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Abstract

Ceramides are known to be a key component of the stratum corneum, the outermost protective
layer of the skin that controls barrier function. In this work, molecular dynamics simulations are
used to examine the behavior of ceramide bilayers, focusing on non-hydroxy sphingosine (NS)
and non-hydroxy phytosphingosine (NP) ceramides. Here, we propose a modified version of the
CHARMM force field for ceramide simulation, which is directly compared to the more commonly
used GROMOS-based force field of Berger (Biophys. J. 1997, 72); while both force fields are
shown to closely match experiment from a structural standpoint at the physiological temperature
of skin, the modified CHARMM force field is better able to capture the thermotropic phase
transitions observed in experiment. The role of ceramide chemistry and its impact on structural
ordering is examined by comparing ceramide NS to NP, using the validated CHARMM-based
force field. These simulations demonstrate that changing from ceramide NS to NP results in
changes to the orientation of the OH groups in the lipid headgroups. The arrangement of OH
groups perpendicular to the bilayer normal for ceramide NP, verse parallel for NS, results in the
formation of a distinct hydrogen bonding network, that is ultimately responsible for shifting the
gel-to-liquid phase transition to higher temperature, in direct agreement with experiment.

Keywords
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l. INTRODUCTION

The ability of the skin to regulate bodily functions and act as an effective barrier to chemical
penetrants is controlled by the thin, outermost layer, known as the stratum corneum. The
stratum corneum consists of dead, impenetrable skin cells (corneocytes) that are surrounded
by a rich lipid matrix arranged in a brick-and-mortar like configuration.> While the lipids of
the stratum corneum are known to be predominantly composed of ceramides (CER),
cholesterol, and free fatty acids, the molecular level organization of the skin lipids and their
role in maintaining the barrier function of the skin is not well understood.? It is, however,
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known that CERs play a crucial role in maintaining the physiological function of the stratum
corneum3 as a number of skin diseases!: 4 are known to be related to reduced CER levels in
this layer.

Experimentally, twelve distinct CERs have been observed in the stratum corneum of human
skin.1 2.:5-7 CERs are a class of double-tailed lipids consisting of hydrophobic acyl and
sphingosine tails joined together by a hydrophilic head group. Based on the functional group
attached to the sphingosine tail, CERs can be classified into sphingosines (S),
phytosphingosines (P) and hydroxysphingosines (H). Sphingosines have an alkene bond in
the sphinogsine tail; phytosphingosines have the alkene group replaced by a hydroxyl group;
and in hydroxysphingosines a a-hydroxyl group is connected to the alkene bond in the
corresponding tail. The structure of the sphingosine and phytosphingosine CERs studied in
this work are shown in figure 1a and b, respectively. CERs can be further classified as either
non-hydroxy (N) or a-hydroxy (A) CERs based on whether a hydroxyl group is attached to
the carbon beside the carbonyl bond of the fatty acid tail. The subtle differences in
molecular structure have been shown to influence phase transition temperatures and other
characteristic properties of CER based bilayers.”~13 Furthermore, while the length of the
sphingoid tail is fairly constant at 16 carbons, the fatty acid tail exhibits considerable
polydispersity in length; in human stratum corneum the fatty acid tails range from 24 to 34
carbons? 3.3 resulting is considerable asymmetry between the lengths of the two tails.

The diversity of CERs that are found in the stratum corneum makes the investigation of their
structure and behavior at the molecular scale challenging. As a result, many experiments
have focused on establishing the core behavior of CER-based systems by studying
simplified “model” systems, e.g., bilayers composed of a single CER component or simple,
well-defined mixtures. 14-19

While molecular simulation has been used extensively to study phospholipid bilayers and
has provided a wealth of structural information,20-22 in comparison far less is known about
the atomic level structure and interactions of bilayers involving CERs. This is, in part,
related to the fact that neither GROMOS nor CHARMM - two of the most commonly used
force fields for lipid simulations — have been optimized specifically for CERs. Recent efforts
have been made to adapt these force fields for CERs23-2% by combining them with other
force field parameter sets to handle missing interactions; however, these adapted parameters
have not been extensively validated against experiment or compared. Of the limited
simulation studies on CER bilayers reported in the literature, only CER NS has been
considered.24-31 In the first such study, Pandit and Scott2 performed 20 ns simulations of a
preassembled bilayer of CER NS C14 (Where the subscript indicates the number of carbons
in the CER acyl chain) at ~368K using an adapted version of a force field developed by
Chiu et al.32 for sphingomyelin (SM), which has a large polar phosphorylcholine head group
in place of the central hydroxyl group. From these relatively short simulations, it was found
that intermolecular hydrogen bonding in CER NS was significantly altered as compared to
that seen in a C1g SM bilayer; in CER NS lipids, the absence of a large polar head group
significantly reduced the ordering of the water molecules at the lipid/water interface.
Subsequently, Imai et al.24 studied the residence time of water on the surface of
preassembled CER NS bilayers using a fully atomistic model based on the CHARMM force
field, finding that SM bilayers were capable of retaining water molecules longer than CER
bilayers; although a series of CER NS bilayers were studied with acyl chain lengths ranging
from Cy, — Cyg, the simulations were limited in timescale, capturing only 20 ns, which may
not be sufficient for a preassembled bilayer to fully relax itself from its initial state.
Additionally, the authors did not provide the parameters used for the functional groups in the
CER lipids that are absent from the CHARMM lipid topology. In more recent work, Noro
and coworkers,26: 27. 33 ysing the united atom model adapted from the GROMOS force field
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of Berger,23 studied the interaction of dimethylsulfoxide (DMSQ) with gel-phase bilayers of
CER NS Cy4 and calculated the free energy of pore formation in both CER NS and CER
NS/DMSO systems. Again, however, we note that the timescale considered was rather
limited, with run times of only 20 ns after initial relaxation. Subsequently, the same authors
studied a preassembled bilayer composed of CER NS, cholesterol and a saturated free fatty
acid 24 carbons in length, finding that cholesterol caused bilayer compression and
interdigitation of the CER tails in the two opposing bilayer leaflets.28-30

