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Abstract The currently accepted model of biological
membranes involves a heterogeneous, highly dynamic
organization, where certain lipids and proteins associate to
form cooperative platforms (“rafts”) for cellular signaling or
transport processes. Ceramides, a lipid species occurring
under conditions of cellular stress and apoptosis, are con-
sidered to stabilize these platforms, thus modulating cellular
function. The present study focuses on a previously unrec-
ognized effect of ceramide generation. In agreement with
previous studies, we find that ceramide leads to a depletion of
sphingomyelin from mixtures with palmitoyl oleoyl phos-
phatidylcholine bilayers, forming a ceramide—sphingomye-
lin-rich gel phase that coexists with a fluid phase rich in
palmitoyl oleoyl phosphatidylcholine. Interestingly, how-
ever, this latter phase has an almost fourfold smaller bending
rigidity compared to a sphingomyelin—palmitoyl oleoyl
phosphatidylcholine mixture lacking ceramide. The signifi-
cant change of membrane bulk properties can have severe
consequences for conformational equilibria of membrane
proteins. We discuss these effects in terms of the lateral
pressure profile concept for a simple geometric model of an
ion channel and find a significant inhibition of its activity.
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Introduction

Biological membranes are prime examples of complex
self-assembled matter on the nanometer to micrometer
scale. They contain thousands of different lipid and protein
species, which do not distribute evenly but exhibit diverse
phase separation phenomena. Indeed, it has been suggested
that certain lipid/protein domains—rafts—dynamically
regulate various physiological processes (trafficking, sig-
naling, endo-/exocytosis, etc.) (Brown 2006; Simons and
Tkonen 1997).

Although a clear definition of membrane rafts still seems
to be elusive (Pike 2006), consensus has been reached in
that sphingolipids and sterols are the major lipid compo-
nents found in these structures. Segregation of raft proteins
and their assembly in signaling or receptor complexes are
thought to be tightly controlled by lipid—protein and pro-
tein—protein interactions. Naturally, changes in lipid com-
position due to external or internal stimuli may sensitively
influence lateral organization of biological membranes and,
hence, affect processes on the cellular level.

Considerable research efforts have recently been
focused on ceramides (Goni and Alonso 2006; Posse de
Chaves 2006; van Blitterswijk et al. 2003). Ceramides
belong to the class of sphingolipids and are mainly gen-
erated during cellular stress and apoptosis, either by de
novo synthesis in the endoplasmic reticulum or through
enzymatic hydrolysis of sphingomyelin (SM) by sphingo-
myelinase in the plasma membrane. Ceramides have very
distinct physicochemical properties, such as a very small
polar headgroup (only two hydroxyl groups), and have
been shown to induce a gel phase that coexists with fluid
domains in lipid model membranes (Castro et al. 2007,
Fidorra et al. 2006; Holopainen et al. 2000b; Staneva et al.
2008). Additionally, due to its cone-like molecular shape,
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asymmetric generation of ceramide in one of the membrane
leaflets by sphingomyelinase has been demonstrated to lead
to blebbing and vesiculation on the opposing side of the
membrane, very similar to apoptotic body formation
(Holopainen et al. 2000a).

Hence, ceramide is a potent modulator of membrane
structure. In particular, it is thought to stabilize membrane
rafts by coordinating up to three SMs through hydrogen
bonds (Castro et al. 2007). This in turn should facilitate
activation of raft-localized proteins, such as the CD95/Fas
death receptor in the case of apoptosis (van Blitterswijk
et al. 2003). However, ceramide is not exclusively involved
in apoptosis but has been also implicated in various other
cellular processes such as necrosis, proliferation, differen-
tiation and cytoskeletal rearrangements. Additionally,
ceramides may act as second messengers and activate
membrane proteins by direct binding.

