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ABSTRACT To study the role of the interfacial properties of ceramides in their interlipid interactions, we synthesized palmitoyl-
ceramide (PCer) analogs in which a methyl group was introduced to the amide-nitrogen or the C3-oxygen of the sphingosine
backbone. A differential scanning calorimetry analysis of equimolar mixtures of palmitoylsphingomyelin (PSM) and PCer
showed that these sphingolipids formed a complex gel phase that melted between 67�C and 74�C. The PCer analogs also
formed gel phases with PSM, but they melted at lower temperatures compared with the system with PCer. In complex bilayers
composed of an unsaturated glycerophospholipid, PSM, and cholesterol, the 3O-methylated ceramide formed a cholesterol-
poor ordered phase with PSM. However, the 2N-methylated and doubly methylated (2N and 3O) PCer analogs failed to displace
sterol from interactions with PSM. Like PCer, the analogs reduced sterol affinity for the complex bilayers, but this effect was most
pronounced for the 3O-methylated ceramide. Taken together, our results show that 2N-methylation weakened the ceramide-
PSM interactions, whereas the 3O-methylated ceramide behaved more like PCer in interactions with PSM. Our findings are
compatible with the view that interlipid interactions between the amide-nitrogen and neighboring lipids are important for the cohe-
sive properties of sphingolipids in membranes, and this also appears to be a valid model for ceramide.
INTRODUCTION
In the past few decades, ceramides have attracted substantial
interest because of their observed biological importance as
cellular effectors (1). In addition to playing a major role
in the formation of the stratum corneum epidermal layer
of animal skin, ceramides are also associated with important
cellular signaling pathways such as stress response (2,3),
apoptosis (4,5), and cell differentiation (6,7). Ceramides
are peculiar membrane lipids because although they are
found in cells in only low levels under normal conditions,
in certain circumstances their concentration can change
remarkably (8–11). The biophysical effects of ceramides
on membrane structure and lateral organization have been
proposed to contribute significantly to their biological
effects (12). Model membrane studies have shown that
when ceramides are mixed with phospholipids they increase
the molecular order of the phospholipid and induce lateral
phase separation and domain formation (13–15). Thus,
ceramides have a tendency to self-aggregate and form small,
ceramide-enriched gel phase domains that may also contain
sphingomyelin (SM) (16–21). Ceramides also have the
ability to displace cholesterol from interactions with SM
(19,22–24). Treatment of SM-containing bilayers with
sphingomyelinase was found to induce phase separation
(15,25,26), and generation of ceramide at one side of
a bilayer membrane was shown to give rise to transbilayer
lipid redistribution (27). In cellular membranes, generation
of ceramide has been shown to have different consequences
depending on the cell type (18,28), and it has been proposed
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that ceramide-enriched platforms aid in transmitting and
amplifying transmembrane signals in cells (29–31). Further-
more, curvature stress induced by ceramides promotes the
formation of hexagonal phases and membrane trafficking
mediated by vesicle formation and fusion (32). These find-
ings underscore the importance of understanding the bilayer
behavior of ceramides and their intermolecular interactions
with other membrane lipids.

The characteristic bilayer behavior of ceramides is depen-
dent on their structure, which also regulates their biophys-
ical properties. The rigid amide group of ceramide has
been deduced to have a planar resonance structure and
a perpendicular orientation toward the axes of the two
hydrocarbon chains (33). The inverted cone-shaped molec-
ular structure, with a small polar function (hydroxyl), and
the conformationally ordered acyl chains allow ceramide
molecules to pack tightly. In addition to the attractive van
der Waals forces between the extended, all-trans acyl
chains, the extensive network of hydrogen (H)-bonds at
the interfacial region also contributes to the characteristic
high gel-to-liquid crystalline phase transition temperatures
of ceramides. Furthermore, the C4-C5 double bond in the
sphingosine long-chain base is an important structural factor
that promotes close packing of the ceramide hydrocarbon
chains (34,35).

