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Ceramide increases free volume voids in DPPC

membranes

E. Axpe““©, A. B. Garcia-Arribas”““?, J. I. Mujika®“°, D. Mérida“, A. Alonso”*,
X. Lopez®, J. A. Garcia®, J. M. Ugalde’, F. M. Goiii”* and F. Plazaola“.

Positron annihilation lifetime spectroscopy (PALS) can measure changes in local free volume
voids in lipid bilayers. PALS has been applied, together with differential scanning calorimetry
(DSC) and molecular dynamics (MD) simulations, to study free volume voids in DPPC and
DPPC:ceramide (85:15 mol:mol) model membranes in the 20-60 °C range. The free volume
void average size clearly increases with the gel-fluid phase transition of the lipid, or lipid
mixture. Ceramide increases void size at all temperatures, particularly in the range causing the
gel-fluid transition of the mixture. A parallel study of PALS and calorimetric data indicates
that, for the complex thermotropic transition of the DPPC:ceramide mixture, PALS is detectine
the transition of the DPPC component, while calorimetry changes indicate mainly the melting
of the ceramide-enriched domains. Molecular dynamics calculations provide a clear distincti( -
between ceramide-rich and -poor domains, and show that the voids are predominantly located
near the membrane nodal plane. The ceramide-induced increase in void volume size occurs .-
well at temperatures when both phospholipid and ceramide are in the fluid state, indicating that
the effect is not the result of phospholipid-ceramide domain coexistence. The above
observations may be related to hitherto unexplained properties of ceramide, such as the
increase in membrane permeability, and the induction of transmembrane (flip-flop) lipi-

motion.

Introduction

Ceramides (Cer), a family of bioactive sphingolipids, are a key
factor in cellular signaling.' A variety of cellular processes, from
cell proliferation to apoptosis (programmed cell death), are mediated
by Cer.® Long-chain Cer, due to their high hydrophobicity, have
been proposed to exert their cell death-inducing effect through
alterations of membrane biophysical properties.”” In particular,
long-chain Cer (palmitoylceramide) affects the properties of model
lipid membranes: e.g., increases solute efflux by permeation across
the membrane,'® '! alters the diffusion of lipids between the inner
and outer leaflets of lipid bilayers (“ﬂip-ﬂop”)12 and generates
micron-sized Cer-enriched domains with a high degree of
intermolecular packing.'*"” These Cer-enriched domains have been
described as well in induced hot-cold hemolysis of erythrocytes'®
and in the mitochondrial outer membrane of mammalian cells upon
irradiation stress and are essential for apoptosis through the intrinsic
pathway."

Nanometric free volume voids are crucial for several structural
and dynamic properties of biomembranes: e.g., packing and ordering
of molecules of the bilayer,” diffusion of lipids and proteins in its
plane?' " and permeation of small molecules across the membrane.**
However, the particular effect of Cer on free volume voids inside
membranes remains unknown. The difficulties in the analysis of
nanometer- and subnanometer-sized voids in biomembranes via non-
perturbative experiments might be the cause of this lack of
knowledge. Furthermore, free volume voids could be involved in the
hitherto unknown mechanism of certain Cer properties, e.g. lateral
separation of domains, membrane permeabilization, or transbilayer
lipid movements (flip-flop).

This journal is © The Royal Society of Chemistry 2013

We hypothesized that the presence of Cer affects free volume
void size and distribution in membranes. To prove this statement, we
used positron annihilation lifetime spectroscopy (PALS) to
characterize the free volume voids in DPPC model lipid membranes
with/without egg Cer, which contains ~ 85% N-palmitoylceramide.
DPPC is a phospholipid widely used and studied in the membrane
biophysics field despite occurring in nature as a pulmone
surfactant and not as an actual membrane component. However,
properties of DPPC molecules and DPPC membrane structures as
model lipid systems have been well-described through a wide variety
of techniques. PALS is the only technique to gauge changes of local
free volume voids in biomolecular systems.?> *® We demonstrate that
PALS measurements, complemented by DSC and atomistic
molecular dynamics simulations, are able to characterize free
volume changes caused by ceramides in the voids inside model
membranes. The experimental results obtained in this work open the
door for the study of free volume changes when different proteins or
other molecules are present in cell membranes.