From the extensive simulation studies of phospholipid bilayers, it has been well established
that the GROMOS34 35 and CHARMMS36: 37 force fields are robust, and thus a certain level
of transferability to CERSs is expected; however, small, but non-negligible, differences
between the two force fields and with experiment are found for phospholipid systems with
regards to properties such as the electron density profile and APL3% 35 38 and considerable
efforts have been made to further optimize these parameters to provide better agreement
with experiment. For example, Chandrasekhar et al.3* tested the GROMOS96 aliphatic
alkane parameter set 45A3 with simulations of a dipalmitoyl phosphatidylcholine (DPPC)
bilayer at 323 K. When comparing the average APL with experimental values, they found
that GROMOS96 predicted an APL below the lowest reported experimental value, however
a later version of the GROMOS force field (G53A6 parameter set)3° was found to greatly
improve the fluidity of the bilayers, reducing this deviation. Similarly, Sonne et al.3’
modified the original CHARMM27 topology (named CHARMM27r) by proposing new
partial charges for the atoms in the DPPC head group. Using the modified force field, a
DPPC bilayer was studied and an APL of ~60 A2 (compared to 48 A2 with CHARMM27)
was obtained, which is ~4-5 A2 smaller than the experimental value.3° Motivated by the fact
that CHARMMZ27r systematically yielded values of the APL that were smaller than
experimental estimates and predicted the formation of gel-like bilayers well above the
experimentally determined gel transition temperature, Klauda, et al.3¢ proposed a new lipid
parameter set (which was subsequently included in the most recent update to the CHARMM
force field, CHARMMS36). Select torsional, Lennard-Jones and partial charge parameters
were modified by using, as reference, both quantum mechanical and experimental data; the
changes were validated through the study of six phospholipids, including DPPC. The
modifications were shown to provide improvements to properties such as the APL at zero
tension, structure factor, NMR order parameters, and dipole electrostatic potential, as
compared to the CHARMM27r parameter set. To evaluate the accuracy of the available
simulation models, Piggot, et al.38 simulated DPPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayers using five freely available force fields that have been
commonly used to model lipid bilayers, including force fields based upon GROMOS?3 and
CHARMMS3636. This work demonstrated that some bilayer properties have pronounced
force field dependence, while others are less sensitive. For example, the volume and APL, as
well as bilayer height were found to be accurately reproduced in comparison with
experimental data by most of the force fields studied, while lipid diffusion showed striking
differences depending on the force field used.

Despite the improvements in the GROMOS and CHARMM force fields for phospholipid
bilayer simulations, it is unclear which force field is most appropriate for CERS, as neither
has been specifically optimized for these systems and a direct side-by-side comparison of
the force fields, both with each other and with experiments, is not yet available.
Furthermore, while the literature does contain results of CER simulations using a
CHARMM-based force field, the full parameter set used was not defined, making it
impossible to use and evaluate this force field. In an effort to better understand the structural
role of CERs in lipid bilayers and to understand the role of head group chemistry, we
propose additional force field parameters for CHARMM to enable the simulation of CER
NS and NP bilayers and compare the simulation results to those obtained from simulations
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with the Berger23 modified version of the GROMOS force field. CER NS was chosen for
this study because it is the most abundant ceramide species in human stratum corneum, has
been previously examined in simulation, and has also been studied extensively in
experiment#0-42 providing information regarding structural ordering and phase transitions.
CER NP, the phytosphingosine counterpart of CER NS, is studied to assess, in a broad
sense, the role of head group chemistry on bilayer properties. The remainder of the paper is
organized as follows. In Section I, the force fields, simulation methodology, and analysis
methods are presented, including a detailed description of the head group partial charges and
missing parameters for CHARMM-based simulation of CERs. In Section I11, results for
bilayers composed of CER NS are reported, comparing the structural behavior and phase
transitions predicted by both the CHARMM- and GROMOS-based force fields with
experiment. Additionally, section I11 reports the properties of the bilayers formed by CER
NP and compared to CER NS and experiment, with an emphasis on changes to hydrogen
bonding resulting from head group structure. In section IV we provide concluding remarks.