In an attempt to study how disruption of the interfacial
properties of the ceramide molecule (e.g., H-bonding,
hydrophobicity and conformation) affects its membrane
behavior and interlipid interactions, we synthesized ceram-
ide analogs with structurally modified interfacial func-
tional groups. A methyl group was introduced to the
nitrogen (2N) of the amide linkage or the C3-oxygen (3O)
doi: 10.1016/j.bpj.2011.11.007
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in the long-chain base, either separately or simulta-
neously, yielding 2N(methyl)-palmitoyl-D-erythro-ceramide
(NMeCer), 3O(methyl)-N-palmitoyl-ceramide (OMeCer),
and 2N(methyl)-3O(methyl)-palmitoyl-D-erythro-ceramide
(NMeOMeCer), respectively (Scheme 1). To avoid differ-
ences arising from the hydrocarbon chains, each of the
analogs had a palmitoyl moiety linked to the sphingosine
backbone. In addition to decreasing the hydrophilicity
(H replaced with methyl) and increasing the size of the
interfacial region (the steric bulk of methyl), the methyl
groups should attenuate H-bonding with the amide nitrogen
and the C3-oxygen. Therefore, the methyl groups might also
affect the conformation of the rigid, planar amide linkage,
and the properties of the C4-C5 double bond in the prox-
imity of the C3-oxygen. The analogs were studied in binary
mixtures with palmitoylsphingomyelin (PSM) and in multi-
component mixtures composed of palmitoyloleoylphospho-
choline (POPC), PSM, and cholesterol. We show that
methylation of 2NH dramatically interfered with intermo-
lecular interactions, whereas methylation of 3OH did not
markedly alter the ceramide-like behavior of the analog.
MATERIALS AND METHODS

PSM was purified from egg yolk SM (Avanti Polar Lipids, Alabaster, AL)

as previously described (36). NMeCer, OMeCer, and NMeOMeCer were

synthesized as described in the Supporting Material. The synthetic proce-

dures and sources of the commercial chemicals are described in the Sup-

porting Material.

We used differential scanning calorimetry (DSC) to study the thermo-

tropic properties of binary bilayers of PSM and interface methylated ceram-

ides in multilamellar vesicles. We studied the formation of ordered or gel

phase domains by the methylated ceramide analogs by measuring the fluo-

rescence quenching of trans-parinaric acid (tPA) by 1-palmitoyl-2-stearoyl-

(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) in multilamellar vesicles

as a function of temperature (37). The samples for the tPA-quenching

experiment (both quenched (F) and unquenched (F0)) were composed of

POPC, PSM, cholesterol, and ceramide. Quenching was determined as

the relative fluorescence intensity from the quenched F samples, which

contained both 7SLPC (replacing 50% of POPC) and tPA (1 mol %),
SCHEME 1 Molecular drawings of the ceramide analogs used in this

study. OMeCer was a racemic mixture.
over the intensity from the unquenched F0 samples with 1 mol % of tPA.

From the tPA-quenching curves, the onset temperature for domain melting

was determined as the temperature at which the slope of the F/F0 ratio

started to decline. The offset for domain melting was determined as the

temperature at which the F/F0 ratio started to level off or reached the lowest

point. The Tm (temperature at 50% melting of the ordered phase) was deter-

mined from the tPA-quenching data as the temperature at the midway

between the onset and offset values of F/F0. To obtain additional informa-

tion about the properties of the ordered or gel phases formed by the meth-

ylated PCer analogs in POPC, or in the presence of PSM and cholesterol,

we measured the time-resolved fluorescence decays of tPA (0.5 mol %)

in multilamellar vesicles at 23�C. We studied the formation of sterol-

containing ordered domains, or the possible displacement of sterol from

PSM-rich ordered domains, by measuring the 7SLPC-induced fluorescence

quenching of cholestatrienol (CTL) in multilamellar vesicles composed of

POPC, PSM, cholesterol, and ceramide (38). Quenching was determined as

in the tPA-quenching experiment, with the F samples now containing both

7SLPC (replacing 50% of POPC) and CTL (1 mol % replacing 10% of

cholesterol) and the F0 samples containing 1 mol % of CTL. We measured

the partition of CTL (2 mol %) between unilamellar vesicles and methyl-b-

cyclodextrin (mbCD) to determine the affinity of sterol for bilayers

containing the interface methylated ceramides (37). The molar fraction

partitioning coefficient (Kx) was obtained as described previously (39).

