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Ceramides play a key modulatory role in many cellular processes, which results from their effect on the structure
and dynamics of biological membranes. In this study, we investigate the influence of C16-ceramide (C16) on the
biophysical properties of DMPC lipid bilayers using solid-state NMR and atomistic molecular dynamics (MD)
simulations. MD simulations and NMR measurements were carried out for a pure DMPC bilayer and for a 20%
DMPC-C16 mixture. Calculated key structural properties, namely area per lipid, chain order parameters, and
mass density profiles, indicate that C16 has an ordering effect on the DMPC bilayer. Furthermore, the simulations

é(g:/rsirg: predict that specific hydrogen-bonds form between DMPC and C16 molecules. Multi-nuclear solid-state NMR
DMPC was used to verify these theoretical predictions. Chain order parameters extracted from *>C— 'H dipole couplings
MAS NMR were measured for both lipid and ceramide and follow the trend suggested by the MD simulations. Furthermore,
MD simulation TH-MAS NMR experiments showed a direct contact between ceramide and lipids.

Lipid raft © 2014 Elsevier B.V. All rights reserved.
1. Introduction carbon atoms, while long-chain ceramides may consist of more than

Ceramides are important bioactive sphingolipids that act as second
messengers in cell signal transduction [1,2]. Hence, they play important
roles in facilitating and modulating many cell processes including
apoptosis, differentiation, and senescence [3-6]. The mechanism that
underlies the physiological role of ceramides has not been completely
clarified yet, and thus remains a subject of active research. Recent studies
have indicated that this modulatory role is related to the effect that
ceramides have on cellular membranes, especially in regard to lipid
rafts [7]. Rafts are rigidified membrane domains, formed by clustering
of sphingomyelin with cholesterol. In these rafts, cholesterol fills
the hydrophobic space inside the sphingomyelin bilayer, resulting in a
more compact membrane [8]. Several studies have indicated that in
the course of signal-transduction processes rafts become larger and
enriched in ceramide, as a result of the hydrolysis of sphingomyelin,
catalyzed by the enzyme sphingomyelinase (SMase) [9]. These domains
are thought to diffuse dynamically along the membrane, and form larger
macro-domains called ceramide-enriched platforms. It has been pro-
posed that ceramide macro-domains are important to help receptors to
transmit signals across the membrane [10-13].

Ceramides have a fatty-acid chain that is connected to a sphingosine
base by an amide bond. The fatty-acid chain lengths found in nature
vary from 2 to 28 carbon atoms, in both saturated and unsaturated
forms. Short-chain ceramides contain acyl chains with less than 8-10
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10-12 carbons [14,15]. Free ceramides occur mainly in the stratum
corneum [16], which is the outermost layer of the skin. They are also
found in membranes in small amounts, as metabolites or precursors of
other compounds [1,2]. Several published studies have investigated
how ceramides behave and organize themselves in membranes [14,
17-26]. Lateral phase separation into a ceramide-dominated gel and a
phospholipid-dominated liquid crystalline phase have been observed
in some cases [17,18,26]. Studies on cell cultures have also indicated
that ceramides located in cell membranes can form domains [19].
Several methods have been applied to understand the influence of
ceramides on the physical properties of lipid bilayers. Fluorescence
anisotropy studies have indicated that phospholipids tend to be more
ordered in the presence of ceramides [20,23,25]; similar observations
have been made using NMR, specifically for ceramides with 16-carbon
chains, or C16-ceramide, in DPPC and POPC bilayers [21,22,27]. The
latter studies indicated that C16 induces a phase separation only in
the gel phase; above the lipid main phase transition, C16 diffuses into
the phospholipid bilayer and promotes the ordering of the lipid chains.
This ordering effect has also been observed in molecular dynamics (MD)
simulations of POPC-C16 mixtures [24]. Studies based on both NMR and
MD simulations have therefore shown that C16 influences the physical
properties of several phospholipid membranes. However, not much is
known about the direct interactions formed between lipids and C16.
Here, we characterize the effect of C16-ceramide on DMPC lipid
bilayers. DMPC is a saturated phospholipid with 14 carbon atoms in
each fatty-acid chain (Fig. 1a). This makes DMPC a good match for C16
(Fig. 1a). DMPC is also often used as a model lipid in solid-state NMR
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Fig. 1. (a) Chemical structures of DMPC and C16-ceramide. (b) Snapshots of the MD
simulations of pure DMPC (top) and mixed DMPC/C16 (20%) bilayers (bottom), at
100 ns. The DMPC bilayer system contained 128 lipid molecules (green) and 3655
water molecules (blue). The mixed DMPC/C16 bilayer system contained 102 lipid mole-
cules, 26 C16 molecules (red) and 3655 water molecules. C16 is fully incorporated into
the DMPC bilayer. The temperature of the simulations was 310 K.