[I. SIMULATION METHOD
2.1 Force fields

Here, models based on the all-atom CHARMM force field36: 37. 43-45 and the united-atom
GROMOS force field23: 34 35 have been applied to simulate the CER lipid bilayers.
Specifically, two systems have been studied: CER NS Cy and CER NP Cy¢, Where both the
fatty acid tail and the sphingosine/phytosphingosine tails are 16 carbons in length (note that
the sphingosine/phytosphingosine tail is technically composed of 18 carbons, but the first 2
carbons are considered to be part of the head group region). Since both CHARMM and
GROMOS are incomplete, in that they do not contain all the parameters required to study
CERs, for clarity we first provide details of the extended force fields used in this work.

All-atom CHARMM-based force field—Schematics of the all-atom CER NS are shown
in Figures 1a and 2a, and CER NP in Figures 1b and 2c. The parameters for the lipid tails
and OH groups are taken from the CHARMM36 topology files®6. Although the CHARMM
force field is extensive, it has not been parameterized specifically for lipids containing an
amide group. In order to determine the missing parameters, ab initio calculations were
performed to obtain the force constants and equilibrium distances/angles of atomistic CER
NS and NP molecules. The electron structure was also obtained in order to determine the
atomic partial charges. A detailed description of the procedure employed is included in the
supplemental information. The partial charges of the head groups are summarized
graphically in Figure 1a and 1b, for CER NS and NP, respectively. The missing dihedral
parameters and van der Waals parameters for the CER amide group were taken from the
peptide bond parameters of protein force field**; bonded parameters were validated against
the ab initio calculations, the details of which are also provided in the supplemental
information. The TIP3P46 water model was used. Throughout the rest of this paper, we will
refer to this extended version of the force field simply as CHARMM-CER.

United-atom GROMOS-based force field—Like CHARMM, GROMOS parameters
have not been derived purposely for ceramide head group atoms. Specifically, there are no
parameters explicitly stated for the amide group shown in Figure 2b. The force field used in
this work comes from Berger23 who adapted the united atom GROMOS force field for the
study of CERs; we briefly summarize this forcefield below. Note, in the GROMOS force
field, the aliphatic tails are treated as united atoms (i.e., no explicit hydrogens) while the
hydrogens bonded to oxygens and nitrogen in the head group are accounted for explicitly.
Bonded and non-bonded interaction parameters used for atoms in the amide group were
taken from the peptide nitrogen in the GROMOS87 parameter set and the hydrocarbon tails
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employ a Ryckaert-Bellemans potential,*” which was used to better reproduce the
experimental APL in DPPC bilayer simulations.23 The partial charges for the headgroup
atoms were taken from the side chain of serine, as in Mombelli et al.,8 while the united
atom carbons in the tail are charge-neutral. The atoms were broken into small, neutral
charge groups to prevent discontinuities in the potential at the cutoff. The charge groups
were taken to be as small as possible, e.g., the nitrogen and hydrogen in the amide group
make up a charge group and each united atom carbon in the tail represents a single charge
group. The simple point charge (SPC) water model*® was used. For simplicity, henceforth
this extended version of the GROMOS force field will be referred to as GROMOS-CER.

2.2 Simulation details

CHARMM-CER—Atomistic models of hydrated CER bilayers were simulated using the
LAMMPS®0. 51 simulation engine. For all CHARMM-CER systems, 100 molecules were
placed in each leaflet of a preassmbled bilayer and then solvated with 10,000 water
molecules. In order to relax each system, the temperature was increased from 0 K to 305 K
within the NVE ensemble using velocity rescaling; the timestep was gradually increased to
1.0 fs in order to avoid energetic problems due to atomistic overlap. Simulations were run
for 30,000 steps at which point the simulations were switched to the NPT anisotropic
ensemble (Nose-Hoover style non-Hamiltonian equations of motion from Shinoda, et al.>2)
at a pressure of 1 atm, where pressure control is applied independently in each direction. The
long-range electrostatic interactions were calculated through a particle-particle particle-mesh
(PPPM) solver with a cutoff of 12 A.53 A timestep of 1.0 fs was used during the NPT stage,
where all simulations were run for at least 100 ns to ensure sufficient sampling within the
steady state regime; specifically, CER NS was run for 107 ns and CER NP for 105 ns. Data
for the APL, bilayer height, and system energy were collected during the last 30 ns to ensure
a steady state had been reached.

