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Abstract Long-chain saturated ceramides possess the
ability to form gel domains in Xuid bilayer membranes. Such
domains may also contain sphingomyelin, but generally
exclude cholesterol. We studied the eVect of N-acyl chain
methylations on the ability of ceramide to form ceramide-
and sphingomyelin-containing gel domains that displace
sterol. Fluorescence quenching of probes displaying diVerent
lateral partitioning in heterogeneous lipid bilayers showed
that the methyl branches induced position-dependent
changes in the lateral distribution of the ceramides. Distally
monomethylated ceramides interacted with sphingomyelin
and displaced sterol, whereas proximally monomethylated
and polymethylated ceramides appeared to be located outside
of sterol/sphingomyelin-enriched domains. The branched
ceramides also markedly reduced the bilayer aYnity for ste-
rol as determined from the equilibrium partitioning of sterol
between lipid vesicles and cyclodextrin. Altogether, altera-
tions in intermolecular interactions induced by the methyl
branches markedly aVected the molecular properties of cera-
mide in artiWcial bilayers.
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Abbreviations
(P)SM (Palmitoyl-)sphingomyelin
PCer Palmitoyl-ceramide
10MeCer N-10-methyl-hexadecanoyl-ceramide
15MeCer N-15-methyl-heptadecanoyl-ceramide
16MeCer N-16-methyl-heptadecanoyl-ceramide
PhytCer N-3,7,11,15-methyl-hexadecanoyl-ceramide
tPA Trans-parinaric acid
CTL Cholestatrienol
CHL Cholesterol

Introduction

Ceramides constitute only a minor subclass of freely exist-
ing sphingolipids in cells, but are still associated with
important cellular signaling pathways (Hannun and Luberto
2000; Perry and Hannun 1998). Some of the ceramide-med-
iated signaling has been suggested to be related to structural
changes induced by ceramides in bilayer membranes.
Indeed, contributions of ceramides to membrane structure
and thermodynamic behavior have been carefully examined
in artiWcial bilayers, where long-chain ceramides stabilize
and increase the order of Xuid membranes, either by later-
ally segregating to ceramide-enriched gel phase domains
(Silva et al. 2006) or by interacting with sphingomyelin
(SM) to form ceramide/SM gel phases (Alanko et al. 2005;
Massey 2001). The ultimate function of ceramides in cellu-
lar membranes is still unclear, but it is proposed that, upon
formation, ceramide-enriched platforms aid in transmitting
and amplifying trans-membrane signals (Stancevic and
Kolesnick 2010).

Because of competition over interactions with SM, cera-
mides and cholesterol aVect each other’s lateral distribution
in membranes. Ceramides have been shown to displace
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cholesterol from caveolin-rich membrane rafts enriched in
SM and cholesterol (Yu et al. 2005), and from the vicinity
of SM in artiWcial bilayers (Alanko et al. 2005; Megha and
London 2004; Sot et al. 2008). High concentrations of cho-
lesterol may, in turn, solubilize ceramide-enriched domains
(Castro et al. 2009) or even prevent the lateral cosegrega-
tion of ceramide and SM (Busto et al. 2010). The favorable
interactions between ceramide and SM originate from the
close interactions between their acyl chains. Consequently,
modiWcations of ceramide structure ought to aVect its ability
to interact with SM and to regulate the lateral distribution of
cholesterol in membranes. Interestingly, ceramides that have
been chemically modiWed at the long-chain base near to the
head group region (C1–C7) induce similar thermal stabiliza-
tion and displacement of sterol from SM-enriched domains
as unmodiWed ceramides (Megha et al. 2007). However, the
ability of ceramides to form ceramide/SM-rich domains that
exclude sterol is signiWcantly altered for ceramides with
varying acyl chain lengths (Nybond et al. 2005; Nyholm
et al. 2010). Considering the altered membrane behavior of
structurally diverse ceramides, it seems that the amide-linked
acyl chain is one of the major determinants of ceramide’s
interactions with other lipids such as SM.