While most of the debate has been focused on the effects
of ceramides on membrane rafts, little attention has been
paid to physiological effects within nonraft fractions.
Because of the strong coordination of SM by ceramides
(Castro et al. 2007), SM will be strongly enriched in cer-
amide-stabilized rafts. Hence, nonraft fractions are likely to
get depleted from SM. How would this affect the mem-
brane proteins that reside in nonraft fractions of the
membrane? In order to address this issue, we studied the
interactions of plasma membrane models composed of
palmitoyl oleoyl phosphatidylcholine (POPC), egg-SM and
N-palmitoyl-p-erythro-sphingosine (Cer) by a combination
of osmotic stress and X-ray diffraction (Parsegian and
Rand 1995). In agreement with previous studies (Castro
et al. 2007; Fidorra et al. 2006; Holopainen et al. 2000b;
Staneva et al. 2008), we found that Cer induces a gel-fluid
phase separation. The fluid phase has essentially the same
membrane thickness as a POPC/SM equimolar mixture,
which does not exhibit phase coexistence. However, its
bending rigidity is almost four times smaller because it
lacks SM. We discuss the consequences of this membrane
softening on the conformational equilibrium of a simple
geometric model for an ion channel in terms of the lateral
pressure concept (Cantor, 1997, 1999b).

Materials and Methods
Liposomes

All lipids were purchased from Avanti Polar Lipids (Ala-
baster, AL) and used without further purification. Disper-
sions of multilamellar vesicles (MLVs) were suspended
from dry lipid films in 18 MQ cm water at a lipid con-
centration of 50 mg/ml. The lipid films were obtained by
mixing appropriate amounts of lipid stock solutions
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followed by removal of the chloroform/methanol solvent
using a gentle stream of N, and a vacuum chamber.
Osmotically stressed samples also contained weighted
amounts of polyethylene glycol (PEG, My = 8,000),
purchased from Sigma—Aldrich (St. Louis, MO). These
samples were prepared by centrifuging the fully hydrated
MLVs and subsequent removal of the supernatant. The
supernatant was replaced by a PEG solution of given
concentration, and the sample was left to equilibrate for at
least 2 days. Osmotic pressures of a given PEG solution as
a function of temperature were determined using a Knaur
(Berlin, Germany) vapor pressure osmometer.

X-Ray Diffraction

Synchrotron small- and wide-angle X-ray diffraction
experiments were performed at the Austrian SAXS beamline
atElettra (Trieste, Italy) using 8-keV photons and a sample to
detector distance of 1.126 m with typical exposure times of
2 min. SAXD patterns were recorded with a mar345 image
plate detector (Marresearch, Norderstedt, Germany). A one-
dimensional position sensitive gas detector was used to
measure the WAXD signal. Samples were contained in 1-
mm quartz-glass capillaries and equilibrated at 37°C for
10 min prior to exposure. Primary data reduction was
performed using FIT2D (http://www.esrf.eu/computing/
scientific/FIT2D/). Electron density profiles were derived
from the integrated Bragg intensities of background-cor-
rected SAXD patterns using standard techniques (Pabst et al.
2000). The membrane thickness, dp, was defined as
dyuy + 10 A (Mclntosh et al. 1987), where dyy is given by
the distance between the two maxima of the electron density
profile. The bilayer separation for a given osmotic pressure is
given by d — dg, where the lamellar repeat distance d is
calculated from the Bragg peak positions.

Fluorescence Microscopy

Rhodamine-dipalmitoyl phosphatidylethanolamine (Invit-
rogen, San Diego, CA) was added to the POPC/SM/Cer
mixture at a concentration of 0.5 mol%, and giant unila-
mellar vesicles (GUVs) were prepared by electroformation
(Angelova and Dimitrov 1986). Fluorescence imaging was
performed on a Leica (Solms, Germany) DMIRE?2 inverted
microscope using a metal halide lamp for sample illumi-
nation. Images were captured using a CoolSNAP ES,
camera from Photometrics (Tucson, AZ).

