer is mixed with
PSM the destabilizing effect of the looser chain packing
of C16-phyto-cer becomes more pronounced than the stabi-
lizing effect of an enhanced H-bonding capacity.

Similar to the hydroxyl in phytosphingosine, an «-hy-
droxylation (C2-OH) of the N-acyl chain is reported to
cause an increase in the T7,, of pure SM relative to
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nonhydroxylated SM (75). An o-hydroxylation also stabi-
lizes the molecular packing of ceramides relative to their
nonhydroxylated counterparts (76). However, in this study,
the T, for the binary mixtures with PSM was nearly equal
(<1°C difference) for both C18(20H)-cer and the chain
equivalent C18-cer (Fig. 1), indicating that in a binary
mixture of an a-hydroxylated ceramide and a nonhydroxy-
lated SM, the stabilization of intermolecular interactions by
the a-hydroxylation was no longer apparent. Interestingly,
both in phytoSM and phytoceramide, introduction of an
a-hydroxylation causes a clear reduction in the T, and
destabilization of chain interactions (47,48,73), possibly
due to weakening of the amide H-bonding (47) together
with suggested sterical hindrance for acyl chain packing
(48) induced by the a-hydroxylation. These observations
indicate that specific physical properties mediated by a
structural detail, such as the a-hydroxylation-induced stabi-
lization of the interlipid interactions of sphingolipids with
sphingosine backbone, do not necessarily become trans-
ferred as such into other, closely related sphingolipid spe-
cies, or into mixtures of several sphingolipid species.

Due to the highly polar phosphate headgroup, Cer-1-P
displays very different biophysical properties from those
of ceramide. In contrast to ceramide, the molecular structure
of Cer-1-P allows it to form bilayers in aqueous media when
present as a pure component (49). Cer-1-P in its pure state
also displays a significantly lower gel-to-fluid transition
temperature (~65°C (49)) relative to the chain-matched
Cl6-cer (~90°C (77,78)). This is a consequence of
headgroup repulsion within Cer-1-P, and the subsequent
reduction in its lateral chain packing. Thus, it was not unex-
pected that the T, for the binary mixture of PSM with Cer-
1-P was significantly lower than with the chain equivalent
Cl16-cer, displaying also a broader transition peak indicating
complex gel phase transition and poor miscibility with PSM
(Fig. 1). Interestingly, the end-melting of the main phase
transition of the Cer-1-P/PSM mixture, which did not
display any apparent separation of PSM and Cer-1-P into
pure components, appeared almost at an equal temperature
as the transition for pure Cer-1-P.

Effect of unsaturated N-acyl chain and long-chain base

Cis-double bonds in lipid acyl chains perturb the chain
packing, reducing the chain order and subsequently, also
the gel-to-fluid transition temperature of lipids in a posi-
tion-dependent way (79). Thus, it is not surprising that
both C18:1%%-cer and C24:1%'*-cer in binary mixtures
with PSM displayed lower T,,.s than their saturated counter-
parts (Fig. 1). A larger reduction in the T}, was induced
by the double bond in C18:1*%-cer (~23°C lower than
Cl18-cer) than in C24:1%'"*-cer (~9°C lower than C24-
cer), which reflects the position-dependent effect of cis-un-
saturations on the chain packing. In both C18:14%-cer and
C24:1%"_cer, the cis-double bond increases the lateral
space requirement of the molecules, but the effect is clearly
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more pronounced in C18:1*%-cer in which the double bond
is located in the middle region of the N-acyl chain, as
opposed to the double bond in C24:1*'*°_cer, which is
located closer to the membrane hydrophobic core, next to
the distal end of the sphingoid base where the disruption
in chain packing is less dramatic (74). Accordingly, the
cis-double bond in C18:1%'*-cer also caused a reduction
in the T}, of the binary mixture relative to C18-cer, but the
magnitude of this effect was somewhat smaller than for
C18:1%%cer. Altogether, the transitions of the binary mix-
tures of PSM with the ceramides having unsaturated N-acyl
chains appeared much more cooperative than the transitions
for mixtures containing saturated or hydroxylated ceram-
ides, indicating higher miscibility for the former.

