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ABSTRACT Experimental evidence indicates that, under some circumstances, “surrogate” molecules may play the same role
as cholesterol in ordering membrane lipids. The simplest molecule in this class is Ceramide. In this article, we describe atomic-
level molecular dynamics simulations designed to shed light on this phenomenon. We run simulations of hydrated phosphoryl-
oleoyl phosphatidylcholine (POPC) bilayers containing cholesterol, and containing ceramide, in concentrations ranging from 5%
to 33%. We also perform a simulation of a pure POPC bilayer to verify the simulation force fields against experimental structural
data for POPC. Our simulation data are in good agreement with experimental data for the partial molecular volumes, areas, form
factors, and order parameters. These simulations suggest that ceramide and cholesterol have a very similar effect on the POPC
bilayer, although ceramide is less effective in inducing order in the bilayer compared with cholesterol at the same con-

centrations.

INTRODUCTION

Eukaryotic cellular life has an undeniable dependence on
cholesterol (1,2). It comprises ~40 mol % of the lipid
portion of the eukaryotic plasma membrane, and is generally
responsible for the modulation of the physico-chemical prop-
erties required for viability and cell proliferation (1,2). It is
known that cholesterol reduces the passive permeability of
membranes, increases membrane mechanical strength, and
modulates membrane enzymes (3). Cholesterol is involved
in the formation of membrane rafts—domains in which cho-
lesterol, saturated long-chained lipids, and specific proteins
are concentrated (4,5), and consisting of saturated lipids like
sphingomyelin (SM) and cholesterol. Numerous physical
and thermodynamic studies over the past several decades
have revealed details of lipid-cholesterol interactions (2,3).
Three distinct types of lipid ordering are observed in mix-
tures of lipid and cholesterol: 1), gel-like ordering, in which
lipid chains are highly ordered and lipid diffusion in two
dimensions is very low; 2), fluid-like ordering, where lipid
chains are disordered and lipid diffusion is much higher com-
pared to gel phase; and 3), an intermediate state with gel-like
chain order but fluid-like lateral lipid diffusion.

Since cholesterol is a critical constituent of bilayers, an
important question arises: Is cholesterol the only membrane
intercalator that can induce a state of intermediate order in
lipid bilayers? In recent experiments by Lange et al. (6),
Megha and London (7), and Zitzer et al. (8), the amount of
cholesterol displaced by different membrane intercalators
has been studied. Interestingly these experiments show that
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ceramides, diglycerides, amphipathic alcohols, and other ste-
rols can act as cholesterol substitutes in membranes, includ-
ing raft-like domains (7). These data suggest that smaller
molecules that can induce condensation effect upon addition
in lipid bilayer, can, like cholesterol, affect lateral organi-
zation in a lipid bilayer.

The simplest lipid in this group is ceramide. Ceramide
(Cer), in addition to being an important signaling lipid, is a
major lipid in the stratum corneum epidermal layer of many
animals, including humans. Here, it participates in the for-
mation of a highly ordered barrier to permeation, essential to
the skin. The physical and thermodynamic properties of Cer
bilayers have been studied by a number of groups (9-14).
Of particular interest is C16:0 Cer. Shipley and co-workers
synthesized and purified C16:0 Cer, and used differential
scanning calorimetry and x-ray scattering to obtain structural
and thermodynamic properties of this lipid in both hydrated
and anhydrous dispersions (9). They found that hydrated C16:0
Cer is in an ordered lamellar phase up to ~90°C, where it
undergoes a chain-melting transition. Other than in the stra-
tum corneum, Cer is found only as a relatively minor com-
ponent in membranes. However, as discussed above, it has
several important biological roles. For this reason, it is of
interest to investigate the properties of mixed lipid bilayers
containing phospholipids, sphingolipids, Cer, and choles-
terol.