All methods are described in more detail in the Supporting Material.
RESULTS

Thermotropic properties of the binary bilayers
of PSM and interface methylated ceramides

To study the thermotropic properties of the methylated PCer
analogs in equimolar PSM bilayers, we performed heating
(Fig. 1 A) and cooling (Fig. 1 B) DSC scans. A previous
study of PSM/PCer mixtures showed that PCer is able to
interact with PSM when in equimolar amounts (38). Consis-
tent with that finding, the heating thermogram of a 1:1
mixture of PCer and PSM reported a melting transition
with the highest temperature peak at 72.2�C (Fig. 1 A5).
The heating thermograms of binary mixtures containing
the methylated PCer analogs showed that the structural
modifications at the interfacial region did not prevent the
interaction of these ceramides with PSM (Fig. 1 A2–4),
even though the mixtures displayed a lower degree of
cooperativity compared with pure PSM (Fig. 1 A1) and
a reduction in the highest Tm component compared with
the PCer-containing mixture. Compared with PCer, the
3O-methylation (OMeCer) caused a downshift of the
highest temperature component of the binary mixture to
61.2�C (Fig. 1 A4). Methylation at 2N resulted in an even
lower transition temperature, because the PSM/NMeCer-
mixture had the main transition at 57.6�C (Fig. 1 A3). As
expected, NMeOMeCer with the two bulky methyl groups
interacted more poorly with PSM (Fig. 1 A2). The thermal
stabilization of the PSM gel phase by NMeOMeCer was
modest compared with the singly methylated analogs, sug-
gesting that the cumulative effect of the two methylations
remarkably affected the packing of the lipid acyl chains
and/or the formation of H-bonds between the two lipids.
However, melting of the PSM/NMeOMeCer mixture
Biophysical Journal 101(12) 2948–2956



FIGURE 1 Representative thermograms of pure PSM and PSM/XCer

(1:1, by mol) binary mixtures. DSC heating (A) and cooling (B) scans

were run at a rate of 1�C/min. Sample identification: 1), PSM; 2), PSM/

NMeOMeCer; 3), PSM/NMeCer; 4), PSM/OMeCer; and 5), PSM/PCer.

For clarity, only the temperature interval with the peak is shown for each

sample, omitting long stretches of straight baseline. The highest Tm peak

is given for each mixture. The second heating and cooling scans are shown.
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seemed surprisingly cooperative compared with the
mixtures with the other analogs or PCer. The transitions of
all of the mixtures displayed a higher degree of cooperativ-
ity in the cooling scans (Fig. 1 B) compared with the heating
thermograms. Because the second heating and cooling scans
of four consecutive scans are shown, this suggests that the
mixtures behaved differently depending on whether they
were undergoing a melting or a recrystallization. However,
the highest Tm components for the binary mixtures in the
cooling scans (Fig. 1 B) were almost identical to those
observed in the heating scans.
FIGURE 2 Detection of PSM/XCer ordered domains in laterally hetero-

geneous bilayers. The ability of the interface methylated ceramides to form

ordered or gel phase domains in multicomponent bilayers was deduced

from the 7SLPC-induced fluorescence quenching of tPA as a function of

temperature. Representative curves, defined as the relative fluorescence

intensity from bilayers with both 7SLPC and tPA (F) over the intensity

from bilayers with only tPA (F0), are shown. Sample identification: (A)

POPC/PSM/CHL 60/30/10 (by mol), (B) POPC/PSM/CHL 75/15/10, (C)

POPC/PSM/PCer/CHL 60/15/15/10 (applies for all ceramide-containing

samples), (D) POPC/PSM/NMeCer/CHL, (E) POPC/PSM/OMeCer/CHL,

and (F) POPC/PSM/NMeOMeCer/CHL.
Formation of ordered phases by the interface
methylated ceramides in complex bilayers

Because the DSC results showed that the interface methyl-
ated ceramides were able to interact with PSM at equimolar
ratios in binary mixtures, we sought to determine whether
these interlipid interactions would remain in mixed bilayers
that also contained POPC and cholesterol. To that end, we
performed 7SLPC-induced fluorescence quenching of tPA.
tPA is known to partition preferentially into gel and ordered
Biophysical Journal 101(12) 2948–2956
phases (40,41). In a bilayer composed of POPC, PSM, and
cholesterol (60/30/10 by mol), tPA reported a clear domain
melting with an endmelting temperature of ~43�C (Fig. 2A).
Reducing the ratio of PSM to POPC (e.g., in POPC/PSM/
CHL 75:15:10 bymol) alsomarkedly reduced the thermosta-
bility of the PSM-rich domain (Fig. 2 B). When half of the
PSM was replaced by PCer, the end melting temperature of
the domains increased to ~50�C (Fig. 2 C), clearly showing
thermal stabilization of the PSM-rich domains by PCer.
The 2N-methylation seemed to prevent such thermal stabili-
zation, as the end melting temperature of the PSM-rich
domains was only ~39�C in the presence of NMeCer
(Fig. 2D). In the presence ofOMeCer, the PSM-rich domains
showed an end melting at ~44�C (Fig. 2 E), intermediate
between those reported for the PCer- and NMeCer-contain-
ing bilayers. For NMeOMeCer-containing bilayers, tPA re-
ported domains with an end melting at ~32�C (Fig. 2 F),
which was at a slightly higher temperature compared with
a bilayer system containing only 15 mol % PSM.