Interestingly, some naturally occurring ceramides con-
tain branched acyl chains. The branches most often appear
in the long-chain base, but also branched amide-linked acyl
chains have been found in natural ceramides. For example,
as much as 35% of the acyl chains in the ceramide amino-
ethylphosphonates of the sea anemone Metridium senile
have been found to contain iso and anteiso methyl branches
in acyl chains of varying length (Karlsson and Samuelsson
1974). Also other aquatic animals and microorganisms
have ceramides with methyl-branched acyl chains (Tanaka
et al. 1998; Tian et al. 2009), and iso-branched ceramides

have also been found in Sphingobacterium spiritivorum
(Yano et al. 1983). In mammals, methyl-branched ceramide
acyl chains have been found in the guinea pig Harderian gland
(Yasugi et al. 1987, 1991) and in human vernix caseosa, the
waxy coating of a fetus or a newborn baby (Oku et al. 2000).
Ceramides with methyl branches in the middle region (carbon
8 or 10) of the long-chain base have also been found in
mammals (Yasugi et al. 1988). Characteristic for the diVerent
methyl-branched ceramides is that many of them also contain
additional hydroxyl groups and double bonds, and some
are polymethylated, having several methyl branches in the
amide-linked acyl chain or long-chain base, or in both.

To study the molecular properties of acyl chain methyl-
ated ceramides in bilayer membranes, we synthesized four
diVerent ceramide analogs, the singly methylated N-10-
methyl-hexadecanoyl-ceramide (10MeCer), N-15-methyl-
heptadecanoyl-ceramide (15MeCer), and N-16-methyl-hep-
tadecanoyl-ceramide (16MeCer), and the polymethylated
N-3,7,11,15-methyl-hexadecanoyl-ceramide (PhytCer) with
phytanic acid as the acyl chain (Fig. 1). The ability of these
ceramides to interact with SM to form ceramide/SM-
domains that exclude sterol was then determined from the
quenching susceptibility of Xuorescent probes displaying
diVerent lateral partitioning in laterally heterogeneous lipid
bilayers. In addition, the overall aYnity of sterol for bilay-
ers containing the ceramides was determined.

Experimental approach

Material

D-erythro-N-palmitoyl-sphingomyelin (PSM) was puriWed
from egg yolk sphingomyelin (Avanti Polar Lipids) as

Fig. 1 Structures of the 
ceramides used in this study
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previously described in Maula et al. (2009). 1-Palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) was from Avanti
Polar Lipids, and cholesterol and methyl-�-cyclodextrin
(m�-Cyd) from Sigma Chemicals. D-erythro-N-palmitoyl-
ceramide (PCer), 10-methyl-hexadecanoic acid, 15-methyl-
heptadecanoic acid (anteiso), 16-methyl-heptadecanoid acid
(iso) and phytanic acid (3,7,11,15-methyl-hexadecanoic acid)
were from Larodan Fine Chemicals.

The ceramide analogs, N-10-methyl-hexadecanoyl-ceram-
ide (10MeCer), N-15-methyl-heptadecanoyl-ceramide
(15MeCer), N-16-methyl-heptadecanoyl-ceramide (16Me-
Cer) and N-3,7,11,15-methyl-hexadecanoyl-ceramide (Phyt-
Cer), were synthesized from the methylated fatty acids and
D-erythro-sphingosine (Sigma Chemicals) according to
Cohen et al. (1984). The ceramide products were puriWed
by reverse-phase HPLC with methanol:acetonitrile (70:30
by volume for 15MeCer, 16MeCer and PhytCer, or 50:50 for
10MeCer) as the eluent (UV detection 203 nm), and posi-
tively veriWed with the Bruker Daltonics Ion Trap-ESI-MS.
All lipid stock solutions were prepared in hexane:isopropa-
nol (3:2 by volume), stored at ¡20°C and warmed to ambient
temperature before use.