Massey (13) used fluorescence spectroscopy to examine
the interactions of Cer with the phospholipids DPPC and
POPC, and with bovine brain sphingomyelin (in the latter case
both with and without 33% cholesterol). Bovine brain Cer,
and synthetic C16:0, C18:0, C18:1, C24:1 Cer were used,
along with bovine brain, bovine erythrocyte, and egg yolk
sphingomyelin. In all cases the addition of Cer increased the
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phase transition temperature of the host phospholipid or
sphingolipid. The magnitude of the effect ranged from 0.12°C
per mol % Cer for C24:1 Cer in DPPC to 1.15°C per mol %
Cer for bovine brain Cer in bovine erythrocyte sphingomye-
lin. The effect of Cer on DPPC bilayers above the chain-
melting temperature for DPPC is similar to that observed for
POPC.

In comprehensive deuterium NMR and calorimetry stud-
ies, Thewalt et al. (14) measured the order and phase prop-
erties of mixtures of POPC and C16:0 Cer over a range of
temperatures and Cer concentrations. Their data suggests that
POPC/Cer bilayers show gel phase immiscibility, and that
the addition of Cer raises the chain-melting temperature of
the bilayer above that of pure POPC. Based on their exper-
iments they proposed a partial phase diagram for the C16:0
Cer-POPC system. At temperatures above ~0°C and Cer
concentrations above ~5%, there are separate regions of gel
(rich in Cer) and liquid crystalline (mainly POPC) lipid.
Order parameters for both Cer and POPC chains were also
measured. The order parameter values increase with the ad-
dition of Cer up to 15% Cer, the maximum concentration for
which order parameters were measured. The quantitative data
presented by Thewalt et al. (14) make the POPC—Cer system
the best choice for simulation, to allow for the testing of simu-
lation parameters.

Strong evidence for Cer-induced phase separations comes
from experiments in which sphingomyelinase is introduced
into mixed lipid systems consisting of PC and SM. Sphin-
gomyelinase, which cleaves the phosphocholine from SM,
producing Cer, has the effect of introducing Cer in controlled
amounts into the system. It is found that sphingomyelinase
induces separations in SM-PC lipid vesicles (15) and mono-
layers (16) into Cer-SM rich domains, which coexist with
Cer poor domains. The addition of Cer to one side of a model
membrane either directly or through the action of sphingo-
myelinase, induced transbilayer lipid redistribution, which
may be related to the signaling properties of Cer (17).

In this article, we introduce molecular dynamics (MD)
simulations designed to compare the effects of Cer and Chol
on bilayers of POPC. Simulations are performed on mix-
tures of POPC-Chol and POPC-Cer at the concentrations
studied in the NMR experiments of Hsueh et al. (18). In the
following sections, we describe our simulations and the
results.

METHOD

Molecular dynamics (MD) simulations were performed on a hydrated POPC
bilayer and POPC mixtures with Cer and Chol at 10%, 20%, 25%, and 33%.
These simulations were performed using the GROMACS package (19,20).
Force-field parameters for the Chol and Cer molecules were taken from our
previous work (21,22). Parameters for the phosphocholine polar groups
were taken from our DPPC force field (23). The hydrocarbon chain pa-
rameters were taken from our earlier determination of these quantities by
fitting to density and heat of vaporization data (24). The LINCS algorithm
was used to constrain all bonds in the system (25) allowing an integration
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time step of 4 fs. Periodic boundary conditions were applied in all three
dimensions and long-range electrostatics were calculated using the SPME
algorithm (26) with a real-space cutoff of 9.5 A. A cutoff of 18 A was
employed for van der Waals interactions. The temperature in all the sim-
ulations was maintained at 303 K, using the Nosé-Hoover scheme. The
systems were equilibrated in an NPT ensemble using the Parrinello-Rahman
pressure-coupling scheme (27,28) at a constant pressure of 1 atm.

Initial configurations for all the mixture systems were generated by ran-
dom placement of 100 mixture molecules per leaflet in appropriate pro-
portion such that the phosphorus atoms of the headgroups were at the z = 25
A and z = — 25 A planes and the hydrocarbon chain were pointing toward
the z = 0 plane. Two slabs of 5000 SPCE waters were placed above and
below the constructed bilayers. The systems were energy-minimized to
remove bad contacts. A 200 ps MD simulation was performed on each sys-
tem at 500 K. This was done to ensure proper disordering of the hydrocarbon
chains. Then the temperature was brought down to 303 K in steps of 50 K.
At each temperature step a small 100 ps MD simulation was performed on
each system. Both the systems were simulated for 2 ns of MD with re-
generation of velocities from a Maxwellian distribution at 303 K after every
100 ps. Then 3 ns of continuous MD simulations were performed on each
system. At this point, the velocities were regenerated as before and con-
tinuous 20-ns simulations were performed on all the systems. Throughout
the simulations, we monitored the dimensions of the simulation cells.