Analysis of Equation of State

In the present system, the applied osmotic pressure was
calculated as follows:
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The first term represents the van der Waals attraction, the
second term the hydration repulsion and the third term the
steric repulsion due to bilayer undulations, with H being the
Hamaker constant, Py, a scaling constant, 4;, the decay con-
stant of the hydration forces and K the bilayer bending
rigidity (Parsegian and Rand 1995; Podgornik and Parsegian
1992). A second form for the fluctuation contribution has
been proposed, which differs essentially from the present
form by using a separate decay constant, Aq (Petrache et al.
1998). However, its application requires the evaluation of
Bragg peak line shapes, which is impeded by the overlapping
reflections of the phase separated system (Fig. 1). Never-
theless, we note that this affects the determined bending
rigidities insignificantly (Pabst et al. 2007a; Pan et al. 2009).

Geometric Model for Ion Channels

A conformational change of membrane proteins depends
on the volume change of the protein and the lateral pressure
density, p(z), of the lipid bilayer along the bilayer normal,
Z, against which the protein either expands or contracts
laterally (Cantor 1999b). Assume a change r — ¢ of the
protein conformation from a resting to an active state.
Based on thermodynamic arguments, the fraction of active
states at a given p(z) relative to an initial lateral pressure
density, po(z) can be shown as follows (Cantor 1997):

1+ Ky

) 2
where
dg)2
o= (ksT)™! Ap(z)AA(z)dz (3)
g2

Ky = [rlo/[t]o is the conformational equilibrium of the
initial protein state, i.e., the fraction of resting proteins [r],
with respect to the fraction of proteins in the open state [¢]o,
prior to the change of the lateral pressure profile; AA(z) is
the involved lateral change of the protein area. For
smoothly varying cross-sectional changes, Eq. 3 can be
further simplified to

o= (ksT) 'Y AajAP; (4)

where Ag; refers to the coefficients in a power expansion of
dg/2
AA in z and AP; = [ z/Ap(z)dz is the change in the jth
0

integral moment of the lateral pressure density p(z). For the
given geometric model of an hourglass-shaped ion channel
(see Fig. 4a) with a central pore opening, we thus arrive at

2
o= ﬁ [(ZrmaXA tan @ — dgA tan® @)AP; + A tan’ (pAPz]
B
(5)

where r,. is the outer radius of the pore, ¢ the angle of the
bend helix with the bilayer normal (Fig. 4a) and AP; and
AP, are the changes of the first and second integral
moments of p(z).

Results and Discussion

The present study focuses on MLVs of two lipid model
membrane systems composed of POPC/SM at an equi-
molar ratio and POPC/SM/Cer at a molar ratio of 50:35:15.
A full description of the thermodynamic behavior of
POPC/SM/Cer mixtures at various Cer concentrations
supports the present findings and will be published else-
where (B. Boulgaropoulos et al. unpublished).

Structural Characterization of the Membranes

Figure 1 gives a comparison of the X-ray scattering pat-
terns of the two samples at 37°C at medium osmotic
pressure. In the small-angle regime and in the absence of
Cer, a single phase with a lamellar repeat of d = 59.4 A was
observed. The diffuse peak at ¢ ~ 1.4 A~! in the wide-
angle regime demonstrates short-range order within the
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Fig. 1 SAXD patterns of POPC/SM (Cer = 0 mol%) and POPC/SM/
Cer (Cer = 15 mol%) bilayers at 37°C and osmotic pressure of 2 atm.
Arrows indicate the lamellar diffraction orders of the gel phase. Insets
show the corresponding wide-angle X-ray diffraction patterns and a
fluorescence microscopic image of a GUV with coexisting lipid and
fluid—gel domains. Bright areas correspond to the fluid phase and the
dark faceted lines to the gel phase
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plane of the bilayer, typical for the lamellar fluid L, phase.
At Cer = 15 mol% two lamellar phases coexist with d =
65.3 A and d = 58.8 A and the wide-angle data show an
additional sharp peak at ¢ = 1.52 A~!. This indicates the
presence of a gel (Lp) phase, with hexagonal packing of the
hydrocarbon chains and an average lateral area per chain of
19.8 A% The membrane thicknesses, dg, were derived from
electron density profiles as detailed in the previous section.
For the POPC/SM mixture, we found dg = 48.4 A. In the
presence of ceramide dg = 53.3 A for the large d value
phase and dg = 48.6 A for the coexisting phase with the
smaller repeat distance. Because dy values strongly depend
on the applied definition of the membrane thickness, we
also included the head-to-headgroup distances, dyy, in
Table 1 in order to facilitate a comparison with values from
other reports. The head-to-headgroup distance of the fluid
phase of the POPC/SM/Cer mixture is about 1.4-2 A larger
than reported for single-component membranes composed
of POPC (Kucerka et al. 2005; Pabst et al. 2007b). This
indicates that this phase is not a pure POPC domain.
However, we presently focus on the difference in mem-
brane thickness of the coexisting phases, which is consis-
tent with the gel-fluid phase separation previously reported
for similar lipid mixtures (Castro et al. 2007; Fidorra et al.
2006; Holopainen et al. 2000b; Staneva et al. 2008). Fur-
ther, fluorescence microscopic images of POPC/SM/Cer
showed gel-phase domains coexisting with a fluid phase
(Fig. 1, inset). To distinguish the coexisting phases in the
presence of ceramide, we denote them in the following as
Lfand L%.