To examine the thermotropic behavior (i.e., determine phase transitions as a function of
temperature), an equilibrated bilayer structure at 305 K (run previously for >100 ns) was
heated at a rate of 5 K/ns until bilayer rupture using the NPT ensemble with the same
parameters described above. Cooling curves were started from a temperature just below the
gel-to-liquid transition and cooled at a rate of 5 K/ns. As discussed in detail below, good
agreement is found in the measured properties between the simulations run for >100 ns at a
constant temperature of 305 K and the systems cooled to 305 K from just below the gel-to-
liquid transition.

GROMOS-CER—The GROMOS-CER model was simulated using the GROMACS
simulation engine.>* The initial structure was constructed in the same manner as the
CHARMM-CER bilayer, again using 100 lipids/leaflet. A steepest descent energy
minimization run was performed to relax the initial configuration, followed by a 100 ps
NVT equilibration at 305 K. The systems were then simulated for 100 ns in the NPT
ensemble at 305 K and 1 atm using a Berendsen thermostat with anisotropic pressure
coupling. A 2 fs timestep was used. All interactions were cutoff at 12 A and all bonds were
constrained using the SHAKE algorithm. The simulation procedure employed replicates the
reported procedures used in prior united atom CER studies by Notman et al.2” Again, data
was collected during the final 30 ns of simulation to ensure a steady state had been reached.
Similar to simulations with the CHARMM-CER force field, thermotropic behavior was
examined by heating an equilibrated bilayer structure at a rate of 5 K/ns from 305 K until
bilayer rupture in the NPT ensemble. Cooling simulations were started from a temperature
just below the gel-to-liquid transition and cooled at a rate of 5 K/ns, again good agreement is
found between systems that were run at a constant temperature of 305 K for 100 ns and
those that were cooled from higher temperature.
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It is important to note that both the SPC and TIP3P water models employed here have
previously been shown to agree well with experiment with regards to density and heat of
vaporization, even at the boiling point and our simulations show no evidence of anomalous
behavior associated with the water models at elevated temperatures®.

To provide a robust understanding of the lipid bilayers, several different metrics were used
to quantify the structural ordering, determine phase transitions, and compare directly with
experiment. The APL, a commonly reported quantity describing the compactness of the
bilayer, was calculated by dividing the interfacial area of the bilayer (i.e., the xy plane) by
the number of lipids in each leaflet. The bilayer thickness, also commonly reported in
experimental and simulation studies, was calculated as the difference in z-values (bilayer
normal direction) where the water density drops from its bulk value to 1/e of its bulk
value.2” The nematic order parameter, $,%6 of the tails was calculated to quantify the global
orientational order of the tails, allowing a clear determination of gel vs. fluid bilayers. A
value of S, approaching unity indicates that the tails are in an ordered crystalline nematic
structure suggesting a gel-like bilayer and, in this case, a value of S, < 0.8 (determined via
visual inspection for the systems at hand) tends to indicate a more liquid-like ordering of the
tails suggesting a fluid-like bilayer. The 2-d global hexagonal order parameter®’: 8 (i.e.,
global in that it quantifies long range hexagonal order) was also calculated to quantify the
in-plane ordering of the tails. The hexagonal order parameter lies in the interval [0,1], where
the upper bound corresponds to perfect hexagonal arrangement, and the magnitude of the
value relates proportionally to the quality of the ordering. The tilt angle of the lipid tails
relative to the bilayer normal was also quantified, where a tilt angle of 0° indicates that the
tails are parallel to the bilayer normal. Additionally, the heat capacity, Cp, was calculated
from the simulations performed as a function of temperature by taking the derivative of
enthalpy with respect to temperature. A detailed description of the calculation of each of
these metrics is provided in the supplementary information.

[ll. RESULTS AND DISCUSSION
Comparison of CHARMM-CER and GROMOS-CER force fields for C1¢ CER NS at 305K

As a first comparison of the CHARMM-CER and GROMOS-CER force fields, the bilayer
structural properties are examined at a constant temperature of 305K, as this is the
physiologically relevant temperature of skin. Simulation snapshots of CER NS after 100 ns
of simulation time are plotted for the CHARMM-CER force field and the GROMOS-CER
force field in Figure 3. Visually, similar results are observed, where both force fields
demonstrate stable, well ordered bilayer structures, with clear orientational ordering along
the molecular axis of the tails and hexagonal ordering between neighboring tails in the
planar direction.

To provide a quantitative comparison of the behavior, the APL, bilayer thickness and chain
tilt angle relative to the bilayer normal are calculated and summarized in Table 1.
CHARMM-CER results in bilayers with a larger APL, smaller thickness and a larger tilt
angle than the GROMOS-CER force field. The difference in the bilayer thickness predicted
from each force field can be attributed to the difference in the tilt angles, as a system with a
larger tilt angle and identical tail length will demonstrate a smaller bilayer thickness.

