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CHAPTER 1

Introduction

The stratum corneum (SC) is the outermost layer of the skin and consists of corneocytes, or dead skin cells,
surrounded by a complex lipid matrix. Because the intercellular lipids are the only continuous pathway across
the SC, chemical permeation through the lipids is a critical component to the skin's barrier function.

This dense lipid lamellae serves as a crucial barrier that protects the body from environmental stressors,
pathogens, and water loss, as it is the only continuous pathway for diffusion.[1] The lipid matrix consists
of cholesterol (CHOL), free fatty acids (FFAs), and ceramides (CERSs) in roughly an equimolar ratio.[1]
CERs are two-tailed lipids consisting of a sphingoid base combined with a fatty acid producing a variety of
headgroup chemistries and chain lengths. Twenty-four CER subclasses have been identi ed in human SC,
with CER NP (a non-hydroxy acyl chain (N) bonded to a phytosphingosine base (P)) being the most abundant
CER in human SC. Other CERs, including CER NS (a non-hydroxy acyl chain (N) bonded to a sphingosine
base (S)), CER AS (an alpha-hydroxy acyl chain (A) bonded to a sphingosine base (S)), CER AP (an alpha-
hydroxy acyl chain (A) bonded to a phytosphingosine base (P)), and CER NH (a non-hydroxy acyl chain (N)
bonded to a 6-hydroxy base (H)) make up a considerable portion of the CERs present in human SC.[1] These
CER subclasses are depicted in Figure 1.1 and are all CER C24, meaning each consists of a 24-carbon acyl
tail bonded to an 18-carbon sphingoid base.

Research on the SC plays a pivotal role in understanding its structure and function, particularly in relation
to skin diseases like atopic dermatitis (eczema) and psoriasis, as well as in the development of effective skin
treatments, drug delivery systems, and cosmetic formulations. Understanding variations in SC lipid compo-
sition is crucial, as these changes often lead to impaired SC barrier function. This impaired barrier function
can present itself in diseased skin that typically has alterations in the lamellar and lateral organization of the
lipids.[2—7] Compared to healthy human SC, diseased skin or human skin equivalents (three-dimansional
vitro cultured skin model membranes) often show an increase in short-tailed lipids, looser packing, and a re-
duction in the long periodicity phase (LPP), which is essential for barrier function. In addition to the LPP, SC
lipids also organize into the short periodicity phase (SPP). The coexisting SPP and LPP lamellar phases have
repeating unit distances of approximately 5 nm and 13 nm, respectively, and can be identi ed by small-angle
X-ray diffraction (SAXD).[8, 9] The formation of the LPP, in contrast to the SPP, depends signi cantly on
the presence of esteri edl-hydroxy CERs (e.g., CER EQOS, EOP), which are essential for establishing its
distinctively long structure.[10, 11]

In addition to differences in periodicity, SC lamellar phases can be further categorized by their lateral



Figure 1.1: Schematics of CERs NS, NP, AS, AP, NH, and AH which are composed of a fatty acid chain
linked to a sphingoid base via an amide bond and can vary in their carbon chain (the gure shows each CER
as a ceramide with a 24-length acyl tail length).

organization into three structural types: orthorhombic, hexagonal, and liquid-crystalline, as shown in Fig-
ure 1.2.[1, 2, 12] The orthorhombic phase represents the densest packing, with lipids tightly arranged in a
crystalline structure with minimal molecular mobility. In this phase, lipids are in a solid state and packed
more closely in one direction. The hexagonal phase, which is slightly less dense, features lipids arranged in a
hexagonal pattern, allowing the hydrocarbon chains to rotate freely around their axes. The liquid-crystalline
phase is the least dense, with loosely packed chains that exhibit both lateral and rotational mobility. Each
phase has distinct lateral packing distances: the orthorhombic phase is the tightest (0.37 nm), followed by
the hexagonal phase (0.41 nm), and the liquid-crystalline phase with the largest spacing (0.46 nm) between
molecules.[1, 2] Experimentally, these variations in lateral packing can be detected using Fourier transform
infrared (FTIR) spectroscopy as well as SAXD and provide insights into how the structural organization and
order of lipid tail groups signi cantly impact the SC's barrier properties. In addition, deuterium nuclear
magnetic resonancé&d NMR, can be used to reveal molecular details about lipid order, phase behavior, and
orientation, making it another powerful tool for studying SC lipid systems. These techniques help determine
the rigidity or exibility of lipid chains, distinguish between phases like orthorhombic and hexagonal while
also shedding light on domain formation and lipid segregation via phase separation in complex SC lipid
mixtures. [2, 5, 6, 13-15]