Interestingly, compared to the saturated C18-cer, the cis-
double bond in the sphingoid base of C18-sphingadiene-cer
appeared to induce a larger reduction in the T}, of the binary
mixture than the cis-double bond in the approximately cor-
responding bilayer depth in C18:1*'%°-cer (refer to Scheme
S1 for the chemical structures). Furthermore, the melting
transition of the C18-sphingadiene-cer/PSM mixture was
clearly less cooperative than the transition of the
C18:1%'%°_cer/PSM mixture. These results indicate that
the unsaturation in the N-acyl chain disturbed the cer-
amide/PSM interactions to a lesser degree than the unsatu-
ration in the sphingoid base, suggesting a difference
between the ceramide hydrocarbon chains in their interac-
tions with PSM, perhaps because of the different effects of
the double bonds on the interfacial region of ceramide.
The cis-double bond in the sphingoid base is likely to induce
orientational disorder about the C4 trans-double bond,
which is an important factor in promoting close packing
of ceramide acyl chains (74,80), and has been suggested
as having a role in the stabilization of the intermolecular
network of H-bonds within ceramides (80,81).

Properties of the ceramides in fluid POPC bilayers

Next, we studied the properties of the ceramides in binary
mixtures with POPC, ternary mixtures with POPC and
PSM, as well as in quaternary mixtures with POPC, PSM,
and cholesterol. The formation and thermal stability of cer-
amide(/PSM)-rich domains in POPC was determined from
the anisotropy of tPA in the bilayers as a function of
increasing temperature (Fig. S1). In POPC bilayers that
contain Cl16-cer (at the molar fraction used in this study),
ceramide is known to laterally segregate into highly ordered
ceramide-rich domains that coexist with a ceramide-poor
POPC-rich fluid phase (16). In such bilayers, tPA will parti-
tion preferably into the ordered ceramide-rich phase
(15,17,51,53), and in the low temperature range display
high anisotropy values indicative of high molecular
order. Upon increasing the temperature the anisotropy de-
creases as the domains melt, until finally reaching a point
where it levels off to values typical for a fluid bilayer
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(Figs. S1-S3). In this study, we refer to the end-melting of
the ordered domains (as determined by tPA anisotropy mea-
surements), and list the temperatures for different composi-
tions in Table 2.

In addition to steady-state anisotropy, we also measured
the time-resolved fluorescence decays of tPA in these mix-
tures to further explore the properties of the domains formed
by the ceramides. The excited-state lifetime of tPA is sensi-
tive to the packing order in its surroundings, becoming
significantly longer in ordered phases than in fluid phases
(15,51,82,83). The tPA lifetimes, therefore, provide a sensi-
tive means of deducing heterogeneities in the degree of
lateral chain packing within bilayer membranes, especially
in the context of ceramide-rich phases. However, one should
keep in mind that tPA lifetime components are dependent on
the lateral partitioning of tPA in various environments, and
this partitioning behavior can differ as the compositon of
the bilayers varies. It is unfeasible to determine partition-co-
efficients for tPA in all possible phases and the compositions
used; therefore, tPA lifetime data for different systems
should be compared with some caution. The mean fluores-
cence lifetime, which is calculated based on the fractional
contributions of all the lifetime components present in a
given system, together with the longest lifetime components
attributable to the most ordered phases (i.e., the ceramide-
rich domains) present in the bilayers, are shown in Figs. 2
and 3, whereas all individual decay components are listed
in Tables S1-S4.

Saturated ceramides in POPC bilayers

Although the saturated C16-, C18-, and C24-cer display little
variation in their T, as pure components (ranging from 91°C
to 93°C (9,45)), and in binary mixtures with PSM (ranging
from 72.2 to 73.8°C, Fig. 1), their domain melting tem-
peratures in POPC bilayers were observed to increase
with regard to the N-acyl chain length (Table 2, binary mix-
tures). This observation is in line with previously reported re-
sults for comparable mixtures with POPC (14). However,
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very little variation was observed both in the average fluores-
cence lifetime and the longest lifetime component of tPA
(attributable to the ceramide-rich domain) in these bilayers
at 23°C (Fig. 2 A). This indicates that, although the thermal
stability of the ceramide-rich domains in POPC was affected
by the N-acyl chain length, the average degree of acyl chain
packing in the bilayers and the degree of packing within the
ceramide-rich domains were nearly unaffected. In the pres-
ence of PSM, the saturated Cer domains in POPC melted be-
tween 47°C and 49°C (Table 2). This higher temperature is in
part due to an increase in the amount of ordered lipids relative
to the fluid POPC.