Based on X-ray diffraction experiments of pure, hydrated CER NS, Shah et al.#0 report a
lamellar structure with a bilayer repeat distance of 46.9 A at 299K. In this regard, it would
appear that both force fields underestimate the bilayer height slightly, however it is
important to note that the bilayer thickness can be calculated in multiple ways (see
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supplemental information), and thus the small differences seen here may instead be related
to the methodological choice rather than a deficiency in the models. Using surface pressure-
potential-molecular area isotherms, Scheffer et al.>® calculated the APL of a CER NS
monolayer to be 40 A2, Brockman et al. calculated 37.8 A2, and Léfgren and Pascher!3
calculated 42 A2, which are all consistent with the values obtained from the two force fields.
We also note that in the simulations performed by Metcalf and Pandit3! at 323K, an APL of
~44 A2 for pure CER and a tilt angle ~26 degrees for a mixture of 90% CER NS and 10%
SM were reported, which are consistent with our results from the CHARMM-CER force
field.

Phase transitions for CER NS Cyg

As further comparison/validation of the two force fields, temperature scans are employed to
examine the phase transitions as they compare to experiment.8 40-42. 61,62 Aqdditionally, it is
important to note that when modeling the stratum corneum, mixtures of different CERs,
cholesterol and free fatty acids with a range of tail lengths are present, which is likely to
result in some level of spatial hetereogeneity, where, for example, gel and fluid-like tail
segments exist simultaneously in different regions of the bilayer.”: 16:19.63.64 Tq pe
confident a given force field will provide dependable results for mixtures, it is important to
investigate the thermotropic behavior, as temperature scans will enable sampling of different
structural conformations of the tails. For both force fields, equilibrated bilayer structures
were heated from 305 K until bilayer rupture; similarly, systems were cooled from below the
main phase transition to 305 K.

Figure 3 presents simulation snapshots of CER NS bilayers as a function of temperature for
heating runs conducted with both force fields. Visually, a clear transition from an ordered
gel bilayer to a fluid-like bilayer occurs at ~390K and ~430K for simulations performed
with the CHARMM-CER and GROMOS-CER force fields, respectively. This transition
from gel- to liquid-like behavior is consistent with the trends reported in the prior simulation
studies of Notman et al.,2” where an ordered hexagonal arrangement of the lipid tails was
observed at lower temperature state points of 283 K and 323 K and liquid-like ordering at a
higher temperature of 363 K, although we note that this prior work considered CER NS with
a longer fatty acid tail (24 carbons) than studied here.

To provide a clearer picture of the behavior, the nematic order parameter, hexagonal order
parameter, APL, tilt angle, bilayer height, and the heat capacity, Cp, are calculated and
plotted in Figure 4 as a function of temperature. Focusing first on the Cp, two distinct peaks
are found at 358K and 383K in the heating curve for CHARMM-CER system, and a peak is
seen at ~348K in the cooling curve. Evidence of only a single transition (i.e., a single peak
in Cp) at 428 K is found for the GROMOS-CER force field. These peaks appear to correlate
well with changes in the various structural metrics, discussed below, and the estimated
transitions are highlighted as vertical lines in figure 4. Additionally, we note that at 305K,
both heating and cooling data closely agree, providing additional validation of the
robustness of the simulations presented prior (i.e., the initial structure did not strongly
influence bilayer properties for the 100 ns runs).

For the CHARMM-CER force field, both the S, and hexagonal order parameters for the
lipid tails show a clear drop at temperatures higher than ~380K. This corresponds to the loss
of orientational and in-plane ordering of the tails and the formation of a bilayer with a fluid-
like tail structure, consistent with visual inspection (see figure 3); this transition is closely
coupled to the large peak in the heat capacity that occurs above ~380K. Similar behavior is
seen in the GROMOS-CER simulations, however, at an elevated temperature of ~420K.
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The tilt angle for the CHARMM-CER system appears to demonstrate a hysteresis bounded
by the two smaller peaks in heat capacity (348 K and 358 K, shown as dashed lines).
Typically, a hysteresis of £15 K is reported when passing through the transitions of
measurable quantities in simulation,%5 consistent with these results; other bilayer systems,
such as phospholipids and bolaamphiphiles, have also been reported to have significant
temperature hysteresis when comparing the heating and cooling scan.6-68 As discussed in
the literature,%6-8 the main reason for the hysteresis is that the reformation of the more
ordered structure is kinetically limited. Performing the same examination of the GROMOS-
CER simulations (figure 4, right column), only a single transition appears evident at ~420K
when considering the order parameters, heat capacity, and visual inspection. Only the tilt
angle appears to show any temperature dependence prior to the gel-to-fluid bilayer
transition, although at temperatures where both experiment and CHARMM-CER do not
predict gel-like bilayers.