Several molecular arrangements have been proposed to explain SC lipid organization, especially concern-
ing the interactions in ternary equimolar mixtures of CER NS C24, CHOL, and FFA C24.[7, 16-18] Skolova

et al.[7] suggested an asymmetric SPP model where long acyl CER tails associate with FFAs, while shorter



Figure 1.2: Schematic illustrating the organization and packing of the lamellar phases observed in the SC
(redrawn from Pilgram et al.[12] and Shamaprasad et al.[2]). The phases discussed in this work are classi ed
as orthorhombic, hexagonal, and liquid-crystalline. Lipids in the ordered liquid crystalline phase (more
ordered than an isotropic orientation) display lateral and rotational movements. In the hexagonal packing,
hydrocarbon chains can rotate freely around their axes, whereas lipids in the orthorhombic packing are in a
solid state and packed more closely in one direction.

sphingosine tails pair with CHOL, forming alternating domains to achieve the symmetry seen in neutron scat-
tering length density (NSLD) pro les. Engberg et al.[19] modi ed this SPP model to include clusters of both
mobile and rigid sphingosine chains to avoid packing mismatches, suggesting that some sphingosine chains
remain dynamic within this arrangement.

Experimentally validating the proposed structural models of SC lipid organization remains challenging
since each technique provides only partial insights into complex lipid systems. FTIR offers qualitative snap-
shots of lateral packing and hydrogen bonding but lacks detailed information on speci ¢ molecular inter-
actions.[20-29] X-ray diffraction can identify lamellar and crystalline phases and the dimensions of their
repeating units.[30, 31] Neutron diffraction, when combined with lipid deuteration, can provide averaged
lipid arrangements across repeating units, but this technique requires a single lamellar phase for accurate re-
sults and is highly sensitive to sample conditions.[1, 32] Furthermore, environmental factors and preparation
conditions—such as lipid composition, spraying methods, and annealing—can lead to inconsistencies across
different studies. Molecular dynamics (MD) simulations offer a powerful alternative to test and re ne these
proposed structures under well-controlled conditions, enabling detailed exploration of lipid organization and
interactions at the molecular level. By integrating experimental data with computational modeling, a more
comprehensive understanding of SC lipid structure and function can be achieved, enhancing insights into skin

permeability, hydration, and barrier functionality.



MD simulations enable researchers to probe nanoscale interactions and structures, offering a level of
resolution that is challenging to attain experimentally.[33] In a MD simulation, the system is initialized with
a given molecular con guration, and the forces on the atoms are calculated based on the interactions between
the atoms; these interactions are encoded in a “force eld”. Based on these forces, the positions of the
atoms are updated by numerically integrating Newton's equations of motion.[33] By simulating the physical
movements of atoms and molecules over time, MD allows for the prediction of molecular interactions and
their evolution in both time and space.

Various types of MD simulations cater to different scales and complexities.[34] All-Atom (AA) MD sim-
ulations model each atom individually, providing detailed precision but at signi cant computational cost,
rendering them impractical for large systems or long timescales. In contrast, coarse-grained (CG) MD sim-
ulations simplify the system by grouping atoms into “beads,” enabling faster simulations over larger spatial
and temporal scales at the expense of ne atomic detail.[34, 35] To effectively capture the intricate balance
between structure and dynamics in the SC lipid matrix, a multiscale modeling approach that combines both
AA and CG methods is necessary.[2, 17, 36, 37] This approach allows researchers to leverage the strengths
of each method, gaining both the detail of atomistic models and the ef ciency of CG models, while compen-
sating for their respective limitations.

Creating ef cient CG models tailored to a speci ¢ CER subclass requires balancing simpli cation of
molecular details with suf cient speci city to accurately capture their structural behavior and key interac-
tions.[35] There are several CG models developed for modeling SC lipids, including the model from the
MC¢Cabe group using the multi-state iterative Boltzmann inversion (MS-1BI) method [36, 38—41] developed
as an extension of the iterative Boltmann inversion (IBI) method,[42—-46] the Shinoda-DeVane-Klein (SDK
model,[47] and the MARTINI[48, 49] model. These models have predominantly been applied to study the
SPP (while some have examined the LPP) of SC lipids. Among them, the MARTINI-based models are the
most widely used due to their straightforward parameterization process and ease of system preparation.[2]
Speci ¢ MARTINI models have been developed for CER NS,[50-54] CER NP,[55] and CER AP.[56] To
date, the MS-IBI method, while better designed to study SC lipid structures, has only been utilized to model
CER NS,[39] underscoring the need for broader parameterization efforts across other CER subclasses.