A more thorough analysis of the tPA-reported melting
behavior of the multicomponent bilayers shown in Fig. 2
revealed that in addition to the end melting temperature,
the slope of the quenching curves and the length of the
temperature range within which the melting occurred also
varied for the different compositions. By analyzing the Tm
range, we were able to determine the Tm for the ordered
phase in the different bilayers. Due to variations in the
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kinetics of domain melting, the Tm does not necessarily
correspond to the end melting temperature. The results
from such an analysis are shown in Fig. 3, for which data
were collected from the tPA-quenching results. The onset
and offset temperatures for domain melting were deduced
as the temperature at the highest (onset) and lowest (offset)
amplitudes of F/F0 (i.e., where the F/F0 ratio begins to
decrease and where it levels off). The analysis showed
that the Tm for the different quaternary mixtures mostly fol-
lowed the same pattern as the end melting temperature
values. However, the Tm was ~6�C higher in the OMeCer-
containing bilayers than in the bilayers that contained
30 mol % of PSM (Fig. 3), even though the end melting
temperature values for these bilayers were almost equal
(Fig. 2, A and E, and Fig. 3). Thus, this analysis revealed
that OMeCer was the only analog that was able to induce
an increase in the Tm of the PSM-rich domains, suggesting
that OMeCer actually behaved like PCer and induced
thermal stabilization of the ordered phase.
Effects of the interface methylated ceramides
on tPA lifetime

To obtain additional information about the properties of the
ordered or gel phases formed by themethylated PCer analogs
alone in a fluid bilayer, or in the presence of PSM and choles-
FIGURE 3 Analysis of the melting of the ordered or gel phase domains

detected by tPA in Fig. 2. The onset and offset temperatures 5 SD (open

circles) for domain melting were determined as the temperatures at the

highest (onset) and lowest (offset) amplitudes of F/F0 within the approxi-

mate range of domain melting. Tm 5 SD (solid circles) for each sample

was determined as the corresponding temperature at the midway between

onset and offset F/F0-values. The composition of all ceramide-containing

samples was 60/15/15/10 (by mol). See Supporting Material for a detailed

description of the analysis.
terol, we measured the lifetime components of tPA in such
bilayer systems. tPA lifetimes are sensitively affected by
changes in the microenvironment of tPA, being longer in
ordered phases and shorter in phases of lower packing density
(41–44). Because tPA preferentially partitions into ordered
and gel phases, it is likely to give useful information specif-
ically about their properties. The lifetime of tPA in POPC is
short because of efficient quenching in the disordered bilayer.
We observed two lifetime components for tPA in POPC at
23�C: a dominant 5.8 ns component and a small 1.5 ns
component (Table 1). Addition of PCer to POPC at 15 mol %
still gave two lifetime components for tPA, but the longer one
was now at 47 ns with 81% fractional intensity, and the
shorter one was at 5.7 ns (Table 1). OMeCer gave lifetimes
for tPA similar to those obtained with PCer, although the
longer component was at 56 ns with only 50% fractional
intensity. NMeCer and NMeOMeCer caused the longest
lifetime components of tPA to become significantly shorter
(39 and 8 ns, respectively), and the 91% fractional intensity
of the 8 ns component for the doubly methylated analog
suggests that no ordered phases were formed by this analog.
These data suggest that the methylations affected the proper-
ties of the ordered phases. The 2N-methylation reduced the
degree of order, whereas in the bilayers with the 3O-methyl-
ated analog, only the contribution of the longest lifetime
component to the total fluorescence intensity of tPA was
reduced, and the lengths of the lifetimes were similar to those
measured in the presence of PCer.