Membrane Interactions and Mechanical Properties

Based on the membrane thickness, the two L, phases—in
the presence and absence of ceramide—appear to be
identical with respect to their physical properties. In order
to test this notion, we exposed both lipid systems to a range
of osmotic pressures, 0 < Il < 7.25 atm. The corre-
sponding isotherms are presented in Fig. 2. The membrane
thickness did not vary substantially for both lipid systems
within the studied range of osmotic pressures. Hence, the
plotted bilayer separations are obtained by subtracting a
constant, dg, from a given lamellar repeat distance. In the
present case, Il balances membrane repulsion originating

Table 1 Experimental interaction parameters for POPC/SM multib-
ilayers at 37°C in the absence and presence of ceramide

Cer (mol%) Phase dg (A) dum (A) P, (atm) 4, (A) Kc (kgT)

0 L, 48.4 38.4 1,585 1.7 57.7
15 Ly 48.6 38.6 616 1.7 15.7
15 L 53.3 433 5,000 1.6 >100

7
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Fig. 2 TI(dw) isotherms for POPC/SM membranes (a) and POPC/
SM/Cer bilayers (b) at 37°C. Solid/dashed-dottedlines correspond to
fits and dotted lines indicate the equilibrium bilayer separation for IT
= 0. Insets give schematics of the molecular organization

from hydration forces and bending undulations and mem-
brane attraction due to van der Waals interactions.
Hydration forces dominate at the highest osmotic pressures
investigated. As I1 decreases, steric repulsion due to ther-
mal undulations comes increasingly into play until van der
Waals attraction balances the disjoining pressures and the
system finally attains its equilibrium separation at IT = 0.
Because of the high bending rigidity of gel phases (~ 100
kgT), steric repulsion due to membrane undulations is
negligible for the Lj; phase. Thus, in the absence of osmotic
pressure, dyy is significantly smaller than in the L, phases
(Fig. 2b). Further, we found that the isotherms of the
coexisting phases cross each other at ~0.6 atm, upon
which the gel phase is more difficult to compress than the
L, phase. This signifies independent behavior of the
coexisting phases under osmotic pressure, as expected for a
macroscopically phase separated system.

To gain further insight, we analyzed the experimental
pressure isotherms as described in “Materials and Methods”
and by constraining the Hamaker constant to the theoretical
value of 4.3 x 1072! J (Podgornik et al. 2006). This concept
has been previously applied successfully in the context of
peptide—lipid interactions (Pabst et al. 2007a). The remain-
ing adjustable parameters in the present analysis are the
scaling constant Py, and the decay length of 4;, of hydration
forces, as well as the bilayer bending rigidity K. Fluctuation
pressures were neglected for the Lj; phase because of its large
Kc. For the L, phases the following protocol was applied: We
started with a fit of the Il > 1 atm data, which are dominated
by hydration interactions, using an estimate for K- and
adjusting Py, and 4, only. The resulting values were then fixed
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Fig. 3 Interaction potentials for POPC/SM bilayers (solid line) and
for the L (dashed line) and Lf, (dashed-dotted line) phases in POPC/
SM/Cer membranes