To address this gap, this dissertation introduces new MS-IBl-based CG models for CERs NP, AS, AP,
and NH. Developing these CG models requires simulating the corresponding AA models to generate high-
quality target data, such as structural properties, which provide a benchmark for evaluating the accuracy
and reliability of the coarse-graining process. These CG and AA CER models are essential for studying
molecules that are present in substantial amounts in human SC and in synthetic lipid SC models that form

the SPP. The developed models are then utilized to investigate how compositional changes affect lamellar



and lateral organization of the SPP and their relationship to SC barrier function by employing a multiscale
molecular simulation approach that combines both AA and CG resolutions.

The remainder of the dissertation is structured as follows: Chapter 2 describes the development and
validation of CG models for CERs NP, AS, AP, and NH, along with the setup and simulation of corresponding
AA systems. Next in Chapter 3, these models are applied to provide molecular-level insights into complex
mixtures that replicate experimental lipid membrane compositions. A range of compositions are analyzed to
investigate key factors in uencing lipid organization within the SPP. These include (1) the unique hydrogen
bonding behavior of the headgroups in pure CERs NS, AS, NP, and AP, (2) the lipid tail dynamics in mixtures
of CER NP and AP, (3) the impact of CER NP acyl tail length on packing ef ciency, (4) and a complex
lipid mixture, known as the stratum corneum substitute (SCS), comprising 11 lipids selected to emulate
healthy SC. These studies aim to elucidate how variations in CER headgroup interactions and lipid tail length
distributions in uence tail packing, the hydrogen bonding network, and overall permeability. Then in Chapter
4, experimental and simulation techniques are combined to explore effects of the compositional differences of
SC lipid models representing healthy and diseased skin, with a focus on CERs NS and NP. Finally in Chapter
5, the CG models for CER NS and FFA are modi ed to produce molecular arrangements in mixtures with
CHOL that more closely match behavior observed in recent experimental studies, enhancing the model's
accuracy for future applications discussed in the conclusions in Chapter 6. This dissertation advances the
eld of SC lipid science by developing new molecular simulation models for ef cient study of the SC lipids,
while also providing novel guantitative insights into their molecular interactions, structural organization, and
barrier properties. Through this research, the understanding of the skin's barrier function is deepened, and
a valuable foundation is laid for the theory and development of skincare products and treatments aimed at

improving skin health and hydration.
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CHAPTER 2

Ceramide NP, NH, AP, and AS Model Development

2.1 Introduction

The stratum corneum (SC) serves as the outermost layer of human skin and plays a vital role in protecting the
body from environmental in uences and water loss.[1] This barrier is largely attributed to its complex lipid
composition, with ceramides (CERSs) being among the most abundant and critical components distinguishing
SC lamellae from other biological membranes. CERs, along with cholesterol (CHOL) and free fatty acids
(FFAs), form highly ordered multilayer structures that form the short and long periodicity phase (SPP and
LPP) essential for maintaining SC integrity and permeability.[1-5] Given the diversity of CER molecules
found in both human SC and synthetic SC models, accurate modeling of these lipids at a molecular level is
crucial for understanding the structural basis of SC barrier function. However, the diversity and complexity
of CERs make them challenging to be modeled effectively, especially when accounting for various CER
subclasses that differ in their headgroup chemistry and tail structure (see Figure 1.1).

Integrating molecular dynamics (MD) simulations into skin research introduces unique challenges and
opportunities.[6] Choosing the appropriate force eld, which de nes the parameters for molecular interac-
tions (i.e. bonded and nonbonded), is critical for accurate simulations. Among the widely used open-source
force elds applicable to a broad range of chemistries, the CHARMM][7, 8] and GROMOS|9] force elds
are particularly prominent in lipid system simulations.[6] CHARMM employs an all-atom (AA) approach,
explicitly representing each atom in the simulation, whereas GROMOS adopts a “united atom” (UA) model,
grouping CH, groups into a single interaction site. Both force elds have distinct strengths and limitations,
but the majority of atomistic simulations of SC lipids to date have utilized versions of CHARMM or GRO-
MOS, often with minor parameter adjustments to better align alitinitio calculations or experimental data
for speci c lipid molecule structures and dynamics.[6]

Additionally, most simulations of atomistic SC lipid systems aim to study the SPP and consist of pre-
assembled bilayer (2-lea ets) or multilayer (stacked lea ets) structures that contain CER NS (a non-hydroxy
acyl tail bonded to a sphingosine base), which is the most frequently studied CER in experimental model lipid
systems, even though it is not the most abundant CER in human SC.[1] However, more recent experiments
and simulations have studied other CER subclasses like those presented in Figure 1.1 including CER NP
(a phytosphingosine base bonded to a non-hydroxy acyl chain), CER AS (a sphingosine base bonded to an
alpha-hydroxy acyl chain), CER AP (a phytosphingosine base bonded to an alpha-hydroxy acyl chain), CER
NH (a 6-hydroxy base bonded to a non-hydroxy acyl chain), CER NdS (a dihydrosphingosine base bonded