Comparing with experiment, the CHARMM-CER results appear to agree quite well with the
calorimetric work of Chen et al.,1 who performed Fourier transform infrared (FTIR)
spectroscopy and differential scanning calorimetry (DSC) studies of CER NS. The main
order-disorder transition temperature was reported to be 366.1 +1 K, in closer agreement
with CHARMM-CER (~380 K) than GROMOS-CER (~420 K). We note that it is expected
that the simulated heating scans will predict slightly elevated transition temperatures (e.g.,
by as much as 15 K compared to cooling®®), especially given the rather “fast” heating rates
used in simulations compared to experimental studies; taking this into account brings the
CHARMM-CER force field in very close agreement with experiment. CHARMM-CER also
provides good agreement with the work of Shah and Atienza,*2 who reported two transitions
within the ordered regime at ~350 K and ~355 K for experiments of non-hydroxy fatty acid
CERs; these transitions are in close agreement with the peaks observed at ~348 and ~358 K
in Cp and the hysteresis in tilt angle in the CHARMM-CER simulations. Similarly, by
examining the methylene stretching and scissoring modes, Chen et al.%1 observed a solid-
solid phase transition at similar temperatures (~340 — 345 K) resulting from chain packing
alterations. However, in their work, the nature of the transition was associated with a change
from orthorhombic (higher temperature) to hexagonal (lower temperature) subcells; in our
simulations, no evidence of a hexagonal to orthorhombic transition is observed, although,
we note that CHARMM-CER does predict alterations to the tail tilt-angle.

While there is consensus in the literature that the CER lipid tails are well ordered, the
packing pattern is not completely agreed upon.8: 41 61, 62,64 For example, at physiologically
relevant temperatures, there is evidence of hexagonal®! and orthorhombic packing®2, as well
as mixtures thereof59, While these results seem to disagree, it is important to consider that
the orthorhombic phase is hexagonal in nature (i.e., hexagonal, but “compressed” in one
direction) and for CER NS, it is suggested that the characteristic length scales in the
orthorhombic phase differ by only ~10%/’. As such, the differences between these phases
may ultimately be very sensitive to slight differences between experimental procedures and/
or simulation models/procedures.

Properties of CER NP Cy¢

As CHARMM-CER appears to more accurately model the behavior of CER NS, it was
chosen for examination of the behavior of CER NP. To first provide a validation of
CHARMM-CER for CER NP, a temperature scan was performed to determine the order-
disorder transition for comparison with experiment. Similar to the CER NS temperature
scan, the thermotropic behavior was investigated by heating from an equilibrated bilayer
structure at 305K (run for 105 ns), until bilayer rupture. The nematic order parameter,
hexagonal order parameter, APL, tilt angle, bilayer height, and the heat capacity, Cp, are
calculated and plotted in Figure 5. From these measurements, it appears that CER NP
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transitions from a gel to liquid bilayer state is at ~390-395K, which is roughly 10-15 K
higher than CER NS. This shift in the transition temperature is consistent with experiment;
specifically, Garidel et al.® reported a main solid-liquid phase transition at 383 K and Rerek,
et al.8 reported chain melting at 388K recall, the main transition temperature of CER NS
was reported to be 366 K.61

Comparisons of the structural differences between head groups: CER NS versus NP

Table 2 plots various structural properties of CER NS and NP at 305K. We find that CER
NP predicts a less tilted, but thicker bilayer than CER NS, although both phases have similar
APLSs and values of the order parameters. These differences in tilt angle are surprising, given
that CER NP and NS differ only in the replacement of an alkene functional group by a third
hydroxy group (see Figures 1 and 2). Although fewer experimental measurements of the
structural properties exist for CER NP compared to CER NS, surface pressure-potential-
molecular area isotherms of CER NP monolayers conducted by Léfgren and Pascherl3
calculated the APL to be 48 A2 at zero surface tension, suggesting CHARMM-CER
underpredicts this spacing (note, in these experiments the APL drops rapidly to 42 A2 when
the applied surface tension is increased to 30 dynes/cm). However, given that the APL for
both simulated systems is roughly the same but CER NP has a larger bilayer thickness, this
indicates that CER NP tail segments have a larger volume per lipid (i.e., larger accessible
space per tail) than CER NS, consistent with the conclusion from IR spectroscopy studies
that phytosphingosines pack less tightly than sphingosines.®

To further investigate the differences between CER NS and NP, the hydrogen bonds formed
by the AMIDE and OH groups between lipids (see labels given in Figure 2), as well as
between the lipids and water, have been determined and are reported in Table 3. As might be
anticipated, due to the additional OH group, CER NP is found to have more hydrogen bonds
than CER NS. This is consistent with the work of Rerek et al.,8 who found that
phytosphingosines have more significant hydrogen bonding than their sphingosine
counterparts. In the 200-lipid bilayer system studied here, CER NP has, in total, 15% more
hydrogen bonds than the CER NS bilayer of the same size and under the same
thermodynamic conditions. With respect to the total number of hydrogen bonds formed by
OH groups, there are 25% more hydrogen bonds in the CER NP bilayer than in the CER NS
bilayer. This indicates that the additional OH group in CER NP plays a significant role in the
formation of hydrogen bonds with surrounding hydrogen donors/acceptors, whereas the
alkene group in CER NS is more stable in a hydrophobic environment.