studies, and has been extensively characterized. Therefore this lipid
type is an ideal choice for ceramide-lipid interaction studies. Further-
more, C16 is known to be one of the main components of the natural
ceramide pool [2]. Our methodological approach is based on atomistic
MD simulations, by which we gain specific insights that are verified
and expanded by solid-state NMR experiments. In the following, we
show that C16 causes a significant ordering effect on DMPC membranes,

which is associated with the formation of H-bonded C16-DMPC com-
plexes dissolved within fluid lipid bilayers. Experimental evidence de-
rives from 'H-MAS-NMR, and 'H-NOESY-MAS measurements, as well
as from the determination of dipolar C—H order parameters.

2. Materials and methods
2.1. Sample preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-
d54-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9
(DMPC-dg7) and N-palmitoyl-p-erythro-sphingosine (C16-ceramide;
C16) were obtained from Avanti Polar Lipids and used without further
purification. Liposome samples were prepared following standard
procedures [28]. The appropriate amounts of DMPC and C16 (usually
20:4 mg/mg) were co-dissolved in chloroform (5 mL) and shaken
until a clear solution was obtained. The bulk solvent was evaporated
under a stream of nitrogen gas and subsequently dried overnight in a
rotary evaporator under high vacuum, resulting in a dry lipid-substrate
film. Samples were rehydrated slowly inside a round-bottom flask by
adding 1 mL of water under slow rotation until a multi-lamellar disper-
sion was formed. Hydrated samples were transferred to an Eppendorf
tube and pelleted by centrifugation for 1 h at 16,060 g. Bulk water was
removed and samples were dehydrated by lyophilisation followed by
another rehydration step through direct addition of 10 pL of water. In
our experience, this additional step, which hydrates the bilayer suffi-
ciently but avoids bulk water, is required to obtain the best-resolved
MAS-NMR spectra of lipid vesicles. Four freeze-thaw cycles were per-
formed between temperatures that were below and above the transition
temperature of the lipids, to obtain more homogeneous liposomes.
Finally, samples were transferred to a Bruker 3.2 mm MAS-NMR rotor.

2.2. MD simulations

A pure DMPC bilayer and a DMPC bilayer containing 20% C16 were
simulated for a total of 100 ns each. The pure DMPC bilayer consisted of
128 lipids and 3655 water molecules. Initial coordinates were kindly pro-
vided by Tieleman et al. (http://wcm.ucalgary.ca/tieleman/downloads).
To model the mixed bilayer, 26 DMPC molecules were randomly chosen
after a 10 ns equilibration of the pure bilayer, and replaced by ceramide
molecules. The initial position of the ceramide molecules in the bilayer
was such that their centers of mass coincided with those of the replaced
DMPC lipids. Energy minimizations were used to remove steric clashes
prior to the molecular dynamics simulation.

The force-field parameters used for DMPC are those developed by
Berger et al. [29]. For the ceramide acyl chains, we adapted the bonded
and non-bonded interaction parameters used for DMPC, and for the
ceramide head group we adapted parameters for equivalent chemical
groups from the GROMOS87 protein force-field (Fig. S1) [30]. The
SPC water model was used. All simulations were performed using
GROMACS 4.0.3 [30] using LINCS to constraint bond-lengths involving
hydrogen atoms.

Periodic boundary conditions were applied in three dimensions.
Short-range Coulomb and van-der-Waals interactions were cut-off at
11 A. The Particle-Mesh-Ewald algorithm was used to calculate long-
range electrostatic interactions (no dispersion correction was used).
Neighbor lists were updated every 5 integration steps using the grid
method. Both simulations were carried out at a temperature of 310 K
(i.e. above the DMPC gel-to-liquid crystalline transition temperature
of ~297 K) and 1 bar of pressure, using the Nosé-Hoover thermostat
and a semi-isotropic Parrinello-Rahman barostat. The time constants
of the thermostat and barostat were 0.1 and 1 ps, respectively.