Hydroxylated ceramides and Cer-1-P in POPC bilayers

The sphingosine-based Cl6-cer and the chain equivalent
C16-phyto-cer displayed rather similar domain melting tem-
peratures in POPC bilayers both in the absence and presence
of PSM (Table 2), indicating that the thermal stability of the
domains was not affected by the additional hydroxyl in C16-
phyto-cer, although it reduced the transition temperature of
ceramide/PSM mixtures (Fig. 1). However, a clear decrease
in the average degree of bilayer order and the packing order
of the ceramide-rich domains was observed for C16-phyto-
cer relative to C16-cer, both in the absence and presence of
PSM (Fig. 2 A). This could be related to the less tight pack-
ing of phytosphingosine chains observed previously (47,74).
However, PSM appeared to be able to increase the packing
order in the C16-phyto-cer containing bilayers both in gen-
eral (tPA average lifetime) and within the ordered domains
(longest lifetime component, Fig. 2 C). Interestingly, phyto-
ceramide was previously found to stabilize lateral domains
relative to Cl6-cer (43). The use of different fluorescent
probes to detect the melting of ordered domains (long-chain
TMA-DPH (43) versus tPA), and possible compositional
differences could explain the observed difference. On the
other hand, in SM, a phytosphingosine backbone appears
to induce thermal stabilization both in the pure state as
well as in mixtures (73).

TABLE 2 Melting temperatures for ceramide-rich domains in various mixed bilayers

XCer POPC/XCer (60:15) POPC/PSM/XCer (60:15:15) POPC/PSM/XCer/CHOL (60:15:15:10)
Cl6-cer 415 + 0.7 47.1 + 02 443 + 1.0
Cl18-cer 429+ 12 482 + 0.3 443 + 0.8
C24-cer 462 + 1.0 490 * 0.6 440 + 0.3
C16-phyto-cer 420+ 14 47.1 * 0.5 412 *+ 13
C18(20H)-cer 447 £ 03 493 + 0.3 455 + 0.1
Cer-1-P 39.0 = 1.4 450 * 0.6 404 + 0.1
C18:14%_cer 16.1 + 1.2 24.1 + 0.2 ~19.5 + 0.3"
C24:18¢ cer 28.7 = 0.3 384 + 0.1 314 = 02
C18:141%_cer 19.8 = 0.3 31.0 £ 0.7 ~23.7 + 04"
C18-sphingadiene-cer 16.6 + 0.1 24.6 + 0.9 ~26.8 = 0.3"

The values were deduced from two to three independently repeated measurements of tPA (1 mol %) fluorescence anisotropy as a function of increasing tem-

perature.

“The values listed for the quaternary mixture bilayers in the presence of the C18-unsaturated molecular species are based on the most accurate approximations
that we were able to conduct based on the raw data, because the anisotropies for these bilayers did not clearly level off at a certain temperature in these

mixtures.
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FIGURE 2 Fluorescence lifetimes of tPA in various mixed bilayers. The average lifetime of tPA (1 mol %) in binary (POPC/XCer 60:15, A and B) and
ternary (POPC/PSM/XCer 60:15:15, C and D) mixture bilayers was measured at 23°C (A and C) and 10°C (panels B and D). The longest lifetime components
of tPA (signifying the most ordered phase) are given for each mixed bilayer as a solid circle above each bar. Each value is the average from at least three
independently repeated experiments. For complete tables of all lifetime components in the various mixtures see Tables S1 and S2.

The additional hydroxyl in C18(20H)-cer again appeared
to slightly increase both the domain melting temperature
(Table 2) and the degree of chain packing in the bilayers
(Fig. 2, A-C), relative to the chain-matched C18-cer both
in the presence and absence of PSM. Similar stabilization
of interlipid interactions by a-hydroxylation of the N-acyl
chain has been reported for SM (73). The effect of PSM
on the bilayer properties of C18(20H)-cer were similar to
those observed for the saturated N-acyl chain variants,
with a clear thermal stabilization induced by increased frac-
tion of ordered lipids (Table 2), but no apparent effect on the
average degree of bilayer order or order within the domains
(Fig. 2 O).