Trans-parinaric acid (tPA) was from Cayman Chemical
Co. Cholesta-5,7,9(11)-trien-3-beta-ol (CTL) was synthe-
sized and puriWed as described in Fischer et al. (1984).
1-Palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine
(7SLPC) was synthesized from (7-doxyl)-stearic acid (TCI
Europe) and 1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-
choline (Avanti Polar Lipids) according to Bittman (1993).
tPA, CTL and 7SLPC were stored dry under argon in the
dark at ¡87°C until dissolved in methanol, ethanol or hexane:
isopropanol (3:2 by volume), respectively, prior to use. Water
for sample preparation was puriWed by reverse osmosis and
the Millipore UF Plus water-puriWcation system.

Vesicle preparation

Multilamellar vesicles (50 �M) for Xuorescence quenching
experiments were prepared by drying the mixtures of lipids,
probes and quencher under a stream of nitrogen and saturat-
ing the lipid Wlms with argon. The samples were stored at
¡20°C until hydrated one at a time for 15 min with pre-
heated, argon-purged water at 65°C. Multilamellar vesicles
were formed at 65°C by sonicating the CTL-containing
samples with a probe soniWer (Branson Ultrasonics) for
2 min, and the tPA-containing samples with a Branson bath
sonicator for 5 min. For each quenching curve two samples
were prepared, the quenched F-sample and the unquenched
F0-sample. The total amount of lipids in all samples was
100 nmol. Both the F- and the F0-samples also contained an
additional 1 mol % of the Xuorophore (tPA or CTL). All
F-samples also contained 30 mol % of the quencher,

7SLPC, which replaced an equal amount of POPC in the
F-samples. This quenching method is based on the diVer-
ent lateral partitioning of the Xuorophores and the quencher
in a mixed bilayer. While the Xuorophores are located in
phase-separated domains of increased molecular order (tPA
in highly ordered SM-containing domains and CTL in ste-
rol-enriched domains), the quencher strongly partitions into
Xuid phases. At low temperatures this results in high F/F0-
values as the phase separation occurring in the bilayer is
shielding the Xuorophores from collision-induced quench-
ing by 7SLPC. At higher temperatures the phase separation
eventually will disappear, allowing closer contact between
the Xuorophores and the quencher, resulting in strong
quenching of the Xuorescence signal and a decrease in the
F/F0-value.

Large unilamellar vesicles for the sterol partitioning assay
were prepared as described in Nyholm et al. (2010). Shortly,
lipids were mixed at the desired molar ratios, including
2 mol% CTL, and dried under a stream of nitrogen. The lipid
Wlms were then hydrated for 30 min at 65° and vortexed
brieXy to form multilamellar vesicles. The multilamellar ves-
icles were then extruded through a membrane with 200-nmol
pores to yield unilamellar vesicles. The unilamellar vesicles
were then portioned into a series of samples with increasing
concentrations of m�-Cyd and diluted to a Wnal concentration
of 40 �M lipids and 0–1 mM m�-Cyd. In quaternary mix-
tures of POPC/PSM/CHL/XCer (60/20/20/15 molar ratio),
the ceramides were added to the initial lipid mixtures to yield
15 mol% of ceramide in vesicles with a Wnal lipid concentra-
tion of »52 �M. Before partitioning measurements, the
samples were incubated to equilibrium over night at room
temperature or 2 h at 37°C.

Fluorescence quenching measurements

Fluorescence quenching of tPA (excitation 305 nm, emis-
sion 405 nm) and CTL (excitation 324 nm, emission
390 nm) by 7SLPC was measured on a QuantaMaster-1-
spectroXuorometer (Photon Technology International) as a
function of increasing temperature. The Xuorescence signal
of the Xuorophores was scanned continuously under con-
stant stirring while heating the samples at a rate of 5°C/min
controlled by a Peltier element. Fluorescence quenching,
reported as the F/F0-ratio (Bjorkqvist et al. 2005), was cal-
culated with the PTI FeliX32-software.