In more-complex bilayers that contained POPC, PSM,
ceramide, and cholesterol, at least three lifetime components
were found for tPA (Table 1). The longest lifetime component
of tPAwas again almost equal in the PCer- and OMeCer-con-
taining bilayers (55 and 53 ns, respectively), and shorter in
the presence of NMeCer and the doubly methylated analogs
(47 and 35 ns, respectively). However, in the presence of
OMeCer, the fractional intensity of the longest lifetime
component decreased again, whereas at the same time the
fractional intensity from the second-longest component
increased compared with PCer. These results are consistent
with the tPA-quenching data presented in Figs. 2 and 3,which
show that OMeCer and PCer gave almost comparably stable
ordered domains. 2N-methylation clearly affected the ability
of PCer to form ordered domains, as well as the properties
of the domains that were formed, more dramatically.
Effect of methylated ceramides on PSM-sterol
interaction in complex bilayers

Ceramides and cholesterol are known to have somewhat
complex, concentration-dependent effects on each other’s
lateral distribution in mixed bilayer membranes. Neverthe-
less, within a certain concentration range, PCer is known
to displace cholesterol from interactions with PSM
(19,22–24). Therefore, we studied the effect of the methyl-
ated ceramide analogs on PSM-sterol interaction in
Biophysical Journal 101(12) 2948–2956



TABLE 1 Time-resolved tPA-fluorescence decays in varying bilayer compositions at 23�C 5 SD

t1 f1 a1 t2 f2 a2 t3 f3 a3

POPC 5.8 5 0.1 88.5 5 1.8 66.5 5 1.4 1.5 5 0.4 11.5 5 1.8 33.5 5 1.4

POPC/PCer 47.2 5 1.1 81.4 5 3.2 34.8 5 3.8 5.7 5 0.2 18.6 5 3.2 65.2 5 3.8

POPC/NMeCer 38.6 5 1.8 43.4 5 4.9 11.8 5 1.8 6.7 5 0.5 56.6 5 4.9 88.2 5 1.8

POPC/OMeCer 55.7 5 0.8 50.1 5 0.8 9.3 5 0.4 5.7 5 0.1 49.9 5 0.8 90.6 5 0.4

POPC/NMeOMeCer 7.9 5 0.3 90.8 5 4.9 72.8 5 4.2 2.1 5 0.9 9.2 5 4.9 27.2 5 4.2

POPC/PSM/CHL 60/30/10 40.6 5 0.3 43.7 5 0.9 19.8 5 0.3 18.2 5 0.4 48.2 5 0.2 48.7 5 0.2 4.7 5 0.4 8.1 5 0.6 31.5 5 0.5

POPC/PSM/CHL 75/15/10 22.8 5 0.5 36.0 5 1.9 17.5 5 1.0 10.8 5 0.3 58.2 5 1.3 59.8 5 0.7 2.8 5 0.3 5.7 5 0.6 22.7 5 0.3

POPC/PSM/PCer/CHL 54.8 5 2.3 68.1 5 4.4 34.6 5 5.1 16.7 5 2.6 29.1 5 2.3 49.1 5 6.6 4.4 5 0.8 4.1 5 1.2 24.5 5 2.6

POPC/PSM/NMeCer/CHL 47.1 5 2.3 56.2 5 6.6 26.6 5 3.5 17.7 5 2.0 40.5 5 5.2 50.8 5 3.4 3.2 5 1.5 3.3 5 1.6 22.6 5 3.1

POPC/PSM/OMeCer/CHL 52.9 5 2.7 38.3 5 3.5 11.0 5 1.2 13.3 5 1.6 56.9 5 2.2 55.8 5 1.2 3.1 5 1.4 7.2 5 2.6 34.0 5 0.5

POPC/PSM/NMeOMeCer/CHL 35.4 5 1.8 30.3 5 6.6 14.2 5 3.5 16.6 5 1.2 63.8 5 3.4 63.0 5 1.3 4.1 5 1.6 6.0 5 3.2 22.9 5 3.9

All binary mixtures were 1:1 by mol, and the quaternary mixtures containing ceramides were 60/15/15/10 by mol. t, lifetimes (ns); f, fractional intensities

(%); a, fractional amplitudes (%).
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a composition inwhich a clear displacement of sterol by PCer
was observed. This was achieved by means of 7SLPC-
induced fluorescence quenching of CTL (Fig. 4). These
experiments also served as a cross-check to the tPA-quench-
ing experiment to confirm the possible formation of ceram-
ide-enriched ordered phases. In samples that contain gel or
ordered phases other than ceramide-enriched (e.g., the bila-
yers containing 30 or 15 mol % of PSM), CTL and tPA in
general report similar end melting temperature values
(Figs. 2, A and B, and 4, A and B). As shown in Fig. 4C, addi-
tion of PCer to a bilayer containing POPC, PSM, and choles-
terol/CTL abolished the protection against quenching that
CTL experienced in the absence of PCer. This strongly
suggests that PCer was able to displace cholesterol and
CTL from interactions with PSM (where CTL was protected
against quenching), and forced cholesterol and CTL to parti-
FIGURE 4 Detection of sterol-enriched domains in mixed bilayers con-

taining interface methylated ceramides. The possible displacement of sterol

from PSM-rich domains by the ceramide analogs was determined from the

7SLPC-induced fluorescence quenching of CTL as a function of tempera-

ture. Quenching was defined as in Fig. 2. Sample identification: (A)