The hydrated POPC bilayer was constructed with 64 POPC molecules
per leaflet and 28 waters per molecule. The bilayer was equilibrated for 10 ns
followed by 60 ns continuous MD run at 303 K and 1 bar. All the other
simulation parameters were exactly like the mixture simulations except for
the time step, which was 2 fs.

RESULTS AND DISCUSSIONS
Hydrated POPC bilayer

Before studying the mixing properties of Cer and Chol in
POPC, we validated force-field parameters for POPC by com-
puting key structural properties such as volume and area per
lipid. The area per lipid A, is given by

A= (1)

where V. is the volume of the hydrocarbon core and D, is the
thickness of the average molecular hydrocarbon core (29).

The hydrocarbon volume is calculated by the method
proposed by Petrache et al. (30). In this method the system is
divided into 74 slabs and the partial specific volumes of the
atom types (v;) in the system are obtained by imposing con-
servation of total volume for each slice element through
minimization of the following function,

F(v) = Z(l - im(z_ovi)z, @)

zj i=1

over v;, where ni(zj) is the number density of i type in z;
slice. In these calculations, we divided the atoms into three
distinct types: water, headgroup+glycerol backbone (HG),
and hydrocarbon core (HC). The volume of each element is
reported in Table 1. We note that the HC, HG, and total
POPC volumes agree well with experimental volumes (31).
The hydrocarbon thickness, D, is calculated by determin-
ing the half-value of the probability distribution of the
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hydrocarbon core (29). Fig. 1 shows this probability distri-
bution of the hydrocarbon chains. This distribution is ob-
tained by computing the number densities of the atoms from
hydrocarbon, headgroup, and water region and normalizing
it with the total number of atoms in the slice. Two vertical
lines at 1.37 nm are the D, boundaries. The hydrocarbon
thickness determined by this method is in excellent agree-
ment with the experimental values (see Table 1).

A commonly studied structural property of the bilayer is
its electron density profile. In experiments, the form factor of
the bilayer is obtained from the x-ray diffraction pattern. Then
the electron density profile is deduced from the form factor.
In simulations, we directly calculate the electron density. We
then calculate the form factors from the electron densities
using

D/2
Flq) = / (0.2) — P Ncos(g2)dz, ()

D/2

where D is average length of the simulation cell in z di-
rection, p.(z) is symmetrized electron density of the system,
and p®IWater i the electron density of the bulk water. Fig. 2 a
shows the calculated x-ray form factors for POPC, in
comparison with experimental data from Kucerka et al. (31).
We observe good agreement, down to the third lobe, where
simulation data rises above the experimental data points. Fig.
2 b shows the electron density profiles, for both simulation

and model-fitted electron densities from x-ray scattering. The
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FIGURE 1 Probability distribution for the hydrocarbon region of pure

POPC. Vertical axis is the normalized probability (P; = n;(z)/ Zjnj(z)) of
locating a hydrocarbon chain, headgroup, and water. Horizontal axis is
the distance from the bilayer center (z = 0). The vertical dashed lines are
the D. boundaries. The horizontal dashed line is the line of half probability.
To precisely calculate the hydrocarbon thickness, the plot is not symme-
trized across the two leaflets.
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TABLE 1 Structural results for hydrated POPC bilayer