12



to a non-hydroxy acyl chain), and CER AdS (a dihydrosphingosine base bonded to an alpha-hydroxy acyl
chain). In the most extensive atomistic simulation study of CER molecules to date, Badhe et al.[6, 10] used the
GROMOS-Notman force eld to simulate bilayers of pure CERSs (including NP, NdS, NH, AP, AdS, and AS)
all with acyl and sphingoid chain lengths of 24 and 18 carbons in length, respectively. While useful in terms
of expanding the atomistic catalog of lipids, this study used pre-assembled bilayer simulations, which, due to
the slow dynamics of these SC lipids, may be biased towards the initial con guration in which the lipids were
placed in the simulation box.[11] Additionally, recent experimental ndings indicate that in ternary mixtures
of CERs, CHOL, and FFA, which more closely mimic the composition of the SC, a majority of CERs adopt
an extended conformation (i.e., tails pointing in opposite directions) rather than the hairpin conformation (i.e.,
tails pointing in the same direction) as observed in bilayer simulations.[1, 12—-15] Since simulated bilayers
contain only a lipid-bulk water interface, the CERs are restricted to only the hairpin conformation.

CG MD simulations are used to access longer time scales and larger system sizes that are infeasible with
atomistic simulations. However, developing accurate CG models for each CER subclass requires careful
consideration of simpli ed parameters and potential energy functions. The MARTINI-based CG force elds,
which have been widely applied to study SC lipids, offer a relatively straightforward approach to system pa-
rameterization and preparation.[6] MARTINI models have been developed for CER NS,[16—-18] CER NP,[19]
and CER AP[20].

The MARTINI force eld, while widely used in biological CG simulations, has limitations that affect
its accuracy in speci ¢ contexts. It uses generalized interaction parameters that are not tailored to individ-
ual molecules or molecular classes, thereby failing to capture critical atomic interactions. The MARTINI
force eld methodology is optimized based upon free energy data, thus it performs well in estimating ther-
modynamic properties such as partitioning and interfacial tension; however, MARTINI has limited ability to
accurately predict structural properties (e.g. radial distribution functions (RDFs), area per lipid (APL), lipid
tilt angle, density pro les, etc.), which is particularly signi cant for modeling the characteristic crystalline
packing of SC lipids. For example, MARTINI models of pure CER NS C16 (a 16-carbon acyl tail bonded
to an 18-carbon sphingoid base) and CER NS C24 (a 24-carbon acyl tail bonded to an 18-carbon sphingoid
base) bilayers tend to underestimate the lipid tilt angle (0°) compared to experimental monolayers, which
report an angle of 14° for CER NS C18.[16, 17]

To address the limitations of the MARTINI type models, Moore et al.[21] developed a structure-based
multi-state iterative Boltzmann inversion (MS-1BI) CG method, which derives interaction potentials between
designated CG beads (groups of atoms combined into single sites) to achieve computational speedup while
capturing essential structural properties, such as APL, lipid tilt angle, bilayer thickness, and tail order param-

eters. CG models for CER NS,[22] CHOL,[23, 24] FFA,[22, 25-27] and water[28—30] have been previously
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parameterized using MS-IBI. This method has shown improvements over MARTINI, achieving a lipid tilt
angle of 7-10° for pure CER NS C16 and C24 bilayers, which is closer to experimental observations. Moore
et al.[22] also introduced a technique to self-assemble SC lipids into bilayers and multilayers (e.g., 4-lea et)
that has been applied and used in future studies analyzing the effects of varying lipid compositions.[23, 27]
The additional works are summarized in Shamaprasad et al.[6]

One of the key advantages of the MS-IBI approach is its inherent transferability, as the nonbonded poten-
tial energies between CG bead pairs are designed to be applicable across multiple states.[21] This transfer-
ability extends to the possibility of adapting parameters for chemically similar yet distinct systems, making
the MS-IBI approach particularly valuable for modeling a broader range of CERs using CG MD. In the con-
text of this work, “transferability” refers to the ability to “copy” or “adapt” existing parameters to create new
ones for systems that share similarities but differ in speci c chemical details. It encompasses the concept of
chemical transferability, where parameters for a known molecular feature (e.g., speci ¢ atomic groups) are
applied to a new molecule with comparable characteristics. In this work, the transferability of previously
parameterized CG beads for CER NS is leveraged to construct models for additional CER subclasses without
requiring extensive reparameterization. This approach signi cantly streamlines the development of new CG
models while maintaining accuracy.