Experimental

Chemicals

Egg-yolk ceramide (Cer), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were purchased from Avanti Polar Lipi”
(Alabaster, AL, USA).

Membrane preparation

Multilamellar vesicles (MLVs) were prepared by initially mixing t! ¢
appropriate amount of synthetic pure lipids dissolved 1.
chloroform/methanol (2:1, v/v). The samples were dried F :
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evaporating the solvent under a stream of nitrogen, then placing
them under high vacuum for 2 h. The samples were then hydrated in
purified water (lipid:water 40:60 w/w for PALS, 1 mM lipid in
buffer for DSC), helping dispersion by stirring with a glass rod and
finally extruding the solutions between two syringes through a
narrow tubing (0.5 mm internal diameter, 10 cm long) 150 times.
The procedure was performed at a temperature well above that of the
phase transitions for all compositions.

Differential Scanning Calorimetry

The measurements were performed in a VP-DSC high-sensitivity
scanning microcalorimeter (MicroCal, Northampton, MA, USA).
Both lipid and buffer solutions were fully degassed prior to loading
into the appropriate cell in the form of MLVs. MLVs were prepared
as described previously, but in assay buffer (NaCl 150 mM, 20 mM
PIPES, 1 mM EDTA) and at a 1 mM concentration. A final amount
of 0.5 ml at 1 mM total lipid concentration was loaded into the
calorimeter, performing three heating scans at a 45 °C/h rate,
between 20 and 70 °C for all samples. Phospholipid concentration
was determined as lipid phosphorus, and used together with data
from the third scan, to obtain normalized thermograms. The software
Origin 7.0 (MicroCal), provided with the calorimeter, was used to
determine the different thermodynamic parameters from the scans.
The software PeakFit (Systat Software Inc., Chicago, IL, USA) was
used for endotherm deconvolution.

Positron annihilation lifetime spectroscopy (PALS)

PALS measurements were performed using an ORTEC (Oak Ridge,
TN, USA) fast-fast coincidence system, two BC-422 Saint Gobain
(Hiram, OH, USA) plastic scintillators and two H1949-50 photo
multipliers made by Hamamatsu Photonics (Tokyo, Japan) placed in
a vertical position inside of a FFD-1402 refrigerator from Radiber
S.A. (Barcelona, Spain). The resolution function was 260 ps. The
temperature of the samples was controlled by an Eurotherm (United
Kingdom) 3508 programmable temperature control system equipped
with a variable power supply provided by SALICRU (Bilbao,
Spain), a 100W FIREROD® cartridge heater from Watlow Europe
(Kronau, Germany), and a PT-100 CS5 (1|5) temperature sensor
purchased from TC S.A. (Madrid, Spain). This PT-100 and the
heater were installed in an aluminium sample holder. The
manufacturing of the *NaCl sealed source of 15 uCi was described
in detail in a previous article?’. The positron source was sandwiched
between two identical samples.

Around 3-10° counts per spectrum were collected for each
positron lifetime spectrum. LT _polymers program” was used for the
lifetime analysis. The source contribution (31.55%, 0.382 ns) was
subtracted and three lifetime components were obtained. The
longest-lived lifetimes presented distributions, and the average
values of these distributions were used as ortho-positronium (o-Ps)
components for analysis and free volume void size calculations. As
in previous PALS studies in lipid membranes 2, Tao-Eldrup model
equation was employed to estimate the average free volume hole

radius:* %
- _ R 1 . [2rR
‘Colps[ns] = Z(HS) ! |:1 - R_ + %SIH[R—]]

0 0
where R, =R+ AR, AR being an empirical parameter fitted to 1.66
A%, The average free volume void size was evaluated, assuming
spherical voids as
4