in a subsequent analysis of the full data range, with K¢ as the
only fitting parameter. The new bending rigidity was used in
a second analysis of the hydration interaction parameters for
IT > 1 atm. This cycle was repeated iteratively until satis-
factory fits of the isotherms were obtained (Fig. 3). The
resulting parameters (Table 1) are within the typical ranges
of Ay=1.3-2.1 Aand P;,=500-1,000 atm for the fluid phase
(Petrache et al. 1998). Further, the Py, values are up to about
one order of magnitude higher in the gel phase (Parsegian
and Rand, 1995). Hydration forces decayed with similar
constants for all studied systems. In agreement with previous
osmotic pressure measurements on gel-phase bilayers
(Parsegian and Rand 1995), the ij phase exhibited the
largest P}, value and consequently requires the largest work
for dehydration. The L{ phase exhibited the lowest Py,
Consequently, water can be removed most easily from this
phase.

In the following we focus on the bending rigidities. The
POPC/SM mixture yielded a bending rigidity of almost 60
kgT, which is significantly larger than the 20.5 kgT
reported for pure POPC membranes at 30°C (Kucerka et al.
2005). This can be related to the melting temperature of
pure SM bilayers, T, = 39.2°C (Mannock et al. 2003),
which is much higher than that of POPC membranes (T, =
—3.5°C) (Pabst et al., 2007b). Thus, SM, which would be
in the gel phase at 37°C, stiffens the POPC membrane.
Strikingly, the L phase turns out to be much softer than the
homogeneous POPC/SM membrane, although the mem-
brane thicknesses differ insignificantly. Its bending rigidity
of ~ 16 kgT closely resembles that of pure POPC (Kucerka
et al. 2005), considering temperature dependence and
experimental uncertainties. The softening can be rational-
ized by strong hydrogen bonding activity between

ceramide and SM (Castro et al. 2007). This strong coupling
leads to preferred pairwise interaction of SM and Cer,
whose mixture will be in the gel phase at 37°C because of
the high 7., of SM (Mannock et al. 2003) and Cer (Shah
et al. 1995). The consequence of SM/Cer enrichment in the
gel phase is a depletion of SM from the coexisting fluid
phase. The L{ phase is then mainly composed of POPC
and, hence, has a lower K¢ than the L, phase of the POPC/
SM mixture. The splitting of lipid composition into POPC-
rich and SM/Cer-rich phases is further supported by calo-
rimetric and infrared spectroscopic measurements (B.
Boulgaropoulos et al., unpublished).

An integration of the pressure isotherms yields the
interaction potentials, which are presented in Fig. 3.
Clearly, the Lj; phase has the deepest free energy minimum
and the steepest increase of the potential upon further
compression. Hence, the corresponding bilayers are
strongly coupled and exhibit the highest stability of all
studied phases. In comparison, the absolute value of the
minimum for the L, phases is about two times smaller.
Further, the interaction potential of the L phase is softer
than that of the homogenous POPC/SM mixture. This is a
consequence of the lower Kc.

Changes Within the Lateral Pressure Profile

In order to address the putative effect of the membrane
softening by SM depletion on membrane proteins, in the
next section we consider the lateral pressure concept put
forward by Cantor (1997). Further, we assume for sim-
plicity that the L phase is made up of pure POPC. The
lateral pressure profile describes the balance of lateral
pressures along the bilayer normal, z, given by the mini-
mization of the free energy with respect to the lateral area
(Ben Shaul 1995). Lateral pressures are defined as negative
at the water/lipid interface and exhibit mainly positive
contributions in the headgroup and the hydrocarbon tail
regimes (Fig. 4a). In a balanced, tensionless membrane, the
integral of all pressures along the bilayer normal is zero.
However, its first and second moments, which are defined

dg/2 dg/2
as Py = [ zp(z)dz and P, = [ Z2’p(z)dz, may differ
0 0

from zero. The first integral moment, which is the lateral
torque tension, is related to the monolayer bending rigidity
K¢ and the spontaneous curvature ¢ of the lipid monolayer
by Py = K{icy. The second integral moment is equal to the
gaussian curvature modulus, kg (Ben Shaul 1995; Seddon
and Templer 1995).