This study examines the idea of transferability in order to create new CG models for CER molecules that
occur in signi cant amounts in human SC and in synthetic lipid SC models, speci cally CER NP, AP, AS,
and NH (see Figure 1.1). Chemical similarity will be utilized to parameterize the new CG models because,
except for the degree of hydroxylation, CERs NP, AP, AS, and NH are mostly similar to CER NS (Figure
1.1 and 2.1). Given this, a framework was adopted that develops new parameters for the bonded interactions
of the hydroxyl groups, represented as a CG OH bead, that are not present in CER NS, and then tests the
feasibility of applying the non-bonded potentials of the OH beads in CER NS to the additional OH beads
in the other CERs. These CG models are then validated by comparing with atomistic simulations. We then
performed self assembled simulations of CERs alone or in ternary lipid mixtures with CHOL and FFA in
either a bilayer or a multilayer system of the SPP to study the effects of the different CER subclasses on
lipid organization, phase behavior, and, ultimately, the SC's barrier properties. Through this work, we aim
to expand the catalog of CG lipid models using a streamlined approach for generating MS-1Bl-based CG
potentials without the need for rigorous force eld development. This research not only enhances the toolkit
available for simulating complex lipid systems but also provides insights into the molecular mechanisms by
which lipid composition and structure affect SC function. These ndings can support experimental studies
and facilitate a deeper understanding of the relationship between lipid composition, structure, and barrier

function within the SC.
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Figure 2.1: Headgroup mapping schemes for CERs NP, AS, AP, and NH. The CG beads used to describe the
headgroups of the CERs studied herein are illustrated. A complete CG mapping of CER NS is also included,
which depicts other beads that all the CER models share, including the MHEAD2, AMIDE, OH1, OH2, and
all TAIL and TER2 beads. The terminal bead on the sphingosine chain or the acyl chain of CER or FFA (see
Figure 2.2) is either a TAIL bead (containing two methylene and a terminal methyl group) or a TER2 bead
(containing one methylene and a terminal methyl group). Carbon chains of different lengths are represented
by including different numbers of TAIL beads and either a TAIL or TER2 terminal bead. Note that the
alkene in the sphingosine (NS and AS) and 6-dihydroxysphingosine (NH) tails utilize the same TAIL bead
that represent single carbon alkanes. This was an approximation made when de ning the initial CER NS CG
model. For future CER models (e.g., CER NdS), this bead could be the subject of potential re nement.
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2.2 Methods

2.2.1 Simulation Details

To parameterize the new CG CER models, rst AA simulations of pre-assembled lipid bilayers centered
between water layers of each pure CER (either NS, NP, AP and AS) and ternary lipid mixtures of CERs (either
NS, NP, AP, AS, and NH C24) with CHOL and FFA C24 were performed. AA simulations are necessary
rst in order to derive the CG bonded interaction parameters for the OH3 and OH4 (from the simulations
of pure CER) CG beads, and for OH5 CG beads (from CER NH mixtures with CHOL and FFA) shown in
Figure 2.1, and to obtain structural properties against which the new CG CER models can be compared. The
AA simulations utilized the CHARMMS36 force eld with additional parameters from Cournia et al.[31] for
CHOL and the TIP3P water model.[32] The CER headgroup parameters de ned in Guo et al.[33] for CERs
NS and NP were used to initialize the models for CERs AP, NH, and AS. The charges for each CER using the
CHARMM-based parameters were distributed appropriately to account for the additional hydroxyl groups.
The topology and force eld les for CERs AS, AP, and NH are available online.[34] Bilayers containing
either 128 molecules (pure CER) or 200 molecules (CER:CHOL:FFA mixture in a 1:0.5:1 molar ratio) were
pre-assembled between two layers of water molecules (a total of 40 water molecules per lipid) using the lipid
Bilayer construction recipe from the MoSDeF software suite.[35-42]

The AA simulations were run using the GROMACS 2020.6 simulation engine[43] with 1 fs time step and
periodic boundary conditions in all three directions; van der Waals and short-range electrostatic interactions
were truncated at 1.2 nm, and long-range electrostatic interactions used the particle-mesh Ewald (PME)
method with a 1.2 nm cut-off. The simulations are initialized by minimizing the energy of the system using
the steepest descent algorithm for a maximum of 200,000 simulation steps to avoid any high energy lipid
overlaps. Next, the bilayers were equilibrated in the canonical (NVT) ensemble for 500 ps using &ie Nos
Hoover thermostat[44] at 305 K before entering the isothermal isobaric (NPT) ensemble using the Parrinello-
Rahman barostat[45] for 10 ns at 305 K and 1 bar while applying semi-isotropic (in the xy dimension only)
pressure control to maintain the bilayer shape. The random walk MD (RWMD) algorithm,[46, 47] which
anneals the structure to random temperature iterations between 305 K and 350 K, was applied for 100 ns to
allow the pre-assembled systems to escape their initial con guration and potential metastable states. Finally,
a production run was conducted in the NPT ensemble at 305 K for 20 ns with the trajectory recorded every
10 ps to produce 2000 frames for analysis.