Sterol partitioning assay

The equilibrium partitioning of CTL between unilamellar
vesicles and m�-Cyd was determined by measuring the
anisotropy of CTL (excitation 324 nm, emission 390 nm) in
a series of samples with increasing concentrations of
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m�-Cyd. Anisotropy was measured for 30 s on a Quanta-
Master-1-spectroXuorometer, and the temperature con-
trolled by a Peltier element under constant stirring. CTL
anisotropies were then converted to molar fraction partition
coeYcients as previously described in Nystrom et al.
(2010).

Results and discussion

Acyl chain methylated ceramides displayed diVerences 
in the ability to form gel phases that exclude sterol

To determine the ability of the methylated ceramides to
interact with PSM to form gel phase domains that displace
sterol, the Xuorescence quenching of tPA (Fig. 2a) and CTL
(Fig. 2b) was determined as a function of increasing tem-
perature in mixed bilayers. Since tPA partitions into both
sterol/PSM and ceramide/PSM domains, whereas CTL only
partitions into sterol-enriched domains and not into cera-
mide-enriched domains (Bjorkqvist et al. 2005), compari-
son of the Xuorescence quenching behavior of tPA and
CTL was used to reveal whether the bilayers contained cer-
amide/PSM domains that excluded sterol. In the absence of
ceramide, in bilayers composed of POPC/PSM/CHL (60/
30/10 mol %), sterol/PSM domains were observed with
both tPA and CTL. The melting temperature of these
domains was determined from the quenching curves as the
approximate temperature at the end point of the decreasing

F/F0-value, after which this ratio remained more or less
unchanged, indicating that the sterol/PSM domains had
melted. The slightly higher end-melting temperature of the
sterol/PSM domains reported by tPA (42°C) than by CTL
(40°C) was probably related to the stabilizing eVect that
tPA has on gel phases (Ben et al. 1987; Sklar et al. 1977).

Replacing half of the PSM in the bilayers with PCer
increased the end-melting temperature of the gel phase up
to 50°C as reported by tPA, indicating that PCer associated
within and stabilized the PSM-rich domains. CTL again did
not report any detectable domain melting for the PCer-con-
taining bilayers, indicating that CTL was not able to parti-
tion into the PCer/PSM domains that were formed. Instead,
CTL was displaced to the Xuid bulk membrane, where it
became quenched by 7SLPC. The gentle increase in the
F/F0-ratio of the CTL curve in the presence of PCer was
due to increased background noise at low Xuorescence sig-
nal intensities (originating from rapid quenching of the
CTL-signal in the F-sample). For 16MeCer- and 15MeCer-
containing bilayers tPA reported a gel phase end-melting
temperature of 42 and 38°C, respectively, while CTL-
quenching showed that also 16MeCer and 15MeCer dis-
placed sterol from the PSM-rich domains. The lower end-
melting temperature of the ceramide/PSM-domains formed
by 16MeCer and 15MeCer compared to PCer indicate that
these analogs were able to associate within, but did not
thermally stabilize the PSM domains. This suggests that
structural constraints induced by the methylations resulted
in less tight acyl chain packing between the ceramide

Fig. 2 Fluorescence quenching of a tPA and b CTL in bilayers con-
taining acyl chain methylated ceramides. Fluorescence quenching was
determined as a function of temperature in laterally heterogeneous

bilayers composed of POPC/PSM/CHL (60/30/10 or 75/15/10) and
POPC/PSM/XCer/CHL (60/15/15/10). Representatives of at least two
independently reproduced identical curves are shown

A B
123



Eur Biophys J (2011) 40:857–863 861
analogs and PSM. Also, as some enrichment of CTL could
still be observed in the presence of 16MeCer and 15MeCer,
reporting approximately the same end-melting temperatures as
tPA, the displacement of sterol was concluded to be less
eYcient than with PCer.