Given that Cer-1-P displays significantly lower T;, as
a pure component (~65°C (49)) than many ceramides

(~90°C or above), perhaps an unexpectedly high domain
melting temperature was observed for Cer-1-P in the
POPC bilayers both in the absence and presence of PSM
(Table 2), being only a few degrees lower than for the
chain-equivalent Cl6-cer. Together with the observed
lateral segregation of Cer-1-P (and Cer-1-P together with
PSM) into high-melting temperature domains in our exper-
iments, this suggests that in mixed bilayers Cer-1-P dis-
plays a behavior similar to ceramides, although DSC and
NMR studies have shown that the two-phase coexistence
in Cer-1-P/PC mixtures is limited to a narrower tempera-
ture range than in C16-cer/PC mixtures, and that PC bila-
yers are significantly less perturbed by Cer-1-P than by
Cl6-cer (50). Thus, although similar thermal stabilities in
POPC bilayers are displayed (Table 2), the differences in
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tables of all lifetime components, see Tables S3 and S4.

bilayer properties between these two ceramides becomes
apparent in the significantly lower degree of average
bilayer packing order and the packing order within the cer-
amide-rich domains in the presence of Cer-1-P relative to
Cl6-cer both in the absence and presence of PSM
(Fig. 2, A-C). The phosphate headgroup clearly limited
the chain interactions in Cer-1-P relative to C16-cer, result-
ing in decreased lateral packing and (slightly) reduced ther-
mal stability.

Unsaturated ceramides in POPC bilayers

All the unsaturated ceramides appeared capable of forming
laterally segregated domains with apparent domain melting
in POPC bilayers (Fig. S1). However, as could be expected
from the reduced lateral packing of unsaturated acyl chains
that destabilize chain interactions, the domain melting tem-
peratures for the unsaturated ceramides were significantly
lower than for the other ceramides (Table 2). A similar effect
of cis-unsaturations on the thermally induced melting of
C18- and C24-cer domains in POPC bilayers was previously
reported (14). Within the unsaturated molecular species
studied here, the most thermally stable were the
C24:125¢_cer-rich domains, followed by the C18:1412<
cer- and the C18:1%%-cer-rich domains. This sequence,
which also applied in the ternary mixtures with PSM,
reflects the position-dependent effect of unsaturations on
acyl chain packing, which was also apparent in the DSC
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experiment (Fig. 1). Similar positional effects of disturbed
chain packing on the thermal stability of ceramide-rich do-
mains have also been observed for methyl-branched ceram-
ides, with a branch in the middle region of the N-acyl chain
having a greater destabilizing effect than branches closer
to the distal end of the chain (84). A comparison of
the binary bilayers of POPC and C18-sphingadiene-cer or
C18:1%"*_cer reveals that the unsaturation of the sphingoid
base resulted in a lower domain melting temperature relative
to the unsaturation of the N-acyl chain (Table 2), in a similar
way as the unsaturation of the sphingoid base was observed
to destabilize the ceramide-PSM interactions to a greater
degree (Fig. 1).

The tPA lifetimes measured in the binary POPC bilayers
that contained unsaturated ceramides revealed that only
C24:1%"*_cer was able to form a well-ordered environment
at 23°C, whereas all other mixtures displayed a significantly
lower average and the longest lifetimes, which reflected a
fluid state for the bilayers (Fig. 2 A). This observation
agreed well with the anisotropy data showing that for the bi-
layers that contained C24: 1A15°—cer, a fraction of an ordered
phase still existed at 23°C (the melting occurring well above
this temperature), whereas the domains formed by the rest
of the unsaturated species had already melted (Table 2,
Fig. S1). PSM, however, seemed capable of increasing the
chain order in these bilayers (especially relative to
C24:1%"_cer, Fig. 2 C), allowing for the observation of
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longer lifetime components and an increase in the average
degree of bilayer order.

The emission decays of tPA for the bilayers that con-
tained unsaturated ceramides were also measured at 10°C,
a temperature at which, according to the tPA-anisotropy
data (Fig. S1), highly ordered phases enriched in the unsat-
urated ceramides were present. The tPA lifetimes obtained
at 10°C clearly showed that the average degree of bilayer
order increased relative to the measurements performed at
23°C, with each of the unsaturated ceramides forming a
highly ordered ceramide-rich phase (Fig. 2 B).Very little
variation between the different mixtures occurred, indi-
cating similar degrees of chain packing in the bilayers
irrespective of the double bonds or the presence of PSM
(Fig. 2 D).