CG bilayers (2-lea ets) and 6-lea et multilayers of each CER alone or in mixtures with CHOL and FFA
were performed. The lipids are randomly packed using mBuild[37] between two water layers at a density

of 1 g/cc. All simulations included 10 CG water beads per lipid (i.e., 40 water molecules as in the atomistic
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simulations). Bilayer CG simulations with CERs NS, NP, AS, and AP alone and in mixtures with CHOL and
FFA (in a 1:0.5:1 molar ratio) systems contained 500 and 1800 lipids, respectively. Bilayers of CER NH,
CHOL and FFA (in a 1:0.5:1 molar ratio) contained 500 lipids. Simulations of pure CER NH bilayers (both
AA and CG) were performed; however, the results are not presented here because there is no experimental
data con rming whether CER NH without the presence of CHOL and FFA should form stable, organized
lipid lamellae. Thus, the CER NH CG model is parameterized using results from the mixture simulations,
whereas the CG models for the other CERs (NP, AP, and AS) are derived from simulations with only CERs.
All bilayer simulations were repeated four times from independent starting con gurations.

The CG simulations were conducted following the protocol described in detail in Nadaban et al.[48] and
in Section C.2 of this thesis. To maintain consistency, the description provided here reproduces the relevant
portions of the earlier protocol verbatim, with any modi cations or deviations speci c to this study clearly
noted. The CG simulations were performed with the HOOMD-Blue[49, 50] version 2.9.7 simulation engine
using a 10-fs time step and with periodic boundary conditions applied in all three dimensions. The simulations
began in the NVE ensemble at 105 K for 10-ps using the Velocity-Verlet integration algorithm to eliminate
molecular overlaps. This was followed by another 10-ps run in the NVE ensemble at 305 K, again using the
Velocity-Verlet integration algorithm to bring the system to the desirable temperature range. Next, the system
density was equilibrated in the NPT ensemble for 10 ns at 305 K and 1 bar, utilizing the Martyna, Tobias, and
Klein (MTK) barostat-thermostat for integration. Next, a shape annealing process was employed to expedite
self-assembly.

This process, initially proposed by Moore et al.[22], entails expansion and compression of the simulation
box area based on the expected area per lipid ¢dffLwhile holding the box volume constant and operating
in the NVT ensemble using the Ned{oover thermostat to control temperature. Where this self-assembly
deviates from Nadaban et al.[48] and Section C.2 is there is an additional temperature annealing that is
occurring simultaneously with the shape annealing. First, the diameter of the square box area at the beginning
of the shape annealing step is expanded by a factor of 1.58 (i.8:3) 2%er 150 ns with the temperature
operating at a high 500 K. Next, the area was decreased over 150 ns to the area at the expected diameter

(Lexp) calculated from Equation 2.1 s

APLexp Nipids

Nlea ets

2.1)

exp —

where Nipids is the number of lipids and bk fjetsis the number of lea ets (2 for bilayers and 6 for multilayers)

in the box. The expected APL (ARJy) used in the bilayers of pure CER and CER, CHOL, FFA mixtures
was 34A2, APLey for 6-lea et multilayers of pure N-type CERs (CER NS or NP) and A-type CERs (AS
and AP) were 342 and 44A2, respectively. In mixed multilayers of CERs NP, AS, or AP with CHOL and
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FFA, the APl was also 3472, During this 150 ns, the temperature is linearly ramped down from 500 K

to 305 K. This shape annealing protocol was used because it was the rst version implemented in the group.
Later, the protocol described in Chapter 3 was adopted as a simpler alternative. Although the newer approach
required twice the simulation time (600 ns), it did not involve simultaneous temperature annealing alongside
shape annealing, making it more straightforward. This protocol was used extensively with ternary multilayer
mixtures of CER NS, CHOL, and FFA, as they were initially performed by Shamaprasad et al.[23] using the
protocol from Nadaban et al.[48]. These systems used anfRalue of 32.5A2,