From the MD trajectories it is possible to quantify several observ-
ables that characterize the structure and dynamics of the membrane.
Bilayer widths and mass-density profiles, carbon-hydrogen (C—H)
order parameters, and hydrogen-bonding patterns between ceramide


http://wcm.ucalgary.ca/tieleman/downloads

B. Dutagaci et al. / Biochimica et Biophysica Acta 1838 (2014) 2511-2519 2513

and lipid molecules were analyzed using standard tools available in
GROMACS 4.0.3 [30], using the last 90 ns of each simulation. To calculate
the area per lipid, we employed a methodology based on the tessellation
of each monolayer into Voronoi cells [31], at each simulation snapshot,
on account of the fact that ceramide and lipids occupy different
volumes. Following Pandit et al. [32], we used the XY coordinates of
three specific atom types per lipid/ceramide molecule to perform a
Delaunay triangulation [33]. The atoms selected represent the location
of the acyl tails and the head group of both DMPC and ceramide. For
C16, these atoms are C2’, C3’ and C1”; for DMPC, we used C1 in both
chains and Cg2 in the glycerol backbone. By combining the set of
triangles assigned to each of the atoms in a given molecule, Voronoi
polygons for that molecule were then obtained, whose total area is the
area covered by that molecule at that particular time-point in the
simulation. This analysis thus results in a set of molecular areas for
each monolayer and for each simulation snapshot, which were
combined and are represented as probability distributions (Fig. 3). To
reduce boundary artifacts, the Delaunay triangulation was carried out
on an extended simulation box that includes periodic images in both
+X and £Y directions. Delaunay triangles and Voronoi diagrams
were calculated using triangle [34]. A Python script was developed to
calculate areas and probability distributions.

2.3. Solid state NMR

All experiments were carried out using a Bruker Avance Il 850 WB
spectrometer operating at a proton Larmor frequency of 850 MHz. A
Bruker 3.2 mm MAS HCN probe head was used for all measurements.
Dipole order parameters were determined by separated local field spec-
troscopy based on PISEMA as described by Sandstrom and co-workers
[35,36] using amplitude modulated FSLG-CP during t;. For FSLG-CP, a
42 kHz 'H field was used. Spectra were recorded at 10 kHz sample
rotation rate with 4096 points in the chemical shift and 256 points in
the dipolar dimension. A recycle delay of 3 s was used. Proton decoupling
during acquisition was 80 kHz. Dipole couplings were determined by
correcting the observed dipolar splittings by the FSLG scaling factor
(0.577 for CH, 0.816 for CH,). The order parameters (Scy) were calculated
from the ratio between measured and static dipole couplings (21.5 kHz
for single C—H bond) [35]. 'TH NMR spectra were recorded using
10 kHz sample rotation rate, 51 ms acquisition time and 10 kHz band-
width and a recycle delay of 3 s. For 'H-MAS NOESY (Nuclear
Overhauser effect spectroscopy), a bandwidth of 17 kHz for both direct
and indirect dimensions was used. Signal acquisition was carried out by
the TPPI method with acquisition times of 40 ms for direct and 15 ms for
indirect dimensions. Proton chemical shift referencing was done inter-
nally for each spectrum with respect to TMS via the terminal methyl
group of the lipid chains at 0.89 ppm. A temperature calibration under
MAS-NMR conditions was carried out by observing the known phase
transition of DMPC in 'H-MAS NMR spectra (Fig. S2).

3. Results
3.1. MD simulations

To investigate the effects of C16 on DMPC bilayers at the molecular
level, we carried out MD simulations of a pure DMPC bilayer as well as
of a DMPC bilayer that contains 20% ceramide. After 100 ns of simula-
tion, snapshots of both systems revealed apparent differences in the
structure of the two membranes, as illustrated in Fig. 1b. In the presence
of ceramide, DMPC molecules seem to be more closely packed and the
bilayer appears to be thicker. To characterize and rationalize this
change, we quantified the influence of C16 on the area per lipid, the
mass-density profile along the membrane normal, the acyl-chain
order parameters and the inter-molecular hydrogen-bonding pattern.
These results are summarized in Table 1.