Vv, =§nR3

Molecular dynamics simulations

2 | J. Name., 2012, 00, 1-3

Two model bilayers were studied by atomistic molecular dynamics
simulations: DPPC in solution and DPPC+C16:0 type ceramide in
solution. Each system was simulated at four temperatures: 20 °C, 30
°C, 37 °C and 52 °C. The initial structure and topology files for ti..
DPPC in solution system were taken from the web page of the
Biocomputing group at the University of Calgary™. The structure is
composed of 128 DPPC lipids, 64 per leaflet. For the DPPC+Cer
system, 24 DPPC molecules were replaced by ceramide molecules;
giving rise to a mixture of 18% Cer in DPPC. The force field
parameters for Cer were adjusted from the topology file downloaded
from R. Faller's web page.*

The Gromacs package (version 4.5.3) was employed to run

all molecular dynamics simulations. The united atom GROMOS
lipid force field, including the parametrization scheme proposed by
Berger was employed for the lipids.*® Periodic boundary conditions
were considered by defining an orthorhombic cell. The system was
solvated by adding a total of 5726 SPC model water molecules.
All simulations were carried out under isothermal-isobaric ensemble
(NPT) conditions using Nose-Hoover temperature (at 20 °C, 30 °C
37 °C or 52 "C)37 and Parrinello-Rahman pressure coupling (1
atm).® The temperature of the lipids and the solvent we -
independently coupled. Long-range electrostatics were calculated
using the smooth particle mesh Ewald (PME) method,” with «
fourth-order spline and 0.12 nm grid spacing. A cut-off of 10 A was
defined for the electrostatics and van der Waals non-bond..
interaction and neighbor-list. All bond lengths were constrained by
means of Linear Constraint Solver (LINCS),* allowing an
integration time step of 2 fs. A total run of 100 ns simulation time
was carried out for the production stage of each simulation. Note that
due to limitations in computational capacity, the number ol
molecules is not enough to represent macro, or even microscale
phase separation.

34,35

Free volume determination

A grid-based method was employed to determine the free volume in
each bilayer model. The protocol is based on a previous work:*® a
rectangular 3D grid is defined for a particular structure, and the
number of free grid spots counted. A given grid spot is considerea
occupied when at least one of the atoms constituting the system is
within its van der Waals radius. Sane et al. employed a grid eleme¢ -
length of 0.75 A. In addition, they characterized the “accessible free
volume” by including a fictitious spherical particle. Since a diameter
of 1.59 A was calculated theoretically for a positronium,* we
increased the grid element length to 1.6 A and did not employ any
fictitious spherical particle.

The results provided by PALS experiments are directly related to
the average size of the voids located in the system. Analogously, the
average voids' size was evaluated from the molecular dynamics
simulations. To do so, first the sizes of all voids present in a given
structure extracted from a MD simulation were determined by a
union/find algorithm, i. e. all grid elements in close contact belong to
the same void particle. Once the voids of different sizes werec
determined, the average void size in a given structure was
determined.

Membrane models are fluctuating dynamic systems and
therefore the free volume may differ substantially from two differeiu
snapshots of the same simulation. Thus, a correct sampling of the
system is crucial in order to calculate properly a meaningful average.
Since the free volume characterized by the grid-based method
carried out on individual structures, 10 snapshots were extracted
from the last 10 ns of each simulation (one every Ins), and the
average void size and standard deviation determined for each M .
simulation. These 10 structures were also employed to calculate 2
number of additional properties, including lipid CD order parameter.

This journal is © The Royal Society of Chemistry 20 2
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Results and discussion

To test whether free volume void sizes of lipid membranes are
affected by Cer, we compared the mean void sizes for pure DPPC
and DPPC:Cer (85:15 mol:mol) at various temperatures (Fig. 1).
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Fig.1 Temperature dependence of free volume void mean size in DPPC
membranes (black) and in DPPC:Cer (85:15 mol:mol) (grey).