Based on our measurements, we can estimate the rela-
tive change of the first integral moment due to SM deple-
tion from the fluid phase. It is reasonable to assume that the
relative change of the monolayer bending rigidity is equal
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Fig. 4 Effect of present lateral pressure changes on the activity of ion
channels. a Applied simple geometric model, with a central pore of
radius ry and a maximum opening radius r,,,x. Opening is achieved by
decreasing the angle ¢, while keeping ry.« constant. Further, a
schematic of the lateral pressure profile is presented. b Fraction of
open channels in the L phase with respect to those in the L, phase of
POPC/SM membranes. Calculations were performed as a function of
the inner pore diameter of the open channel, using 7§ =2 A, P =
18 A and d =48.5 A. Gray area gives the range of fractions between
AP, = 0.27 kBT/A (upper boundary) and AP; = 1.08 kBT//DX (lower
boundary) for AP, = 0 kgT. Additional lines show the effect of
various AP, > 0 and AP, = 0.27 kBT/A. Equal AP, values lead to
insignificant changes of f for AP, = 1.08 ksT/A

to that of the bilayer bending rigidity. Hence, AK{! /K =
—0.73 (Table 1). No ¢ data have been reported for POPC
and SM. Both are bilayer-forming lipids and their sponta-
neous curvatures will be larger than that of dioleoyl
phosphatidylcholine (Zimmerberg and Kozlov 2006) but
slightly smaller than zero. However, because of the kink
induced by the single cis double bond at the ninth carbon of
the sn-2 fatty acid chain, POPC can be expected to have a
slightly more negative curvature than SM. In order to get
an upper limit for the spontaneous curvature change, we
assume (1) cfOP€ =2¢5M and (2) that the spontaneous
curvature of the POPC/SM membrane is given by the
average sum of the individual lipids. Then, Acy/cy = 0.33,
leading to AP;/P; = —0.4 as a lower limit of the relative
change of lateral pressure. Further, AP;/P; = —0.73 is the
upper limit in case of a negligible difference of ¢, between
SM and POPC.

Since P; < 0 for the present lipid systems (POPC and
SM both have negative c), the transfer of SM to the Cer-
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rich Lj phase consequently leads to a net increase of the
lateral torque tension within the L{ phase (AP; > 0). In
other words, there is a redistribution of repulsive lateral
pressures from the bilayer interior toward the lipid/water
interface. This is again due to the kink of the monounsat-
urated fatty acid chain of POPC, whose contribution to
lateral pressure is naturally more expressed in pure POPC
than in the POPC/SM mixture. In order to estimate the
expected range of AP; we apply P; = —0.4 kgT/A from a
recent molecular dynamics simulation on POPC at 37°C
(T. Stockner, private communication). Using our above
derived estimates for AP,/P, we then calculate —0.67 kgT/
A< P, <-148 kBT/;% for POPC/SM equimolar mixture.
Consequently, AP, varies between 0.27 and 1.08 kgT/A in
the fluid phase, due to the transfer of SM to the L phase by
ceramide.