POPC/PSM/CHL 60/30/10 (by mol), (B) POPC/PSM/CHL 75/15/10, (C)

POPC/PSM/PCer/CHL 60/15/15/10 (applies for all ceramide-containing

samples), (D) POPC/PSM/NMeCer/CHL, (E) POPC/PSM/OMeCer/CHL,

and (F) POPC/PSM/NMeOMeCer/CHL.
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tion more extensively into the POPC-rich phase where
quenching of CTL was more efficient (due to CTL colocali-
zation with 7SLPC). Replacing PCer with OMeCer also
changed the quenching susceptibility of CTL (Fig. 4 E),
suggesting that OMeCer was able to displace the sterol
from interacting with PSM. However, the bilayer presence
of NMeCer or NMeOMeCer did not markedly change
the CTL quenching susceptibility (Fig. 4 D and F), suggest-
ing that the 2N-methylation rendered PCer unable to dis-
place sterol from interacting with PSM. However, the
stability of the CTL-rich domains (and tPA-reported
domains in Fig. 2) was slightly different when NMeCer or
NMeOMeCer were present in the bilayer system, suggesting
that although these ceramides did not displace CTL (or form
thermostable ordered phases), they still appeared to affect
the stability of the ordered domains indirectly.
Effect of methylated ceramides on the bilayer
affinity of sterol

The bilayer affinity of cholesterol can provide valuable infor-
mation about the sterol-lipid interactions that take place in
a bilayer (39,45). To calculate the molar fraction partition
coefficient of cholesterol, we measured the equilibrium par-
titioning of CTL between bilayers and cyclodextrin as
described previously (46). This method responds well to
changes in bilayer composition, especially in the presence
of ceramides (37,39). Furthermore, this assay could reveal
whether the ceramide analogs had effects on cholesterol
distribution independently of their own lateral localization
in the bilayers. In agreement with previous observations,
sterol affinity was low for pure POPC vesicles at both
23�C and 37�C, but increased dramatically when PSM/
cholesterol domains were present (Fig. 5). Replacement of
half of the PSM by PCer and the subsequent formation of
PSM/PCer ordered domains caused a drop in the sterol parti-
tion coefficient to levels close to those of pure POPC, clearly
demonstrating the displacement of sterol from the ordered
phase to the fluid bulk for which it had lower affinity. All
of the interface methylated ceramides were less efficient



FIGURE 5 Equilibrium partitioning of CTL between mbCD and unila-

mellar vesicles containing interface methylated ceramides. The bilayer

affinity of sterol was defined as the partition coefficient 5 SD at 23�C
(black bars) and 37�C (gray bars) as previously described (46). The compo-

sition of all ceramide-containing samples was 60/15/15/10 (by mol).
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than PCer in lowering the bilayer affinity of CTL, suggesting
that none of them displaced sterol from interactions with the
bilayers as efficiently as PCer did. However, at 23�C,
OMeCer, which appeared to displace sterol efficiently based
on the CTL quenching data (Fig. 4), gave the lowest Kx for
cholesterol partitioning of the methylated ceramide analogs
(Fig. 5). At 37�C the difference in Kx for the different ceram-
ide analogs became much smaller, and both NMeCer and the
doubly methylated analog displayed surprisingly low Kx-
values even though, according to the CTL-quenching data
(Fig. 4), they were not able to displace sterol to the fluid
phase. In those bilayers, the low Kx was probably caused
by the fluid state of the bilayers rather than by a specific
effect of the ceramides on sterol partitioning, just as in the
bilayers that contained 15 mol % PSM. At 37�C the sterol
partitioning was also lower throughout than at 23�C, prob-
ably due to a larger fraction of the bilayers being in a fluid
state, when the overall order of the bilayers was affected
by the increased temperature. Nevertheless, the differences
between the samples followed more or less the same pattern
at 37�C as at 23�C (Fig. 5).
DISCUSSION

In this study, we explored the specific interactions between
SM and ceramide by means of targeted structural modifica-
tion of the ceramide interface region. Thus, the C2-NH or
C3-OH, or both, of the sphingosine backbone of PCer
were methylated so as to abolish the interfacial H-bonding
mediated by 2N and 3O. Of course, the methylations could
also have steric and/or hydrophobic effects on interlipid
interactions. Nevertheless, the results we obtained with
methylated ceramide analogs show that disruption of the
interfacial properties of ceramide at 2N or 3O differently
affected their interlipid interactions.