Table 1

Summary of simulated trajectory analyses for DMPC and DMPC/C16; total bilayer area (in
the XY plane), area per lipid, bilayer width (along Z-axis), and numbers of hydrogen-
bonds. Note that a DMPC molecule has 9 potential hydrogen-bond acceptors and no
donors. C16-ceramide has 3 potential donors and 4 potential acceptors (Fig. 4a).

DMPC DMPC/C16 (20%)

Membrane structure

Total bilayer area (A%) 3956 + 27 3151 + 60
Area per lipid (A%) 61.1 + 03 51.0 + 1.0
Area per ceramide (A%) - 403 £+ 05
Bilayer width (A) 323 +02 40.0 + 04
Number of H-bonds

DMPC-water per DMPC molecule 6.1 + 0.1 56 + 0.2
C16-water per C16 molecule - 09 + 0.1
C16-DMPC (total) per C16 molecule - 26 +0.1
C16 (1-OH)-DMPC per C16 molecule - 0.87 + 0.06
C16 (3-OH)-DMPC per C16 molecule - 0.88 + 0.06
C16 (NH)-DMPC per C16 molecule - 0.81 £+ 0.05
C16-C16 (intra) per C16 molecule - 0.06 + 0.04
C16-C16 (inter) per C16 molecule - 0.10 + 0.04

3.1.1. Area per lipid

To calculate the area per lipid, we used a Voronoi tessellation
method based on a Delaunay triangulation, to account for the fact that
DMPC and C16 do not occupy the same volume (see the Materials and
methods section). The outcome of this calculation is a time-series of
area values for each molecule in each monolayer, from which a global
average and a probability distribution for either molecule type can be
obtained. In Fig. 2a we compare these probability distributions for the
pure and mixed bilayers. For the pure DMPC, the calculated area per
lipid is 61.1 A2, in good agreement with the value of 60.6 A reported
by Kucerka et al. [37]. For the DMPC-C16 mixture, the area per DMPC
lipid dropped to 51.0 A2. The area per ceramide molecule was also calcu-
lated for the mixture, and it was found to be 40.3 A2. Thus, replacement
of DMPC lipids by ceramide molecules not only decreases the total area
of the membrane patch, not only because ceramide requires a smaller
area per molecule, but also because it diminishes the area occupied by
the DMPC lipids, on average. Altogether, the effect of ceramide is a
membrane bilayer that is significantly more densely packed.

3.1.2. Bilayer width

Fig. 2b shows mass-density profiles along the perpendicular of
membrane plane, both for the complete atomic system as well as for
water only, extracted from the simulations of the pure DMPC bilayer
and the DMPC-ceramide mixture. Like the area-per-lipid data, these
profiles are obtained for each snapshot in the simulated trajectory,
and subsequently time-averaged. Both profiles feature two density
peaks, which reflect the extent of the head-group region in each leaflet.
The bilayer width can be therefore defined by the distance between
these two peaks. It is clear from Fig. 2b that the width of the mixed
bilayer is considerably greater than that of the pure DMPC membrane.
Specifically, the calculated width of the pure bilayer is 32.3 A, while
for the mixture this value increased to 40.0 A. This increase in bilayer
thickness is consistent with the reduction in the area-per-lipid, which
logically results in an elongation the volume occupied by each molecule.

3.1.3. Chain order parameters

Lipid order parameters provide information about the anisotropy in
the arrangement of the acyl chains, which is related to their mobility.
These order parameters are averages over time and over molecules of
the same type, and are generally derived for each carbon atom along
the chain, from the angle of the corresponding C—H bond with respect
to the bilayer normal. Values closer to O reflect greater isotropy and
therefore greater mobility, while values closer to 1 reflect ordering of
the acyl chains in configurations parallel to the bilayer normal. Fig. 3
shows the calculated order parameters for the two acyl chains of
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Fig. 2. (a) Probability distribution of the area per lipid for pure DMPC (top) and DMPC/C16
mixtures (bottom). Within mixed bilayers, the area per DMPC is reduced to 51.0 + 1.0 A
in the presence of C16 compared to 61.1 - 0.3 A? for pure DMPC, as calculated by Voronoi
analysis of MD simulation trajectories. (b) Mass density profiles along the perpendicular of
the membrane plane for the complete systems (blue: DMPC, green: DMPC/C16) and for
water only (red: DMPC, cyan: DMPC/C16). Total mass density profiles reveal a bilayer
thickness of 32.3 + 0.2 A for DMPC, which is enlarged to 40.0 + 0.4 A in the presence of
20% C16. This change is reflected in the water density profile for both samples.