POPC (MD) POPC (Experiment 31)
A (A% 66.5 68.3
Veorc (A% 1241.8 1256
V. (A% 911.4 9242
Vg (A% 330.4 331
Veater (A%) 30.54 —
2D. (A) 274 27.1
D (A) 36.6 37.0

data show good agreement in the hydrocarbon core. The sim-
ulated electron densities are slightly lower in the headgroup
and bulk water region than the experiments. In these sim-
ulations the bulk density of the SPC/E water is 986 g/L as
opposed to the real water density of 997 g/L. at the same
temperature. These numbers are consistent with a recent study
by van der Spoel and Maaren (32) on bulk water densities
for various water models. We hypothesize that the slightly
lower electron density in bulk and headgroup regions of
hydrated POPC bilayer is due to this lower water density.
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FIGURE 2 Simulated and experimental x-ray structure data for pure
POPC. (a) Form factors. (b) Electron density. The x-ray data are from
Kucerka et al. (31). The electron density plot is symmetrized around the
bilayer center by averaging densities over two leaflets because, in Eq. 3, a
symmetric electron density is assumed.
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Computing the area per POPC molecule from our sim-
ulated data by the method of Nagle and Tristram-Nagle (29)
(see Eq. 1) gives a value of 66.5 A? (see Table 1) in close
agreement with the current best experimental value of 68.3
+ 1.5 A% 31. On the other hand, if we divide our simulated
box cross-sectional area by the number of POPC molecules
in one leaflet, we obtain an area per molecule, which we
denote as ‘‘geometric area’’ (Af), of 63 A2, and is 6% lower.
Since the molecular volume, the form factor, and the elec-
tron density obtained from the pure POPC simulations are in
good agreement with experiments, it is appropriate to con-
sider A; (Eq. 1) as the molecular area predicted by the
simulation instead of Af. There are two additional reasons for
choosing A, as lipid area over A}: 1), the experimentally
reported area per lipid is A; (A} cannot be measured ex-
perimentally); and 2), the value of A} depends on the details
of the pressure-coupling algorithm and the parameters used
in the implementation of the pressure-coupling scheme. Fur-
ther, if we use Af and the simulation hydrocarbon volume
(Table 1) and calculate the hydrocarbon thickness, we obtain
2D¢ = 28.9A. This value is larger than the experimental and
the simulation value reported in Table 1. We suspect that the
discrepancy between the values of D¢ and D, is due to slow
moving water molecules that are trapped in the vicinity of the
glycerol backbone and the hydrocarbon chains. A simulation
at least an order-of-magnitude longer is needed to resolve
this issue. Another possible cause of the discrepancy be-
tween the values of A} and A; may be undulations in the
simulated bilayer. Undulations could introduce errors into
the calculation of the projected area, thereby producing as
lower value for the geometrical area. However, due to small
size and periodic boundaries, such undulations are sup-
pressed. Hence, we believe that it is more likely that the
discrepancy is due to slow-moving trapped water molecules,
in the vicinity of the glycerol backbone. So far, no phos-
pholipid/water force field has been shown to match bilayer
experiment to simulation in a completely consistent manner
(33,34).

Mixtures of intercalators with POPC

With respect to the structural properties of mixed POPC-Cer
and POPC-Chol bilayers, we first consider molecular vol-
umes. Recent experimental data by Greenwood et al. (35) for
partial molecular volumes of POPC—Chol mixtures indicate
POPC volume to be 1256.2 A and Chol volume as 622.5 +
10 A%, In our simulations, we computed these volumes by
computing the volume of the simulation cell and fitting a
straight line to the expression

V(x) =N, Xv,  v(x) X
N(l —x) Vpopc 1 _xVx> “4)

T l—x

where V is the volume of the simulation cell, N, is the
number of water molecules in the system, vy, is the volume of
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a water molecule, N = Npopc + N, is the total number of
lipids in the system, x = N,/N, and vpopc, Vx are the volumes
per molecule of POPC and the intercalator in the system,
respectively. Fig. 3 shows plots of v(x)/(1 — x) as a function
of x/(1 — x). The simulated points fall almost on a straight line
for Cer as well as Chol simulations. The slopes of these lines
give the specific molecular volume of Chol to be 604.76 *
498 A® and of Cer to be 943.11 + 3.72 A°, and the y
intercept gives the specific molecular volume of POPC as
1240.42 = 1.46 A* in Chol mixture and 1239.69 = 1.09 A’
in Cer mixture. These numbers are in good agreement with
the experimental volumes reported by Greenwood et al. (35).