After shape annealing, the semi-isotropic barostat to NPT was re-engaged and the temperature was in-
creased from 305 K to 400 K over 100 ns at a constant rate of heating, and then decreased back to 305 K
at a constant rate of cooling for 50 ns. The system was equilibrated at constant pressure of 1 bar and pres-
sure coupling applied in the xy-plane, allowing lateral dimensions to adjust dynamically while maintaining
a stable system volume. This step assists in diminishing the defects formed during the shape annealing step
and to further relax the lipids. Again, this approach is slightly different from that in Nadaban et al.[48] and
Section C.2 where the temperature ceiling is different. Finally, the simulation was run for 150 ns under phys-
iological conditions at 305 K and 1 bar. The last 100 ns of each simulation is used as the NPT production run
(305 K and 1 bar) with the trajectory recorded every 0.5 ns to produce 200 frames for analysis. In total, the

self-assembly procedure takes about ie2

2.2.2 Coarse-Grained Mapping and Bead Interaction Parameters

The schemes for mapping lipid chemical structures to CG beads are shown in Figures 2.1 and 2.2 for CER
NS C24, CHOL and FFA C24. The CG water bead contains four water molecules, consistent with earlier
work.[22, 23, 28] The headgroup mapping scheme for CER NS includes AMIDE and MHEAD2 beads along
with separate beads for each of the two hydroxyl groups, identi ed as OH1 and OH2, to capture the directional
nature of their hydrogen bonding and to more accurately predict key structural properties. The sphingosine
and acyl chains of CER NS consist of TAIL and TER2 beads that are also used for the FFA tail.

Figure 2.1 also shows the mapping schemes used here to represent the headgroups of the new CG models
for CERs NP, NH, AS, and AP, which are identical to CER NS except for an additional one or two hydroxyl
groups. These new CG models use the bonded and nonbonded interaction parameters that were derived for the
CG beads in CER NS (i.e., the MHEAD2, AMIDE, OH1, OH2, TAIL and TERZ2 beads are transferable to the
new CERs) combined with three new beads representing the OH groups on the sphingosine backbone and the
acyl chain, identi ed as OH3, OH4, and OH5 respectively. Additional hydroxyl groups are known to affect
CER packing, most probably through differences in hydrogen bonding interactions.[1] Therefore, as with

the OH1 and OH2 beads in CER NS, we represent the new OH groups as separate from the headgroup with
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Figure 2.2: CG mapping scheme for CHOL[23, 24] and FFA C24[22].

distinct bonded and nonbonded interaction parameters. We also assume that the interaction parameters for
OH3, OH4, and OHB5, like those for OH1 and OH2, are identical across all CER species (i.e., the parameters
are transferable).

The nonbonded interaction parameters for the CG beads in CER NS, FFA and CHOL were derived using
the MS-IBI method combined with simulated wetting between the lipid-water interface to produce the proper
hydrophilic-lipophilic balance.[22, 27] For the new OH3, OH4, and OH5 beads, we assumed that the non-
bonded interaction parameters derived previously for the OH1 and OH2 beads from CER NS could be used.
We examined this assumption and the best choices for assigning the OH1 and OH2 parameter values to OH3,
OH4, and OH5 beads in the initial phase of the study. All nonbonded and bonded interaction parameters for

the CG models presented in Figures 2.1 and 2.2 are provided in a GitHub repository.[34]

2.2.3 Analysis

Several lipid structural properties were calculated from the CG and AA simulations. These include: the
APL, calculated by dividing the cross-sectional area of the simulation box by the number of lipids in each
lea et; the lipid packing, characterized using the normalized lipid area (NLA) proposed by Shamaprasad et
al.,[23] which accounts for the different size of the lipids by dividing the APL by the effective number of
hydrocarbon tails per lipid; bilayer thickness, calculated from the peak-to-peak distance in the mass density
pro le; lipid tilt angle, calculated as the angle between all lipids with the vector between the tail director and
the z-axis (bilayer normal) minimum eigenvalue of the inertia tensor correspond to the director eigenvector;
and the nematic order parameter (S2), calculated by taking the largest eigenvalue of the nematic tensor as

described in the supporting information of Wilson.[51] All these structural metrics can be calculated from
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both atomistic and CG systems.