DMPC in each simulation system, as well as for the acyl and sphingosine
chains of ceramide in the mixed bilayer. It is apparent that the ordering
of the hydrocarbon chains in DMPC increases in the presence of
ceramide. The order parameters of the two ceramide chains are similar,
and greater than the order parameters of the DMPC chains in the pure
lipid bilayer, which are also similar to each other. However, in the
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Fig. 3. (a) Calculated segmental Scy; order parameters of DMPC alone and in the DMPC/C16
(20%) mixture. The simulations predict a significantly higher lipid order in the presence of
C16-ceramide. (b) Calculated segmental Scy; order parameters of C16 in the DMPC/C16
(20%) mixture. Ceramide molecules show a slightly higher degree of order compared to
DMPC in the mixture.

mixed bilayer the ordering of the DMPC chains increases markedly.
These data are consistent with the above-mentioned reduction in the
area-per-lipid and the thickening of the membrane as a result of the
introduction of ceramide.

3.1.4. Hydrogen-bonding interactions

The pronounced effect of C16 on the DMPC bilayer raises the question
of whether specific interactions between these two molecule types
occur. To address this question, we analyzed the formation of persistent
hydrogen bonds between C16 and DMPC molecules in the simulated
mixed bilayer. Potential H-bond donors in C16 (D1/NH, D2/1-OH, D3/
3-OH) and acceptors in DMPC (A1-A8) are shown in Fig. 4a. All possible
donor-acceptor interactions were monitored individually. To quantify
the likelihood of a particular H-bond, we annotated whether that bond
was formed or not in each of the snapshots of the simulated trajectory,
and then calculated a time averaged number of H-bonds. The results
are shown in Fig. 4b. The data show that the three donors in C16 form
H-bonds almost constantly, but not all acceptors in DMPC contribute
equally. The first hydroxyl group in the sphingosine chain (D2) forms
H-bonds primarily with accepting oxygen atoms in the DMPC phosphate
head-group (A8) whereas the amide (D1) and the second hydroxyl
group (D3) form H-bonds typically with the carbonyl oxygen atoms in
the glycerol backbone of the DMPC chains. The most likely H-bonds,
e.g. defined as those exceeding a probability threshold of 0.2, are
between Al and D1/D2/D3, A2 and D1, A3 and D1, and A8 and D2
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(highlighted in Fig. 4a). Especially A1-D3 (O--HO) and A8-D2 (O-HO)
were observed to be highly populated.

The occurrence of water-DMPC, water-C16, and C16-C16 H-bonds
was also analyzed. On average, a given C16 molecule accepts only one
H-bond donated by water, despite the fact that it has four potential
acceptors (three of which are also donors). The number of hydrogen
bonds between C16 molecules was negligible, consistent with the fact
that no ceramide clusters or domains were formed within the time-
scale of the simulation (the distribution of pairwise distances between
C16 molecules is centered around 25 A). Interestingly, the simulations
indicate that the hydrogen bonds formed between C16 and DMPC do
not disturb the interactions of DMPC with water drastically. DMPC
molecules have no hydrogen bond donors, only acceptors. Therefore,
hydrogen bonds between DMPC molecules were not observed. However,
for pure DMPC, on average 6 of the 9 possible acceptors were engaged in
H-bonds donated by water molecules. In the DMPC-C16 mixture, this

number decreased only slightly, to about 5.5 H-bonds per DMPC
molecule.

In summary, analysis of hydrogen-bonding patterns in the mixed
bilayer simulation underscores the existence of persistent close-range
interactions between both the head groups and the chains of C16 and
DMPC, explaining the noticeable effect of C16 on the order parameters
of the DMPC acyl chains, and thus on the morphology of the membrane.