Table 1 shows ortho-positronium (o-Ps) mean lifetimes and
distributions in the two investigated membrane systems, as obtained
by PALS. Fig. 1 shows that the average void size in pure DPPC
bilayers increases with temperature. Void size remains more or less
constant up to 37 °C, and increases steeply afterwards. The highest
slope is recorded between 41 °C and 43 °C, i.e. at the gel-fluid
transition temperature of DPPC.*> When DPPC:Cer bilayers are
examined (Fig. 1) Cer is seen to enhance the mean free volume void
size for most temperatures. The most striking difference corresponds
to the DPPC transition temperature range. At 37 °C the mean void
size was 10422 A® for DPPC, while for DPPC:Cer the void size at
38 °C was ~ 40% larger, 147+2 A®. The o-Ps lifetime distribution is
wider in the presence of Cer (see Table 1). This means that the size
difference between the free volume holes is larger for the Cer-
containing bilayer.

Differential scanning calorimetry (DSC) experiments (Fig. 2)
show the thermotropic behavior of lipid membranes. Lipid gel-fluid
phase transitions can be easily identified as endotherms (Fig. 2A).
DOPC did not render any endothermic peak in the temperature range
under study as its gel-fluid transition is far below 10 °C. DPPC
exhibits a main endotherm at ~ 41 °C, corresponding to the gel-fluid
(or liquid-crystalline) phase transition, and a smaller one at ~ 35 °C,
the so-called pretransition, occurring between a tilted and a rippled
gel phase. The DPPC:Cer binary mixture shows a very wide and
complex transition, from a gel phase at 20 — 25 °C to a fluid state at
55 — 60 °C. The endotherm can be decomposed in at least three
partially overlapping signals, corresponding probably to coexisting
DPPC:Cer domains of non-uniform composition. Pure ceramide
undergoes a solid-fluid transition at a narrow temperature interval,
above 90 °C.

The effects of Cer on the thermotropic properties of lipid
transitions have been described.” '* The DPPC:Cer thermogram is in
accordance with previously published data for other lipid ratios of

This journal is © The Royal Society of Chemistry 2012
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this' and related lipid mixtures.** ** In general, long-chain

ceramides have the effect of increasing the temperature and of
widening the phospholipid gel-liquid phase transitions.

DPPC

T(°C) <1, ,, >(ns) o, ., (Ns)

15 2.02+0.03 0.35+0.03
25 210+0.09 0.34 £ 0.11
30 2.05+0.07 0.47 £ 0.09
37 2.07+0.09 0.60 £ 0.10
39 217 +£0.01 0.61 +0.02
41 2.19+0.09 0.63+0.10
43 2.47 £0.09 0.73+0.10
45 2.53£0.07 0.71+£0.10
50 2.65+0.07 0.69+0.10
60 2.93£0.07 0.46 £ 0.15

DPPC:Cer (85:15)

T(°C) <1, .. > (ns) o, .. (NS)

20 2.21+0.09 0.42 £0.10
30 2.17 £0.08 0.76 £ 0.10
34 2.41+0.09 0.81+0.11
38 2.51+0.10 0.89+£0.11
44 2.55+0.09 0.90 £0.11
55 293+0.10 0.69+0.15
60 3.04 £ 0.04 0.76 £ 0.06

Table 1 Mean ortho-Positronium (o-Ps) lifetime <‘tnips> and distribution

O _p, obtained by PALS for DPPC and DPPC:Cer (85:15).

p:

DSC and PALS data comparison (Fig. 2B) confirms that the
main changes in slope of the free volume curves as a function ui
temperature are indeed associated to lipid phase transitions.
Moreover, PALS results for DPPC show significant slope changes at
both the main gel-fluid transition at 41 — 42 °C*, and the tilted ge:
rippled gel transition, often called “pre-transition”,45 at 34 —35°C, in
accordance with DSC results (Fig. 2A).

A combined study of DSC and *H-NMR was carried out*® .
mixtures of sphingomyelin (SM) and Cer, in which either the N-ac ‘1
chain of sphingomyelin or that of Cer were fully deuterated. “H-
NMR allowed the independent investigation of melting of each lip’ 1.