Notably, the distribution between lipid-lipid hydrogen bonds and lipid-water hydrogen
bonds presents opposite trends for the two CERs studied. In CER NS, the most hydrogen
bonds are formed with water (80%), with only 20% of the hydrogen bonds formed between
lipids; while in CER NS this ratio becomes 40% versus 60%. The lipid-lipid hydrogen
bonding snapshots for CER NS and NP are shown in Figure 6, from which we can see that
the CER NP head groups form a tight and cohesive hydrogen bonding network, while CER
NS shows more sparse and discontinuous intermolecular hydrogen bonds.

Experimentally, Garidel et al.53 studied the microstructures of CER NS and CER NP via
FTIR spectra and found that CER NS is characterized by weaker hydrogen bonding
interactions between the head groups than CER NP, which is consistent with our
observations. When comparing CERs of the same chain length, or chain length distribution,
experimentally one typically observes that the gel-liquid phase transition is higher for
phytosphingosines than sphingosines.?: 41 61,62, 71 Garidel et al.53 hypothesized that this
may result from the stronger interactions between the polar head groups. The simulations
performed in this study support this hypothesis, where CER NP (phytosphingosine) is able
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to form a stronger hydrogen bond network compared to CER NS (sphingosine) and exhibits
a slightly augmented order-disorder transition temperature.

Another notable point from Table 3 is that the simulations demonstrate that the AMIDE
group in CER NS forms more hydrogen bonds than in CER NP, with ~20% more AMIDE
groups participating in the formation of the hydrogen bonding network. This may be due to
the strong head group hydrogen bonding network that forms among the three OH groups in
CER NP, making it less advantageous for the AMIDE to participate in the formation of
hydrogen bonds.

In Figure 7, the distributions of the angle between the hydroxyl oxygen and connecting
carbon bonds (C-O) and the bilayer normal in both the CER NS and CER NP systems are
plotted for the OH-1 and OH-2 groups (see labels given in Figure 2). From figure 7a, it is
observed that the C-O angle for CER NS is evenly distributed at 25°, 90° and 155°,
suggesting two thirds of the C-O bonds with OH-1 align perpendicularly while only one
third are in the horizontal direction. In comparison, the curves for CER NP are significantly
more peaked with a higher intensity value at ~90°. Thus, in CER NP systems, the C-O bond
with OH-1 tends to be more horizontal relative to the bilayer normal. The C-O bond with the
OH-2 group in both systems shows similar trends: C-O in CER NS distributes evenly at 60°
and 120°, while for CER NP a single peak is seen at 95°. These results suggest that in CER
NP, the C-O bonds adjacent to the OH groups adopt a more horizontal orientation, resulting
in a flatter head group region at the lipid-water interface. This change in position appears to
be the cause for the augmented hydrogen bonding network seen for CER NP.

The radial distribution function (RDF) has also been calculated to further compare the
structural characteristics and head group arrangement in CER NS and NP bilayers. The
RDFs of the nitrogen in the AMIDE group and oxygen in the OH-1 and OH-2 group for
CER NS and NP are shown in figure 8.

Figure 8a shows that CER NP has a higher intensity of the first peak in the nitrogen-nitrogen
RDF than CER NS, while the peak position for the two lipids is very similar. This suggests
that for CER NP, the nitrogen atoms have, on average, more nearest neighbors than the
nitrogen atoms in the CER NS system. Since the APL for both CER NP and CER NS
bilayers is ~42 A2, we can infer that the CER NP AMIDE groups tend to assemble together
and form a more open polar interface than the CER NS system. This can also be seen by
examining the position of the secondary peaks; CER NS has a minor peak at 6.25 A while
CER NP peaks around 7.4 A. This measurement is consistent with the observation by Rerek
et al.,% who proposed that the more open polar interface allows phytosphingosine CERs to
form a stronger hydrogen bond network compared to sphingosine CERSs.

While the RDF measurements in figure 8b for OH-1 are similar for both systems, the
measurements for OH-2 shown in figure 8c differ significantly for NS and NP. Although the
spacing of the first two peaks is similar, the magnitude of the first peak in CER NS is
approximately double that of CER NP. This suggests that without the influence of the OH-3
group in the phytosphigosine tail, the OH-2 group in CER NS possesses more order than its
counterpart in CER NP; the latter tends to form a loosely arranged structure. This is
supported by the distribution of C-O angles reported in figure 7, where OH-2 in CER NP
adopts a more parallel arrangement, influencing this packing.