3.2. Solid-state NMR

The MD simulations outlined above predict an increase in lipid order
in the presence of ceramide and also specific lipid—ceramide interactions.
Here, solid-state NMR is applied to verify these findings.

3.2.1. 13C-"H dipolar order parameters

Lipid and ceramide order parameters were determined by '*C-'H
dipolar separated local field spectroscopy based on the PISEMA experi-
ment [35,36]. Spectra recorded at 325 K are shown in Fig. 5. At this
temperature, both C16 and DMPC are in a fluid phase within the mixture
as visible from "H-MAS NMR spectra (see below). Order parameters Scy
were calculated from the dipole splittings and are plotted against the
corresponding carbon position to yield an order parameter profile
(Fig. 5d). In the presence of 20% C16, the lipid chain order increases
(for carbons 4-11 from 0.25 to 0.29), while glycerol backbone and
headgroup are unaffected. The order parameter of the acyl chain of
C16 itself was determined by replacing DMPC with DMPC-dg. In this
sample, only dipole splittings from protonated C16 are visible (Fig. 5¢).
Their order parameters are similar to those of DMPC in the mixed
bilayer. These data confirm the trend observed in the MD simulations
(Fig. 3). C16 has an ordering effect on DMPC, but the chain order of
both C16 and DMPC in the mixed bilayer is smaller than that observed
in the simulations (Fig. 3).

3.2.2. "TH-MAS NMR

To further disentangle the effect of C16 on DMPC lipid bilayers,
temperature dependent 'H-MAS NMR spectra were recorded (Figs. 6
and S2). The main lipid phase transition can be conveniently derived
from the lipid CH, resonance, which shows severe broadening due to
strong '"H-"H dipole couplings in the gel phase, but narrows remarkably
in the liquid crystalline phase due to fast rotational diffusion and trans-
gauche isomerization. Upon addition of 20% C16, the DMPC phase
transition raises by 10 K from around 300 to 310 K (Fig. S2). As noted
previously [38], C16-ceramide alone shows a much higher phase
transition around 370 K (Fig. 6a), which decreases to around 320 K in
the mixed bilayer, which is close but not identical to the DMPC phase
transition temperature (Fig. 6¢). Here, deuterated DMPC-dg; was used
in order to make the C16 protons better visible in the mixture. In this
sample, only glycerol backbone protons g1, g2 and g3 remain protonated
(Fig. 6b). The proton spectra of the DMPC-dg;/C16 (20%) mixture are in
principle a superposition of the individual C16 and DMPC-dg; spectra,
but one additional resonance at 3.25 ppm (labeled A in Fig. 6¢) occurs.

Based on our MD simulations, we predicted potential H-bond forma-
tion between C16 and DMPC involving NH and OH groups in C16 as
proton donors (Fig. 4). In order to observe these exchangeable sites,
experiments in H,O and D,0 were carried out (Fig. 6d). The NH proton
is observed in both C16 and DMPC-dg,/C16 (20%) in H,0 at 6.8 ppm but
disappears in D,0. In contrast, resonance A is only observed in the
mixture under both H,0 and D,0 conditions. For deuterium exchange
experiments, samples were first measured in H,O followed by solvent
exchange. This resonance is tentatively assigned to an OH proton. OH
protons are usually difficult to observe due to exchange with bulk
water. However, exchange can be slowed down by several orders of
magnitudes if the proton is involved in a hydrogen bond. In organic
solvent, OH of C16 was detected at 2.7 ppm [39]. The fact that the
chemical shift observed here at 3.25 ppm only occurs in the mixture
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13C spectra of DMPC and DMPC-dg7/C16 (20%), respectively. The order parameters are plotted along the lipid carbon positions (d). Resonance b in C16 corresponds to the main CH, signal,
but the other resonances are not assigned and are therefore plotted as “smoothed” order parameter profile in order of increasing chemical shift. Both C16 and DMPC show a similar degree
of chain order, which is higher than pure DMPC. All spectra were recorded at 325 K. At this temperature, both C16 and DMPC are within a fluid phase within the mixture as judged from
TH-MAS NMR spectra (Fig. 6). Dipolar couplings were calculated by dividing the dipolar splittings by the FSLG scaling factor (0.577 for CH and 0.816 for CH,). Order parameters were
calculated from the ratio of the measured dipolar couplings to the rigid single bond '*C~"H bond dipolar coupling (21.5 kHz [35]).

and that it is observed in both D,0 and H,O0 indicates that this proton is
involved in a H-bond with DMPC.