Interestingly, compared to the ceramide-free vesicles
(POPC/PSM/CHL; 60/30/10), 10MeCer and PhytCer
appeared to markedly decrease the melting temperature of
the PSM-rich domains as reported by tPA. Also, no dis-
placement of sterol could be observed since also CTL
reported domain melting for those bilayers. Since no sterol
displacement was observed by these analogs, and tPA and
CTL reported almost equal end-melting temperatures for
the domains in these bilayers, we also analyzed bilayers
composed of POPC/PSM/CHL in 75/15/10 molar composi-
tion. Interestingly, the melting curves of 10MeCer and
PhytCer were very similar to that of the 75/15/10-control
vesicles, suggesting that 10MeCer and PhytCer, instead of
partitioning within the PSM-rich domains, remained out-
side the domains in the Xuid POPC-phase or perhaps at the
domain boundaries. Therefore, what was observed in the
presence of 10MeCer and PhytCer was actually the melting
of sterol/PSM-rich domains, like those present in the 75/15/
10-composition. However, in vesicles that contained Phyt-
Cer, the end-melting temperature of the sterol/PSM-
enriched domains was slightly decreased compared to the
ceramide-free bilayers (75/15/10-composition). Taking into
consideration the remarkable eVect that the four methyl
groups must have on the membrane properties of PhytCer,
this ceramide probably decreased the melting temperature
of the sterol/PSM domains by disordering the whole
bilayer.

The results from the quenching experiments are consis-
tent with previous observations on the eVects of acyl chain
methylation on the molecular space requirement and lateral
head group interactions of ceramide in monolayer studies
(Lofgren and Pascher 1977). This study showed that a
methyl branch at carbon 11 of an eicosanoyl chain
increased the space requirement of ceramide, resulting in
steric hindrance against close acyl chain packing and loss
of polar head group interactions. The same study also
showed that a cis-double bond at carbon 9 of an octadeca-
noyl chain induced similar eVects as the methyl branch.
However, for a ceramide with a cis-double bond at carbon
15 in nervonic acid coupled to sphingosine backbone, the
molecular area in monolayers remained unchanged com-
pared to the corresponding ceramide with a fully saturated
acyl chain. In line with these and our results, the position-
dependent eVects of methyl branches on ceramide bilayer
behavior seem to closely resemble the position-dependent
eVects of cis-double bonds.

Our results also agree well with experiments made with
methylated SMs (Jaikishan et al. 2010), showing that, like

16MeCer and 15MeCer, also 16MeSM and 15MeSM were
able to form gel phases and ordered domains, even if their
packing properties were slightly aVected by the distal
methyl branches. In the same study, 10MeSM and PhytSM
were shown to fail in the formation of gel phases or ordered
domains, correlating well with our observations about the
Xuid nature of 10MeCer and PhytCer.

Sterol aYnity for bilayers was reduced in the presence 
of acyl chain methylated ceramides

Since the quenching results indicated that the methyl
groups had position-dependent eVects on the lateral distri-
bution of the ceramides in the bilayers, we also examined
how the presence of methylated ceramides (either within
PSM-rich domains or in the Xuid phase) aVected the overall
aYnity of sterol for bilayers (Fig. 3). At 23°C, addition of
25 mol % of PSM into pure POPC bilayers increased the
molar fraction partition coeYcient (Kx) of sterol from 8 to
25 mM, which is in accordance with the previous observa-
tion that the Kx of sterol for DOPC bilayers increases with
increasing amounts of PSM in the bilayers (Nyholm et al.
2010). Compared to the POPC/PSM bilayers, CTL reported
a markedly decreased aYnity for POPC/PSM/PCer bilayers
(60/20/20-composition, Kx 12 mM). This reduction in Kx

originates from the sterol-displacing eVect of PCer, driving
CTL out of the PSM-enriched domains to the more Xuid
POPC phase from which it is more easily accessible to
m�-Cyd. For POPC/PSM/CHL bilayers (60/20/20 mol %),
the aYnity was again signiWcantly increased, with Kx having

Fig. 3 CTL-partitioning at 23°C (black bars) and 37°C (gray bars) in
the presence of acyl chain methylated ceramides. The bilayer aYnity
of sterol was determined for unilamellar vesicles composed of pure
POPC, POPC/PSM (60/20), POPC/PSM/PCer (60/20/20), POPC/
PSM/CHL (60/20/20) or POPC/PSM/CHL/XCer (60/20/20/15). Each
value is the average of at least three independently repeated experi-
ments §SD
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a value of 38 mM. These observations clearly indicate that
the CTL-partitioning assay responded well to changes in
the composition of the bilayers.