PCer has been shown to interact with and induce a thermal
stabilization of a PSM gel phase (38). Interestingly, disrupt-
ing the PCer interfacial properties at 2N and 3O did not
prevent the interaction of PCer with PSM (so as to lead to
phase separation), even though the ability to thermally stabi-
lize the PSM gel phase was reduced for the analogs (Fig. 1,
A and B). Extensive networks of H-bonding and tight
packing of the acyl chains contribute to the ability of ceram-
ides to form thermally stable phases of high molecular order.
Accordingly, variations in the length and degree of acyl
chain saturation and (as shown in this study) H-bonding
ability affect membrane properties such as compressibility,
interlipid interactions, and phase behavior. In general,
ceramide-rich phases are stabilized by an increasing acyl
chain length (47,48) and low degree of unsaturation (except
for the C4-C5 trans-double bond of sphingosine) (34,49). In
addition to these properties, our results suggest an important
role for the amide linkage nitrogen in the tight interlipid
interactions that enable the formation of ceramide-enriched
phases in multicomponent bilayers (Figs. 2 and 3, Table 1).
However, the modification of the C3-oxygen seemed to
cause less change in the interfacial behavior of ceramide.

It has been shown that high concentrations of cholesterol
can solubilize ceramide-enriched domains (42) and prevent
the lateral cosegregation of ceramide and SM (20,50),
whereas in the presence of stable SM/ceramide domains,
cholesterol is displaced from them (19,23,24). Such
displacement has also been shown to occur in cellular
plasma membranes as a consequence of SM breakdown to
ceramide by enzymatic activity (22,51). Thus, we were
also interested in looking at how alterations in the interfacial
properties of PCer would affect its ability to form sterol-
displacing phases. Again, the amide nitrogen appeared to
be fundamental for the sterol-displacing property of ceram-
ide, because structural modification of the nitrogen totally
abolished this effect (Fig. 4). This competition between
ceramide and cholesterol over interactions with SM is
believed to stem from the hydrophobic effect, which
attempts to minimize the unfavorable contacts of the small
headgroup ceramide and cholesterol with water by accom-
modation under the large headgroup of SM. Ceramide is
usually preferred over cholesterol in such competition
because the saturated aliphatic chains of ceramide interact
better and more stably with the SM chains than the bulky
ring structure of cholesterol. Apparently, a methylation at
the 2N affected ceramide’s interactions with SM so as to
switch the situation in favor of cholesterol. Furthermore,
the sterol-displacing ability of ceramide seemed to relate
to the degree of thermal stabilization of the SM gel phase
by the ceramides, because only ceramides that clearly
Biophysical Journal 101(12) 2948–2956
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were able to form a thermally stable SM/ceramide phase
were able to displace sterol (i.e., PCer and OMeCer). The
DSC data for gel phase stabilization were also corroborated
independently by the tPA quenching data (Fig. 2) and the
tPA lifetime data (Table 1). In sphingosine-based ceramides,
the C4-C5 double bond is also found to have a remarkable
role in allowing tight acyl chain packing (49). Therefore,
because the gel phase and sterol-displacing properties of
PCer were not affected in the OMeCer, the 3O-methylation
that resided close to the double bond was unlikely to disturb
the local conformation around the double bond.

Megha and co-workers (47) conducted studies similar to
those presented here using ceramide analogs in which
structural modifications, such as addition of a methyl to
the C3-carbon in the sphingosine backbone (preserving
the C3-OH), were introduced in or near the headgroup.
They demonstrated that the stability of the ordered domains
formed by these ceramide analogs, as well as their ability to
displace sterol from PSM/cholesterol domains, was largely
unchanged compared with unmodified ceramides. However,
domain stability was affected by the length of the fatty acyl
chain of the ceramide. They concluded that the ability of
ceramide molecules to pack tightly is more sensitive to
changes in the hydrophobic segments than in the polar inter-
face region. However, the analogs they studied did not
involve modification of the amide group, which in our study
appeared to be important for the characteristic properties of
ceramide. In a comparison of the bilayer properties of 2N-
and 3O-methylated PSM analogs, Björkbom et al. (52)
demonstrated that the 2N-methyl was buried deeper in the
bilayer than the unperturbed 2NH or the 3O-methyl. This
could also be one of the factors that contribute to the atten-
uated bilayer properties of our 2N-methylated ceramide
analog. The fact that nitrogen is a part of the rigid planar
amide link could also explain why it is more sensitive to
structural alterations than the 3-hydroxyl, which sticks out
from the molecule and has more conformational flexibility.
Thus, in that sense, our results and certainly previous data
on methyl-branched ceramides (34,37) seem to agree with
the assumption of Megha and co-workers that structural
alterations closer to the middle hydrophobic region of the
ceramide molecule have greater effects on its membrane
properties.