Using this same method, we computed the areas per
molecule for POPC and the intercalator molecules. The
application of this method to area computation is discussed
by Edholm and Nagle (36). Fig. 4 shows a(x)/(1 — x) (a(x) is
the area of the simulation cell divided by the total number
of molecules) as a function of x/(1 — x) for Chol as well as
Cer simulations. Unlike the volume curves (Fig. 3), the area
curves are not linear. In fact, below 10% Chol and Cer con-
centrations, the derivatives of the curves in Fig. 4 have neg-
ative slopes, implying negative partial molecular areas of
Chol and Cer. Negative partial molecular areas are inter-
preted by Edholm and Nagle (36) as a manifestation of the
condensation effect on the lipid molecules due to Cer and
Chol, respectively. The curves in Fig. 4 are almost linear
above 10% concentrations of Cer and Chol. The derivatives
of the curves, i.e., the partial molecular area of the inter-
calator molecules, above 10% concentrations are Ace, = 31.2
A% and Achol = 12.4 A% The partial molecular areas of the
POPC, above x > 10%, are 61.6 A* and 61.0 A” in Chol and
Cer mixtures, respectively.
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FIGURE 3 Plot of total volume per lipid molecule of the simulated
systems as function of concentrations of cholesterol (solid line) and
ceramide (dashed line). Lines are guides to the eye between data points.

Biophysical Journal 92(3) 920-927



924

78 T T T T

POPC+CHOL ——  x

76 b POPC+Cer - /. |

a(x)/(I-x) (A

62 ‘ .

60 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

x/(1-x)

FIGURE 4 Plot of the total molecular area a(x) (the area of the simulation
cell divided by the total number of molecules) of simulated system versus
concentrations of cholesterol (solid line) and ceramide (dashed line). Lines
are guides to the eye between data points. Light dashed lines represent linear
fits to data for non-zero cholesterol and ceramide concentrations. The slope
of the fitted lines correspond to the partial molecular areas of the inter-
calators and the y intercept gives the partial molecular area of POPC.

The area per Chol obtained from Fig. 4 is much smaller
than the area per Chol observed in mixtures with saturated
chain lipids such as DPPC (23,36). This implies that the Chol
is better solvated in POPC than DPPC. Based on our pre-
vious work on mixtures of saturated, unsaturated lipids, and
Chol (21) we propose that better solvation of Chol in POPC
is due to availability of saturated as well as unsaturated
chains in POPC. We hypothesize that the saturated chains of
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POPC entropically favor the (smooth) a-face of the Chol and
the unsaturated chains favor the (rough) -face. Much longer
simulations are required to verify this claim. From Fig. 4, we
also note that, despite a more flexible structure, Cer induces
condensation in POPC bilayer comparable to, albeit weaker
than, that induced by Chol. This suggests that Cer may,
under some circumstances, act as a surrogate for Chol. The
similarities we observe may explain the similarities observed
in proposed Cer—PC and Chol-PC phase diagrams (37).

To further explore the similarities between Cer and Chol
in POPC, we calculate electron densities for mixtures at the
simulated concentrations. Fig. 5, a—d, show the electron
densities of the system with Chol and Cer. Both Cer and
Chol increase the thickness of the bilayer by approximately
the same amount at each concentration. Further, both the in-
tercalators introduce plateaus in electron density correspond-
ing to more ordered chains. However, the effect due to Chol
is much more prominent than that of Cer, especially at the
higher concentrations.

The ordering of hydrocarbon tails is determined in NMR
experiments by measuring the deuterium order parameters,
and presents another structural property for comparison of
Chol and Cer in POPC. The order parameter tensor, S, is
defined as

S = %(3005((9&)005(&)) —8wya,b=x,y,z, 5)
where 6, is the angle made by the a™ molecular axis with the
bilayer normal and J,, is the Kronecker delta. In the sim-
ulations, with the united atom force field, the order parameter
for saturated and unsaturated carbons Scp can be determined
using the relations

. 2 1
-5 = gsxx + gSyy (6)
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FIGURE 5 Plots of electron densities for POPC-Cer and
POPC-Chol mixtures. (Dashed lines) POPC-Cer; (solid
lines) POPC-Chol. The densities are not symmetrized
across the bilayer.
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and