The effects of cholesterol and ceramides on
domain formation

Like ceramide, cholesterol also interacts favorably with satu-
rated SMs, resulting in the formation of SM/cholesterol-rich
ordered phases (85,86). As they appear to share the willing-
ness to interact with SM, the coexistence of ceramide and
cholesterol in a bilayer may lead to a situation in which
they compete over interactions with SM. The subsequent in-
fluences that ceramides and cholesterol have on each other in
bilayer membranes are complex and highly dependent on the
membrane composition, with two main phenomena identi-
fied: a ceramide-induced displacement of cholesterol from
ordered (e.g., SM-rich) phases (18,54,55) and a choles-
terol-induced destabilization and solubilization of cer-
amide-rich phases (51,53,57,59). In general, the former
predominates at low cholesterol levels, whereas the latter is
effective at high cholesterol levels. Furthermore, in the
absence of a fluid phase, SM, cholesterol, and ceramide
may coexist to form a ternary phase (58,87). Nevertheless,
within certain circumstances ceramide is known to effec-
tively displace cholesterol from ordered lipid domains,
which we have demonstrated previously with the use of the
CTL-quenching method in mixed POPC/PSM/cholesterol/
ceramide bilayers. With this method, the absence of a detect-
able melting of a CTL-rich domain signifies displacement
of the cholesterol-mimicking probe from the domains into
the fluid POPC-rich phase where it becomes effectively
quenched by the fluid quencher lipid (55,63).

Saturated ceramides and cholesterol

In the presence of cholesterol, the saturated ceramides
(C16-, C18-, and C24-cer) showed domain end-meltings
around 44°C (Table 2). At 23°C, these domains had rather
similar lateral packing properties, as revealed by tPA
average lifetime (Fig. 3, left panel), although the longest
lifetime component of tPA indicated some domain disorder
by the increased acyl chain mismatch (Fig. 3, left panel).
Even though cholesterol was present in the bilayer, it is un-
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likely that it was incorporated into the ceramide-rich do-
mains, as no sterol-rich domain melting could be observed
in these bilayers (Fig. 4 A). In the absence of saturated cer-
amide, a sterol-enriched PSM domain would show an end-
melting slightly below 40°C (at the 60:30:10 POPC/PSM/
Chol composition (55,63)).

Next, we examined whether hydroxylated ceramides and
Cer-1-P could exclude cholesterol from the ceramide-rich
ordered domains (Fig. 4 B). The CTL-quenching assay
clearly showed that cholesterol affected these bilayers
differently depending on the structure of the ceramide.
Although the presence of C18(20H)-cer caused an efficient
displacement of cholesterol from the ceramide-rich domain,
C16-phyto-cer apparently failed to displace cholesterol (as
suggested by CTL’s relative protection from quenching
below 35°C. In the presence of Cer-1-P, a gradual decrease
of F/F, was apparent over the temperature range of 10-
40°C, with no evidence of an abrupt sterol-enriched domain
melting (Fig. 4 B). Thus, it appeared that in the presence of
C18(20H)-cer, cholesterol was to a large extent displaced
from the ordered domains, although in the presence of
Cer-1-P and C16-phyto-cer, it was incorporated to a small
or a large extent into the ceramide-rich domains. We cannot
rule out the possibility that cholesterol could actually
displace C16-phyto-cer from the PSM-rich domains.

Unsaturated ceramides and cholesterol

Determining the melting temperature for domains formed in
the quaternary mixture bilayers that contained unsaturated
ceramides from the tPA-anisotropy data was not straight for-
ward in all cases, because the anisotropies in those bilayers
did not always clearly level off at a certain temperature
(Fig. S3). Thus, the domain melting temperatures listed
for the quaternary mixture bilayers in the presence of the
C18-unsaturated molecular species in Table 2 are based on
the most accurate approximations that we were able to
conduct based on the raw data. C24:1%'>*-cer/PSM-rich do-
mains displayed the highest end-melting temperature
(Table 2), and also the highest average tPA lifetime of the
unsaturated ceramides examined at 23°C (Fig. 3, left panel).
For the other unsaturated ceramides, both the average and
longest lifetimes were similar to each other, and only devi-
ated from C24:1%"*-cer at 23°C. At 10°C, all the unsatu-
rated ceramides had very similar lifetime values, both
in pure POPC (Fig. 2 B), in POPC together with PSM
(Fig. 2 D), and also when cholesterol was included in the
quaternary mixed bilayers (Fig. 3, right panel). Apparently,
at the lower temperature, the ceramide domain order
approached that of C24:1%'°_cer in all tested systems.
CTL-quenching data (Fig. 4 C) also suggested that
C24:14"°_cer was able to exclude cholesterol from the or-
dered domains. In the presence of the Cl8-unsaturated
ceramides a clear domain melting could be observed with
the CTL-quenching assay (Fig. 4 C), demonstrating that
cholesterol was incorporated into the ordered domains of
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