The distribution of H-bonds within ceramides or between
ceramide and other lipids, such as SMs, is still largely
unknown; however, many models for the H-bond patterns
have been presented. The ability of the ceramide hydroxyls,
carbonyl oxygen, and amide to serve as both H-bond donors
and acceptors distinguishes ceramide from glycerolipids. In
the 1970s, Pascher (33) concluded from crystal structures,
infrared spectra, and monolayer studies that these chemical
moieties participate in lateral H-bonds, thereby increasing
the stability of ceramide-containing membranes. The
ceramide amide group was found to have a rigid planar
resonance structure and a perpendicular orientation toward
Biophysical Journal 101(12) 2948–2956
the axes of the two hydrocarbon chains. The lone pair of
electrons on the amide nitrogen was deduced to be delocal-
ized by resonance into the carbonyl of the fatty acid, form-
ing a partial double bond between the nitrogen and the
carbonyl carbon. Thus, the nitrogen was concluded to only
be able to act as a H-bond donor. In the same study, intermo-
lecular interactions were determined to cause the observed
self-condensation of natural ceramides. Later, on the basis
of DSC and x-ray diffraction results, Shah et al. (53) sug-
gested that the hydroxyl groups in the sphingosine base
will H-bond to the amides of adjacent ceramide molecules.
Our results suggest that the amide nitrogen plays an impor-
tant role in intermolecular interactions and perhaps also
H-bonding of ceramides, because a methylation of the
nitrogen markedly attenuated the characteristic membrane
behavior of the ceramide. Methylation of the 3OH of sphin-
gosine again appeared not to affect the interlipid interactions
of ceramide. Altogether, our results suggest a model com-
patible with that presented by Pascher (33) and Shah et al.
(53), in which ceramides were found to form intermolecular
H-bonds. However, other models for the H-bonding of
ceramide have also been proposed. Based on NMR studies,
Li and co-workers (54) introduced a model of an extensive
intramolecular network of H-bonds stabilized by two water
molecules and the C4-C5 double bond. Together with attrac-
tive van der Waals forces, this internally satisfied H-bond
network was believed to lead to minimal steric repulsion,
allowing tight packing of the ceramide acyl chains. This
model, which involves both a network of intramolecular
H-bonds and a critical water molecule tethered by the
double bond of the sphingosine base, was supported by
a computational calculation of potential and probable
H-bonds within or between ceramides (55). A partial role
of the C4-C5 double bond as an important component of
the intramolecular H-bonding network and enhancer of
close packing of the ceramide acyl chains was also sug-
gested by Brockman and co-workers (49) based on mono-
layer studies of a series of synthetic ceramide analogs.
More recently, yet another model was deduced from molec-
ular-dynamics simulation of ceramide bilayers, where the
3OH of sphingosine was observed to form an intermolecular
H-bond with the carbonyl oxygen of an adjacent ceramide
molecule (56). Nonetheless, according to our results, the
2NH seems to play a more crucial role than the 3OH in
the interlipid interactions of ceramides. However, our find-
ings cannot solely be interpreted as results of altered
H-bonding capability, because steric restrictions or hydro-
phobic effects mediated by the additional methyl groups
were not ruled out.
CONCLUSIONS

This study clearly demonstrates that altering the interfacial
properties of a long-chain, saturated ceramide by targeted
introduction of bulkymethyl groups to key positions affected
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the lateral membrane behavior of ceramide. Methylation of
the C3-OH in the sphingosine backbone did not appear to
affect the phase behavior and interlipid interactions of
PCer, whereas methylation of the amide nitrogen markedly
attenuated the interlipid interactions of ceramide. This was
observed as a reduced ability of the 2N-methylated ceramide
to form highly ordered phases. Not surprisingly, simulta-
neous methylation of C3-OH and C2-NH appeared to cause
a total loss of the characteristic properties of ceramide. Our
results suggest that the amide nitrogen of ceramide is an
important factor in determining ceramide bilayer behavior,
and, as has been suggested for SMs, they support the model
of engagement of the amide nitrogen in intermolecular inter-
actions even for ceramides.
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