J. Name., 2012, 00, 1-3 | 3
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Those authors did not study the 15 mol% Cer mixture, but their
SM:Cer (80:20 mol ratio) mixture behaved in a very similar way
than our DPPC:Cer (85:15 mol ratio). In a previous studyLeung, et
al. * data for the 10% and 20% mixtures show separately the
calorimetric transition curve, the Cer melting (NMR data from
deuterated Cer), and the SM melting (NMR data from deuterated
SM). As shown in Fig. 2B, there is a lipid population whose
behavior departs from that of calorimetry. The use of the NMR
technique leads to the conclusion that DSC follows the melting of
SM, while Cer melts ~ 10 °C above. This provides a strong
suggestion that, in our case (Fig. 2B) PALS is detecting rather the
thermotropic transition of DPPC, while DSC follows the melting of
the Cer-enriched domains.
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Fig.2 (A) Differential Scanning Calorimetry (DSC) representative

thermograms of DOPC, DPPC, DPPC:Cer 85:15 mol ratio and pure Cer
aqueous dispersions. Y axis shows heat capacity (Cp) in kcal/mol°C. Dotted
lines represent peak fitted endotherms. DPPC Cp values have been divided

4 | J. Name., 2012, 00, 1-3

by a factor of 3 for clarity. (B) Comparison of integrated thermograms (grey
solid line) and PALS mean free volumes (black dashed line) for DPPC
(above) and DPPC:Cer 85:15 (below).

Atomistic molecular dynamics (MD) simulations of DPPC in
solution and a mixture of DPPC and Cer in solution (lipid molecules
presented in Fig. 3, left) were carried out at four temperatures: 20 °C,
30 °C, 37 °C and 52 °C. The final structures corresponding to each
simulation are shown in Fig. 4.
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y

Fig.3 Left, schematic representation of the two lipid molecules included ir
the atomistic molecular dynamics simulations. Right, definition of the avis
and planes mentioned in the main text.

In accordance with previous studies on the inclusion of Cer in
POPC or DMPC bilayers,"” *® the MD simulations presented here’
show that Cer increases the ordering of the lipids. In the electron
density profiles evaluated for each simulation (shown in Fig. 5), it
can be seen that the DPPC density is lower in the inter-layer aree
when Cer is present. Moreover, the thickness of the system at the Z
axis is significantly larger with Cer. To further quantify this effect,
the distance between the centers of mass of the DPPC headgroups
located at each leaflet were computed during the last 10 ns of each
simulation (shown in Table 2). On one hand, it can be observed for
both systems that the larger the temperature, the shorter the distance.
On the other hand, the distance length is 5-8 A larger when Cer is
inserted, even though the size of this molecule is smaller. In a
previous study.*” atomic force microscopy-based evidence shows an
increase in bilayer thickness of ceramide-enriched domains (in
DPPC:pCer supported lipid bilayers) when compared to the
surrounding DPPC-enriched continous phase. Note however tt .
these values come from MD simulations only. This confirms what a
visual inspection suggests (see Fig. 4): the system is more ordered in
the presence of Cer. Interestingly, the density profiles of Cer (orange
solid lines in Fig. 5) indicate that these lipids are mainly located in
the region where DPPC tails prevail, certainly due to their
hydrophobic character. Moreover, the density remains constant in
this area, even at the inter-layer domain.

Page 4 of 10

T (°C) Distance (A)
DPPC DPPC + Cer
20 40.1+£0.2 48.6 £ 0.4
30 39.7+£0.3 476 £0.3
37 37.9+0.5 43.7 £ 0.6
52 36.9+04 41.7 £ 0.6

Table 2 Distance (in A) between the center of masses of DPPC heads locat

at each leaflet.

This journal is © The Royal Society of Chemistry 20 2
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Fig. 4 Final snapshots corresponding to the 100 ns atomistic molecular dynamics simulations carried out for DPPC in water (above) and DPPC + Cer in
water (below) at four temperatures: 20 °C, 30 °C, 37 °C and 52 °C. Cer molecules are shown in black. Note that water molecules are not represented.