Consequences for the Activity of Ion Channels

Next, we consider a neurotransmitter-gated nicotinic ace-
tylcholine receptor as an example of a typical ion channel.
Its transmembrane domain is composed of a bundle of five
bend o-helices, and the channel opens by a right-handed
rotation of the helices (Unwin 1995, 2005). The simplest
geometric model of such an ion channel is that of an
hourglass with a central pore located at the middle of the
bilayer. Hence, the pore opens, simply increasing the radius
in the center of the channel rq, while the outer radius of the
bundle r,,x remains constant. Additionally, we assumed
for our calculations that the conformational changes are
symmetric with respect to the center of the membrane.
Following Cantor (1999b), we derived the change in
conformational equilibrium of our model of an ion channel
due to the above estimated minimum and maximum
changes of P; for a range of pore sizes (see “Materials and
Methods”). Figure 4b shows the corresponding fractions of
open ion channels in the L{phase relative to those in the L,
phase of the POPC/SM mixture. Because the open pore
size of the ion channel is not well known, results are
plotted for a range of central pore diameters. Calculations
are based on the assumption that 95% of the channels are
open prior to the generation of ceramide, i.e., Ky = 5/95
(see Eq. 2). Further, according to structural data (Unwin
1995), the outer channel radius was set to 18 A. The inner
radius of the closed pore was defined as 2 A and the
membrane thickness was given by the average experi-
mental value of 48.5 A (Table 1). Results show that
opening of the ion channels is significantly inhibited under
the present changes of lateral pressure. At an open pore
size of 6 A f ~ 0.8 for AP, = 0.27 kgT/A and f ~ 0.013
for AP; = 1.08 kgT/A, which means that the range of open
ion channels varies between 76% and 1%, if 95% were
open initially. The fraction of open states vanishes rapidly
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for larger pore sizes, in particular for the larger AP,. This is
due to the larger amount of mechanical work necessary to
change the protein conformation against the lateral pres-
sure change. Unwin (1995) reported a minimum pore
diameter of ~10 A for open nicotinic acetylcholine
receptors of Torpedo ray postsynaptic membranes. Our
calculations predict that at least 85% of these channels will
be inhibited under the present circumstances. We further
considered the effect of changes in the second moment of
the lateral pressure profile, i.e., the gaussian curvature
modulus, kg (Seddon and Templer 1995). Motivated by
optical kg measurements of liquid ordered and liquid dis-
ordered domains on lipid vesicles (Baumgart et al. 2005),
AP, should be >0 in the present case. Such changes lead to
an increase of f (Fig. 4b), most significantly for the smaller
AP; estimate.

Although we have deliberately excluded cholesterol
from the present study, it is interesting to briefly consider
its potential effect on the present scenario. Ceramide has
been reported to displace cholesterol from rafts at low
cholesterol concentrations, while high cholesterol concen-
trations are able to dissolve the Cer-enriched gel domains
(Castro et al. 2009). In the absence of ceramide, cholesterol
is predicted to lead to a decrease of lateral pressures near
the lipid/water interface (Cantor 1999a). This is at least
qualitatively the opposite effect of removing SM from fluid
POPC bilayers, as in the present case. Hence, we expect
that the addition of cholesterol would counteract the inhi-
bition of the ion channel. In support of this argument,
cholesterol has been reported to be an essential membrane
component for the activation of nicotinic acetylcholine
receptors (Rankin et al. 1997).

Finally, we did not study the effect of membrane pro-
teins on the membrane properties. Obviously, it can be
expected that this affects the lateral organization and the
bulk properties of the coexisting domains. For example, it
has been shown previously that the insertion of peptides
into membranes leads to a decrease of membrane rigidity
(Pabst et al. 2007a; Pan et al. 2009). Thus, the initial state
of the membrane, i.e., prior to the generation of ceramide,
will differ from our experimentally studied system, which
does not contain a membrane protein. It is presently not
clear if the changes in lateral pressure profile are on the
same order if the membrane contains a protein. However,
this is certainly an option. In this case, the relative changes
discussed above would be the same. Future studies planned
in our laboratory will address this point.

Conclusions

We have demonstrated that the addition of Cer to POPC/
SM model membranes leads—compared POPC/SM

mixtures—to a distinct softening of the L, phase. This fluid
phase coexists with a gel phase, and its lower K is due to a
depletion of SM, which is recruited by Cer to the gel phase.
The fact that K¢ is close to a recently reported value of
pure POPC (Kucerka et al., 2005) further supports the
notion that the L phase is enriched in POPC. The increase
of membrane flexibility induced a net shift of lateral
pressures within the hydrocarbon region toward the lipid/
water interface. First-order approximation calculations for
nicotinic acetylcholine receptors showed that this may
significantly inhibit the activation of ion channels, which
are not located in the ceramide-stabilized membrane rafts.
Our study, therefore, showed that Cer generation not only
affects the stability of membrane rafts and signaling com-
plexes but is also able to strongly influence the functioning
of membrane proteins which are not associated to raft
structures.
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