— St = %Szz + %Syy1§ Sy,
respectively (see (38) for the derivation and assumptions
behind these expressions). In united atom simulations, the
component of order parameter tensors must be obtained from
the relative positions of the neighboring carbons in hydro-
carbon chain. Fig. 6, a—h, show the deuterium order pa-
rameter profile for POPC Sn—1 and Sn-2 chains in Chol and
Cer mixtures. As expected, the Sn—2 chain of POPS shows
characteristic drop in order parameter at the unsaturated bond
in the chain. Furthermore, we note that at lower concentra-
tions, both Cer and Chol increase the POPC chain order by
the same amount for concentrations <33%. At the highest
concentration, Chol-POPC chains are slightly more ordered

@)
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than the Cer-POPC chains. Fig. 7 shows the order parameter
profiles for acyl and sphingosine chains of Cer. The order
parameters of Cer increase with increasing concentration of
Cer, as expected, since pure Cer has a main transition tem-
perature of over 90°C. At the 33% concentration level, Cer is
more ordered and therefore should induce more order on
neighboring POPC chains. However at this concentration,
the order induced by Cer is less than that induced by Chol
(Fig. 5). The 33% Cer-POPC bilayer still consists of 67%
POPC, which has a very low melting temperature, so that Cer
molecules likely retain considerable conformational flexibil-
ity, compared to a pure Cer bilayer at the simulation tem-
perature.

It is interesting to note the overall trend in Figs. 4-6, at
least for concentrations of 25% or less, is that Cer can also
induce changes similar to Chol. This suggests a generalized
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FIGURE 7 Plots of Cer chain Scp order parameter profiles for acyl (fop
plot) and sphingosine (bottom plot) chains, for simulated POPC—Cer mixtures
at various concentrations.

hypothesis that flexible molecules like Cer can have inter-
actions with lipid bilayer similar to that of Chol, provided
they have sufficiently high transition temperatures and are
miscible in bilayers. Of course, this effect should diminish as
one approaches transition temperature of the intercalator.
Chol, on the other hand, by its rigid ring structure and asym-
metric faces, induces chain ordering in lipid bilayers for a
large range of temperatures and concentrations. A large num-
ber of simulations with different types of intercalators are
required to establish these hypotheses. However, this idea
forms a central point in our self-consistent mean field theory-
based coarse-grain model for mixtures of various lipids and
Chol.

In summary, the main conclusion of this article is that, at
lower concentrations, 16:0 ceramide orders POPC chains at
300 K in a manner that is very similar, structurally, to the
order induced by cholesterol at the same concentration and
temperature. At higher concentration, however, the ordering
effect of cholesterol is more prominent. Our current results
for POPC-Chol give relatively small partial molecular area
for Chol in POPC (12.4 A?%) compared to Chol in DPPC
(24 A% (23). This suggests that Chol packs around POPC
more tightly than it packs around DPPC, which in turn sug-
gests that POPC-Chol complexes, or clusters, will have longer
lifetimes than DPPC-Chol clusters.
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While our simulations and the experimental data reveal
details of lipid chain structure, they do not shed light directly
on details of the lateral organization of the molecules in the
bilayer. For a lipid cholesterol bilayer (DPPC-Chol), we have
recently developed a modeling approach, based on self-con-
sistent mean field theory (SCMFT) (39). The principal conclu-
sion of SCMFT simulations is that the DPPC-cholesterol
bilayer is monophasic; that is, cholesterol does not induce
thermodynamic phase separations in DPPC (40). Regions
that appear in the model mimic gel-like, fluid-like, and in-
termediate chain ordering. However, these regions do not
resemble coexisting phases. While an SCMFT model has not
yet been constructed for POPC-Chol or POPC-Cer, we sus-
pect that, in the case of POPC-Chol, the system will also be
monophasic. The situation is more complicated for Cer-
POPC, because Cer by itself is highly ordered at the sim-
ulation temperature. Phase separations may indeed take place
above some critical Cer concentration in this system. These
questions will be investigated within the framework of
SCMFT in the future.
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