In order to further quantify the ordering of lipid tails, the angles
formed by each of the carbons located in the acyl chains of DPPC
(or Cer) with respect to the bilayer normal plane were calculated.
The q, angle corresponding to C,, carbon is determined by evaluating
the angle between the bilayer normal and the vector defined by the
C,.1 and C, atoms. A similar study was previously presented.5 % The
calculations were performed for all DPPC and Cer molecules present
in the system and averaged over the 10 snapshots taken from the last
10 ns of each simulation. The normalized angle distribution
calculated at the XZ and YZ planes are presented in Fig. S1 and Fig.
S2 in ESI} for DPPC and Cer, respectively. For DPPC in solution, it
can be observed that at the two lowest temperatures (20 °C and 30
°C) the angle distribution is narrower than at the two highest
temperatures (37 °C or 52 °C), indicating that the DPPC chains are
more ordered at low temperature. Moreover, the angle peak observed
at 20 °C shows a slight deviation from 0 degrees (especially at the
XZ plane), indicating a partial tilted alignment of the lipids. On the
other hand, the wider distribution observed at 37 °C and 52 °C is a
good indication of the more disordered disposition of the lipids, as
they are close to or above the phase transition. When Cer lipids are
introduced in the system (Fig. S1 in ESIf, right panel), the angle
distribution peaks are in general narrower and higher than their
counterparts in the DPPC in water system, indicating that the lipid
packing has increased. The effect is more pronounced at the two
intermediate temperatures, i.e. at 30 °C and 37 °C.

The CD bond order parameter is related to the O angle

distribution and can be determined in NMR experiments by
measuring the deuterium order parameters (Scp). The order
parameter tensor, S,y, is defined as:

S, =5 (3005(0,)oos(0,)-3, ) a.b=x.y.2

where 0_ is the angle made by the a™ molecular axis with the bilayer

normal and Sab is the Kronecker delta. With united atom force

This journal is © The Royal Society of Chemistry 2012

fields, the 0_angle corresponding to C, carbon is evaluated as statea

above, and S?}; is computed as:¥:5!
2 1
Sat _ < -
—Sep = 3 S+ 3Syy

The CD bond order parameter profiles computed for DPPC and
Cer chains are presented in Fig. S3a in ESIt. A value closer to -0.5
indicates high ordering of acyl chains parallel to the bilayer normal
The profiles are in agreement with previous studies*” *® and reflect
the influence of both the temperature and the inclusion of Cer lipids.
For the DPPC system, the Scp value decreases as the temperatt -
increases, indicating that a higher ordering is found at the lowest
temperatures. CD bond order for pure DPPC decreases especially
beyond the 8™ carbon, in accordance with experimental reports for
DPPC in fluid phase at 48 °C*? and in gel phase™, the latter depicted
in Fig. S3b in ESIf for a direct comparison. Furthermore, the
inclusion of Cer increases the ordering at all temperatures and the
DPPC chains exhibit nearly constant order until the 11" carbon (and
not the 8"). This speaks in favor of Cer as a molecule capable ot
increasing molecular order along the lipid tails, in agreement with
multiple experimental results, ' !> 44 46.54.53

The distributions of free cells along the Z axis evaluated for each
simulation are also illustrated in Fig. 5. The data computed at the lasi
3 snapshots from each simulation are shown in order to give a more
complete description of the distribution. As expected, free cells are
mainly located in the inner part of the membrane models, while the
number of free cells beyond the DPPC headgroups is very small. As
the density of DPPC tails increases, the number of free cells also
increases, with the largest number at the node plane. However, the
distribution at the simulations carried out for the DPPC system shc .
that the increment is not analogous at all temperatures. At 20 °C and
30 °C, even if the free volume is significant in the tail region, a neat
peak is observed in the membrane node. However, at 37 °C and '«
°C a wider peak is observed, indicating that the free volume h -
increased specially in the region of the lipid tails.

J. Name., 2012, 00, 1-3 | 5
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Fig.5 Electron density profiles (in e/A3) along the Z axis calculated for the

Z axis (A)

last 10 ns of the molecular dynamics simulations of DPPC (left) and DPPC +

Cer (right) systems at four temperatures (in descending order): 20 °C, 30 °C, 37 °C and 52 °C. DPPC (solid black), DPPC heads (solid red), DPPC tails (solid
green), water (solid blue) and Cer (solid orange). The relative free cell distribution with respect to the Z axis length computed in the last three snapshots

extracted from the simulations are shown in dashed lines.