When 15 mol % of PCer was added to the POPC/PSM/
CHL bilayers (yielding a POPC/PSM/CHL/PCer 60/20/20/
15-composition), the aYnity of sterol for the bilayers was
reduced from 38 to 22 mM at 23°C. Similarly, addition of
15 mol % of 16MeCer or 15MeCer to the bilayers reduced
the Kx to 23 and 26 mM, respectively, indicating that both
16MeCer and 15MeCer were able to interact with PSM to
displace sterol. However, the eVects of 16MeCer and
15MeCer on sterol aYnity were not as strong as with PCer,
which was consistent with the quenching data.

10MeCer, with the Kx of 29 mM, was least eVective in
reducing sterol aYnity, whereas PhytCer proved to be the
most eVective, displaying a partition coeYcient of 20 mM at
23°C. The Kx of the 10MeCer-containing samples probably
reXected sterol aYnity for the sterol/PSM-rich domains, but
was lower than in the ceramide-free bilayers because of
destabilization of the Xuid phase or the domain boundaries by
10MeCer, causing increased desorption of sterol to m�-Cyd.
PhytCer presumably induced some considerable defects in
the bilayer structure, resulting in signiWcant destabilization of
the entire bilayer, decreasing sterol aYnity both for the Xuid
phase and for the sterol/PSM-rich domains.

Sterol partitioning was generally lower at 37°C than at
23°C, but followed more or less the same pattern at both tem-
peratures. The relative diVerences between diVerent samples
were also smaller at 37°C than at 23°C, suggesting that a
larger fraction of the bilayers was in a Xuid state at 37°C,
probably because of the smaller size and reduced stability of
the ordered domains. For pure POPC bilayers and for the
POPC/PSM/PCer bilayers, sterol aYnity remained at the
same level at 23 and 37°C. Pure POPC bilayers are at a totally
Xuid state already at 23°C, and therefore no diVerence in Kx

was observed by increasing the temperature. For POPC/PSM/
PCer bilayers, the Kx remained unchanged because in these
bilayers CTL was probably fully displaced from the PCer/
PSM gel phase domains into the Xuid POPC phase for which
the Xuidity was not signiWcantly changed at the two diVerent
temperatures. An interesting observation was the low Kx rep-
resented for the 10MeCer-containing bilayers at 37°C, a
behavior deviating from the pattern observed for the ceramide
analogs at 23°C. However, this could be a consequence of
10MeCer destabilizing the bilayer structure in the Xuid phase
even more at 37°C, resulting in a more pronounced eVect on
the sterol/PSM-rich domains than at 23°C.

Conclusions

These results clearly demonstrated that methyl branches
in ceramide acyl chain aVected, in terms of SM and

sterol interactions, the membrane properties of ceramides
in a position-dependent manner. Distal monomethylations
interfered less with acyl chain packing and molecular inter-
actions than proximal monomethylations or polymethylations.
The acyl chain methylated ceramides also markedly reduced
the bilayer aYnity of sterol. This study shows that methyl
branches in the ceramide acyl chain induce disorder and
interference with molecular packing, which together with
previous observations (Nybond et al. 2005; Nyholm et al.
2010) augment the important role of the N-acyl chain structure
in determination of ceramide membrane behavior. In a
similar way, also methyl branches in the long-chain base
would be expected to aVect the membrane behavior of
ceramides. In biological membranes methyl branches
could serve similar functions as cis double bonds, conferring
the ceramides a more Xuid nature, but by a less reactive
chemical group.
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