To probe for direct C16-DMPC interactions, 'H-NOESY MAS NMR
spectra of DMPC-dg;/C16 (20%) were recorded. This method has been
shown to offer valuable insight into intermolecular interactions within
fluid lipid bilayers [40]. A series of NOESY spectra at different tempera-
tures above 300 K and mixing times between 50 and 1000 ms were
recorded. As seen in Fig. 6e, cross-peaks between A and C16 as well as
DMPC protons are observed at 310 K and 200 ms mixing time. Unfortu-
nately, the remaining protons g1, g2 and g3 of DMPC-dg; partially over-
lap with the C16 protons under these conditions. To reduce spectral
overlap, a temperature of 340 K was chosen at which DMPC and C16
resonances are better separated (Figs. 6 & 7a). Here, unambiguous inter-
molecular correlations between g1 and g2 in DMPC and a number of
ceramide protons are observed at long mixing times (1000 ms). This
long mixing time was needed to observe long-range intermolecular

contacts. Unfortunately, cross-peaks between A and C16 and DMPC
are much reduced under these conditions, but our data show clearly
through-space contacts between DMPC and C16 compatible with the
H-bonding pattern observed in the simulations.

4. Discussion

Ceramides are known to play an important role in many cell processes.
They induce the formation of macro-domain platforms from rafts and
consequently act as second messengers in cellular signal transduction
[1,2,9]. This role has been attributed to their effect on the physical
properties of cell membranes [7]. Several studies have shown that
ceramides induce lateral phase separation in lipid membranes into
ceramide-assisted gel phase and phospholipid-assisted liquid-crystalline
phases [17-19,26]. It was also shown that ceramides have a large effect
on order parameters of phospholipid chains [20-25]. Fluorescence
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Fig. 6. (a) Temperature dependent "H-MAS NMR spectra of C16 (a), DMPC-dg; (b) and DMPC-dg;/C16 (20%) (c). The main phase transition temperature of pure C16 as estimated from the
(CH,),, resonances is found around 370 K (a) but is lowered significantly to around 320 K in the mixture (c). This value is slightly above the phase transition of the lipids in the mixtures,
which itself is elevated compared to pure DMPC (see Fig. S2). The proton spectrum of the mixture is in principle a superposition of lipid and C16 resonances, but one additional peak at
3.25 ppm, labeled ‘A’, appears (¢). Comparing spectra in H,0/D,0 reveals exchangeable sites such as the NH resonance (d). The peak A is tentatively assigned to the C16 OH proton involved
in a H-bond with DMPC (see Fig. 4). (e) "H-MAS NOESY spectrum of DMPC-dg7/C16 (20%) in D,0 recorded at 310 K, 10 kHz sample rotation rate and a mixing time of 200 ms. At this
temperature and mixing time, resonance A shows a number of cross peaks, with DMPC and C16 supporting our interpretation that A originates from 1-OH or 3-OH in C16 involved in
a H-bond to DMPC. The C16 'H resonance assignment is based on solution-state NMR data for C18-ceramide and C16-dihydroceramide [39]. The assignment of DMPC is based on [49].

polarization studies predicted that ceramides increase the order of
phospholipids [20,23,25] and 2H NMR studies showed the effects on
segmental order parameters [21,22].

The aim of this study was to probe the effect of C16-ceramide on
DMPC lipid bilayers using MD simulations, and to verify the computa-
tional findings by solid-state NMR. Our simulations show a strong
ordering effect of C16 on DMPC, indicated by a reduction in the average
area per lipid (Fig. 2a), increased bilayer thickness (Fig. 2b) and
increased chain order parameters (Fig. 3). These findings are in qualitative
agreement with the NMR measurements, which also reveal a clear
ordering effect (Fig. 5). The extent of this effect, however, is more
pronounced in the simulations than in the experiment (Fig. S3). For
example, the measured change in the DMPC order parameters in the
presence of C16, interpreted via the diamond-lattice model [41]
would imply a reduction in the area per lipid of about 4 A2; the value
computed directly from the simulation is about 10 A% However, given
the fact that the force-field parameters used for C16 were not specifically
optimized to reproduce any experimental data, this quantitative dis-
crepancy is not unexpected.