The inclusion of Cer, and the concomitant increment in ordering,
has a direct consequence on the free cell distribution. At 20°C and
30°C, free cells are in the nodal plane, but the distribution of the
peak is wider, due to the increased distance between DPPC lipid tails
from each leaflet, which in turn increases bilayer thickness. At
higher temperatures, however, the free volume distribution increases
in this region, and the peak becomes narrower, resembling the pure
DPPC system. In summary, the free cells remain mainly in the nodal
plane at all temperatures due to the higher ordering obtained with the
inclusion of Cer, but at lower temperatures Cer enhances the space
that free cells can occupy in it.

6 | J. Name., 2012, 00, 1-3

Fig. 6 shows the average void size computed for each system,
which can be directly compared with the results obtained from PALS
experiments. Due to the size difference between the experimental
samples and the MD simulations models, the absolute values of the
average void size are significantly smaller than the ones obtainec
from PALS experiments. However, qualitatively there is a good
agreement between the average void size computed from M™
simulations and the PALS results. On the one hand, the void average
size increases with the temperature. On the other hand, the average
void size is larger with Cer, especially at 37 °C. At 52 °C the average
value is very similar in both systems. As an illustrative example, 1 ¢
three largest voids characterized at the final structure of th.
simulations carried out for both systems at 37 °C are illustrated

This journal is © The Royal Society of Chemistry 20 2
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Fig. 7. It can be observed that the voids are larger when Cer is
present in the system, and that the growing of the voids is mainly
due to the larger free volume located at the node plane between the
two leaflets.
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Fig. 6 Computational calculation of average void size (in AS) at 20 °C, 30
°C, 37 °C and 52 °C for the DPPC (in black) and DPPC + Cer (in grey)
systems.

DPPC (37 °C)

DPPC+Cer (37 °C)

Fig.7 Representation of the final snapshots from the 100 ns atomistic
molecular dynamics simulation for the DPPC (on the left) and DPPC + Cer
(on the right) systems at 37 °C. Cer molecules are shown in yellow. The three
largest voids determined in each system are shown in green.

To the best of our knowledge, no previous studies had been
performed combining differential scanning calorimetry (DSC) and
PALS to provide insights about how lipid membrane free volume is
affected by phase transitions in model membranes. In our study, we
have used a sealed positron source and a pure aluminum sample
holder. This represents a significant advance because the sample is
not contaminated with the radioactive sodium and we can extract the
source component reliably, at variance with previous studies.”®

For the studied binary phospholipid:Cer membrane mixtures the
appearance of gel Cer-enriched domains has been described from
2% - 3% to 30% Cer in lipid model membranes studied by many
different biophysical techniques.'® > %6 358 The well-described
broad endotherms that commonly appear in DSC data as a result of
the presence of Cer are related to the complex melting process of
these gel domains into a fluid state and thermograms can be
deconvoluted to multiple endotherms, drifting towards higher
temperatures as the Cer ratio is increased. Accordingly, in our data
free volume voids also increase in a complex way in these binary
mixtures, with slight but noticeable changes in the slope through
both transition processes (30 °C — 55 °C), suggesting that these
complex transitions of the Cer-enriched domains are also related to
changes in membrane free volume. DSC data also suggest that at 60
°C the phase transition processes are completed and no Cer-enriched
domains would be expected anymore as lipid bilayers become fluid.

This journal is © The Royal Society of Chemistry 2012
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Regarding the atomistic simulation results for pure DPPC, most of
the data are well in accordance with previous reports and account for
a number of experimental observations. Thus, experiments at 37 °C
for DPPC give some interesting evidence about the rippled gel pha:
(pre-fluid) due to the reported pretransition of the lipid at 34 — 35°C,
This phase seems to be intermediate between a fluid state and a gel
state in terms of CD order (Fig. S3 in ESI{, red solid lines), while
chain orientation seems to be closer to the fluid state (Fig. S1 ir
ESIft, green) This is in agreement with PALS measurements, where
the void volume starts to grow after 35 °C, until a sharp increase in
achieved at 41 °C due to the main gel-fluid transition (Fig. 1). Visual
snapshots of pure DPPC bilayers at 37 °C also support these
statements and likely resemble more a fluid state than a gel state
(Fig. 4).