IV. CONCLUSIONS

The structure and thermotropic properties of CER NS bilayers have been compared using
force fields based upon the CHARMM force field (CHARMM-CER), developed as part of
this work, and the GROMOS force field (GROMOS-CER) modified by Berger. We find that
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at physiological conditions, both force fields demonstrate similar behavior for CER NS,
consistent with the available experimental measurements; however, subtle differences
between the force fields are seen with respect to bilayer height and tilt angle, where
GROMOS-CER tends to predict more compact, less tilted structures than CHARMM-CER.
Examination of thermotropic properties and comparison with experimental observations
shows more significant differences between the two force fields. GROMOS-CER predicts a
main gel-liquid phase transition at ~420 K whereas CHARMM-CER predicts a transition at
~380 K, more consistent with experiment. CHARMM-CER also resolves a subtle order-
order phase transition at ~350 K, consistent with experimental measurements, while this
transition is absent in the GROMOS-CER simulations. Given that the stratum corneum is
composed of more than a dozen different lipids, it is important that a force field that is
capable of resolving the subtle structural differences and phase transitions in order to
accurately model this layer. However, it is important to note that the increased accuracy of
the proposed CHARMM-based force field comes with additional computational cost, which
may place practical limits on the system size and timescale that can be efficiently examined.
As such, the GROMOS-based force field will no doubt still play a vital role regarding the
investigation of CERs, particularly given that it could be optimized to better capture
thermotropic behavior.

When examining the role of head group chemistry by comparing CER NS to NP, our results
find that the substitution of OH-3 in place of the alkene bond changes not only the
neighboring OH-2 from a perpendicular to a horizontal orientation, but also induces the
formation of a more significant hydrogen bonding network, resulting in much stronger
intermolecular head group interactions compared with that seen in CER NS. These structural
differences lead to a higher gel-liquid phase transition temperature for the phytosphingosines
(CER NP) compared to sphingosines (CER NS), consistent with experiment. Slight changes
in the CER head group chemistry appear to have a dramatic influence on the morphological
features and thermodynamic properties of the lipid bilayers, underscoring the importance of
performing computational investigations of the molecular-level behavior of the different
classes of CERs found in the stratum corneum.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The molecular structure of (a) CER NS Cyg, which belongs to the non-hydroxy sphingosine
class of ceramides, and (b) CER NP Cjg, a non-hydroxy phytosphingosine. The notation Cqg
is used to indicate the length of the CER acyl chain. The red in the figure indicates the
bonded interactions of the CER molecule for which CHARMM parameters are proposed in
this work. Numerical label in parenthesis represents partial charges determined from ab

initio calculations.
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GROMOS-
CER NS

Figure 2.

Schematic of the (a) CHARMM-CER NS model; (b)) GROMOS-CER NS model and (c)
CHARMM-CER NP model. We note that even though GROMOS is a united-atom force
field, the GROMOS-CER model includes explicit hydrogens on the amide, OH-1 and OH-2
groups. Note gray atoms represent carbon atoms in a double bonded configuration.
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Figure 3.
Snapshots of the observed phases for CER NS along the order-disorder transition. The

horizontal dotted line demarkates gel phase bilayers (above) from liquid-like bilayer phases
(below). Note water is removed for clarity and hydrogens removed from tail groups. In all
cases the figure at left is the side view of the bilayer and the figure at right is oriented to
highlight the in-plane ordering of the tails segments
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Figure 4.

Structural and thermodynamic properties for CER NS bilayer along the order-disorder
transition. (a) S2 order parameter. (b) Hexagonal order parameter. (c) APL. (d) Tilt angle.
(e) Bilayer height. (f) Heat capacity. The left column presents results from the CHARMM-
CER force field and right column presents results from the GROMOS-CER force field. The
solid lines represent the estimated gel-to-liquid phase transition temperature and dotted lines
highlight the secondary peak in the heat capacity. The red lines correspond to the heating
curve and the blue to the cooling curve.
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Figure 5.
Structural and thermodynamic properties for CER NP bilayer with CHARMM-CER force
field along order-disorder transition.
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Figure 7.

Distribution of angle between hydroxyl oxygen and connecting carbon relative to bilayer
normal for CER NS and CER NP head groups. (a) C-O bond with OH-1; (b) C-O bond with
OH-2. Red lines represent CER NS and blue lines represent CER NP at T = 305 K
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Head group RDFs for CER NS Cy5 and CER NP Cyg. (a) Nitrogen-nitrogen RDF. (b)
Oxygen-oxygen RDF for OH-1. (c) Oxygen-oxygen RDF for OH-2. Red lines represent
CER NS and blue lines represent CER NP.
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Table 1

APL, bilayer height and tilt angle of CER bilayers from the constant temperature simulations.

APL (A2) Bilayer thickness (&)  Tiltangle (°)

CHARMM-CER  42.4%0.2 425+05 243+0.9
GROMOS-CER  39.8+0.2 43.7+0.4 17+1
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Table 3

Number of hydrogen bonds among the functional groups in the head region and water for CER NS and NP
bilayers from simulation run at 305 K, as calculated from VMD?? using a cutoff distance of 3 A and an angle
criteria of 60°.

CERNS Cyq CER NP Cyg
Group
Lipid-lipid  Lipid-water Lipid-lipid Lipid-water
AMIDE 14+£24 103 +9.1 15+33 87+7.1
OH 8972 422227 244+117  361+18.6

Total 103+ 9.6 525+31.8 259 +15.0 448 + 25.7
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