The simulations reveal no significant orientational bias on the DMPC
head-groups induced by ceramide at the concentration studied (20%).

For example, the characteristic tilt-angle of the P-Cg, vector in the
DMPC head-group relative to the membrane normal changes from
31.1° in pure DMPC to 30.0° in the mixture, indicating that at low
ceramide concentrations the mechanism of perturbation of the bilayer
does not primarily involve the lipid head-groups. We cannot rule out,
however, that the lipid head-groups will also be perturbed in mixtures
richer in ceramide. Indeed, an earlier simulation study of the effect of
ceramide on sphingomyelin (SM) bilayers shows significant changes
in the SM head-group tilt-angle when the ceramide fraction is 50% or
greater [42].

Instead, our simulations indicate that H-bonds between C16 and
DMPC are the primary interaction mechanism between these species
(Fig. 4); consistently, the NOESY data demonstrates unambiguous
contacts between C16 and DMPC (Fig. 7). Intermolecular hydrogen-
bonding is thought to be an important factor for the formation of
phospholipid-sphingolipid complexes [43], but previous studies have
not provided strong evidence for this type of interactions between
ceramides and phospholipids. Several studies, though, have indicated
that hydrogen-bonds occur between ceramide and water and ceramide
itself [39,44,45], as well as between ceramide and sphingomyelin [42,
46]. For example, the abovementioned simulation study of ceramide-
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Fig. 7. 'TH-MAS NOESY spectrum of DMPC-dg;/C16 (20%) in D0 recorded at 340 K, 10 kHz sample rotation rate and a mixing time of 1000 ms. An analysis of intermolecular DMPC—
ceramide cross peaks was restricted to DMPC protons g2 and g1b, which show no overlap with ceramide proton resonances (see top insert). A number of intermolecular contacts have
been observed, such as correlations between protons g2 and g3 in DMPC with protons CH,, 3", 2", 6/,4” and 5’ in C16. Cross peaks are highlighted with red boxes. Unambiguously assigned

lipid and C16 resonances are highlighted in yellow and blue, respectively.

enriched sphingomyelin bilayers [42] reported a pattern of H-bonds
between the ceramide NH donor (D1 in Fig. 4) and the oxygen atoms
in the sphingosine backbone comparable to what we observe here
for DMPC (at a comparable ceramide concentration). The observed
H-bonds donated by SM to ceramide, however, cannot be formed by
DMPC, which has no donors. In our simulations we observe instead
H-bonding interactions mediated by the hydroxyl groups in ceramide
(D2 and D3), consistent with the measured NMR peaks for 1-OH and/
or 3-OH arising in the mixed bilayer (Fig. 6).

Previous 2H-solid state NMR studies have shown a chain ordering
effect of C16 on DPPC [22] and POPC [21] as observed here for DMPC.
For DPPC and DMPC, lateral phase separation below or close to the
main phase transitions has been suggested [22,47]. Our "H-MAS-NMR
experiments of DMPC/C16 mixtures (Figs. 6, S2) show slightly different
phase transition temperatures for DMPC and C16 within the mixture
and a broad phase transition profile for C16 in agreement with earlier
reports [48]. Furthermore, order parameter measurements between

310 K and 325 K indicate complex phase behavior (data not shown).
These observations are compatible with a model in which lateral
phase separation around the main phase transition temperature occurs,
but our data also show that C16 starts to diffuse from a separate gel-like
phase into the liquid-crystalline phase of DMPC above the phase transi-
tion temperature of 310 K, and is completely dissolved in the fluid phase
above 320 K.

Our results show that ceramide has a pronounced effect on the phys-
ical properties of the DMPC bilayer. Specifically, simulations and NMR
show that ceramide increases the rigidity of the DMPC bilayer by in-
creasing the ordering of the lipid acyl chains. Even though the
simulations appear to overestimate the strength of the C16-DMPC
interactions, the NMR measurements confirm that C16 and lipids form
persistent H-bonding interactions. We therefore propose that the
formation of transient complexes between ceramide and DMPC
molecules, sustained by close-range hydrogen-bonding interactions,
underlies the morphological effect of ceramide on DMPC bilayers.
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