The effect of Cer on DPPC lipid bilayers can be summarized as
an ordering effect that increases void volumes. Both PALS and MD
simulations point to this conclusion. Moreover, MD simulations o1
the DPPC:Cer 85:15 system show segregation of Cer-enriched
domains, particularly below the DPPC main transition (Fig. 4, 20 °C
and 30 °C). Note that they are not pure Cer domains, but regions in
which Cer is particularly abundant; in a previous work ** a C -
concentration of 30-40 mol% in those rigid domains was estimated.
The capacity of Cer to permeabilize lipid bilayers and enhance solu.c
efflux is also a phenomenon whose mechanism has not yet been
described in detail. The presence of strictly ceramidic channels k...
been proposed™ . However, the free volumes detected by PALS do
not support this hypothesis, as they are smaller than expected if a
channel was present. Furthermore, MD simulations show voids in
the interleaflet region (Fig. 7) and ceramides seem to be present in
both the interleaflet and the tails region (Fig. 5), but channels do not
appear in the snapshots (Fig. 4 and Fig. 7) and chain orientation fo1
ceramides show that most of them are oriented perpendicularly to the
interleaflet plane (0°, Z axis) (Fig. S2 in ESI¥). This means that
almost no ceramides are detected in the required orientations to form
a strictly ceramidic toroid channel, which would require a wider
distribution from -90 °C to 90 °C.

The fact that MD results show an increase in free volume is also
of interest as it suggests that the effect of Cer could not be centerea
in the Cer-rich domains themselves but in the surrounding
continuous phase. The continuous phase surrounding the Ci -
enriched domains is estimated to contain a low amount of Cer
(~2%)*%® but the effect of Cer in this phase has not been studied in
detail. The biophysical effects of the presence of Cer in lipid
membranes have been commonly attributed to the segregatea
domains, with higher nanomechanical resistance and an increased
degree of intermolecular packing. The possibility of the free volume
being generated at the interphase between the domains and the
continuous phase seems plausible as defects in the bilayer could be
generated due to inadequate impairing of the different phases, as
they have different thicknesses. This would also explain the highet
free volume of Cer-containing samples. Note that DPPC:Cer
measured by PALS has a higher free volume than pure DPPC ever
at 60 °C (Fig. 1), when no domains are present anymore and no
endotherms are detected by DSC (Fig. 2), which again shows that
Cer is also affecting the free volume of the continuous phase.
Nevertheless, more experiments need to be carried out to consolidaiwe
these insights. In this regard, future PALS applications to study the
effect of ceramide in cholesterol-rich lipid bilayers may be of special
interest.

Conclusions
We have described how Cer affects free volume void size an’

distribution in DPPC membranes. Our data show that th:
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combination of PALS, DSC and molecular dynamics simulations is
a powerful approach for characterizing and understanding free
volume in biomembranes. Upon the incorporation of 15 mol% Cer to
DPPC, the mean free volume void size increases by up to 40% near
the transition temperature. This suggests that the presence of Cer in
biomembranes could increase the diffusion within the hydrophobic
matrix. We could speculate that poorly understood Cer-promoted
processes such as lipid flip-flop motion, the increased membrane
permeability, and even the release of cytochrome c to the cytosol
from mitochondria in apoptosis, are assisted by these changes in the
free volume of the membranes. The reference to apoptosis is
relevant, as disorders linked to cell death are related to diseases such
as cancer for which ceramide is considered a potential therapeutic
target." © A better understanding of the biophysical effects of
ceramide and the mechanisms involved in cell death processes could
contribute to the improvement of ceramide-related anti-cancer
therapies, and the implications of the increase in free volume voids
due to ceramide require further research.
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Graphical Abstract

Ceramide increases free volume voids in DPPC membranes
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