2.3 Results and Discussion

2.3.1 Atomistic Bilayer Structures Compared with Prior Simulations

As shown in Table 2.1, CERs AS (0.402 fintalculated in this work and CER NS (0.40 fjmeported

in earlier work are also found to have similar APL values.[33] The APL for CER NP (0.4%) isalso

quite similar to that for CERs NS and AS and the APL for CER AP (0.43)rimsigni cantly larger than

the other three CERs. These results are consistent with the other CHARMM-based (AA) simulations of
Wang and Klauda[52] who reported an APL of 0.46%for CER AP C24 and 0.43 nfiCER NS C24. In
contrasting behavior, the work of Badhe et al.,[10, 53] calculated APLs for pure hydrated bilayers of CERs
NP (0.378 nri), AP (0.385 nm), NS[53] (0.393 nrR), and AS (0.395 nif). Badhe et al.[10] reports that
CERs NS and AS have larger APL values than the phytosphingosine (P-type) CERs NP and AP. Badhe et
al.[10] used the GROMOS-based united atom (UA) force eld, which previously was shown in Guo et al.[33]
that CHARMM-based force elds typically produce larger APL values compared to GROMOS. Additionally,
when compared to experimental monolayers, CHARMM-based force elds produce more accurate behavior.

In this work, the bilayer thicknesses of CERs AP C24 and AS C24 were identical (4.96 nm) and smaller
than that of CER NP C24 (5.0 nm). In contrast, Badhe et al.[10] reported a bilayer thickness for CER AS C24
(5.35 nm) that was the same as CER NP C24 and larger than that of CER AP C24 (5.0 nm). The discrepancy in
absolute thickness values between the two studies may arise from differences in the methods used to calculate
bilayer thickness: we calculated the distance between headgroups in mass density pro les, whereas Badhe et
al.[10] calculated by measuring the center-of-mass separation of the headgroups in electron density pro les.
However, these methodological differences should not affect the relative thickness comparisons among the
CER subclasses. Thus, it seems likely that different force elds (i.e., AA vs. UA) can produce different
trends, which is especially in uential in the packing of pure CER systems.

Table 2.2 shows structural properties for bilayers of ternary mixtures of each CER with CHOL and FFA
C24 in a 1:0.5:1 molar ratio from both atomistic and CG simulations. Whether atomistic or CG, these re-
sults indicate that the structural properties of bilayers become independent of the CER subclass once other
lipids (CHOL and FFA) are introduced. This is consistent with results in Nadaban et al., which showed that
changing the relative amounts of CER NS and NP in SPP forming mixtures had little to no effect on struc-
tural organization.[48] Additionally, in Kovacik et al. equimolar mixtures of CERs (NS or NP), CHOL, and
FFAs (FFA C16, C18, C20, C22,C24in a 1.8:4:7.6:47.8:38.8 molar ratio) formed crystalline CHOL and the
SPP at 5.34 nm and 5.56 nm for the CER NS and NP mixtures, respectively.[54] Additionally, in the CER

NP, CHOL, and FFA mixture, X-ray diffraction detected a third phase at 3.72 nm, which was suspected to
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Table 2.1: Structural parameters for pure CER bilayers from pre-assembled AA and self-assembled CG
simulations using both the OH1 and OH2 interaction parameters as indicated for the OH3 and OH4 beads.

2 Results are presented as mean + standard deviations. The reported standard deviations represent the variability of four trials from
different randomized initial conditions, except for the tilt angle values, which represent the average variability within each lea et.

Table 2.2: Structural parameters for bilayers of CER:CHOL:FFA mixtures with 1:0.5:1 molar ratio from
pre-assembled AA and self-assembled CG simulations using both the OH1 and OH2 interaction parameters
as indicated OH3 and OH4 bedtls.

a Results are presented as mean * standard deviations. The reported standard deviations represent the variability of four trials from
different randomized initial conditions, except for the tilt angle values, which represent the average variability within each lea et.
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be crystalline CER NP. Furthermore, unpublished experimental data from Joke Bouwstra revealed that an
equimolar mixture of CER AP C24, CHOL, and FFA C24 also formed crystalline CHOL along with the SPP
at 5.5 nm. These ndings suggest that although at different compositions, each different CER subclasses will
form the SPP. Studying pure CER systems offers valuable insights into the individual properties of each CER.
However, ternary mixtures containing CHOL and FFA are more representative of the lipids in the human SC

and provide a better model for its behavior.

2.3.2 CG Interaction Parameters for the New CG Hydroxyl Beads

2.3.2.1 Bonded Interactions

Extending the CG model from CER NS to CERs NP, AS, NH, and AP requires additional bonded interaction
parameters for the new OH groups on the sphingosine backbone (OH3 and OH5) and the acyl chain (OH4).
Bonded interactions are characterized by the equilibrium bond lengtlarid the harmonic force constant

(ky) for bonds between bead pairs and harmonic bond stretching constant between adjacent CG beads and by
the equilibrium angledp) and the harmonic angle bending constdg} between three connected CG beads.
Values for these parameters are derived as described previously [22, 23] from the Boltzmann inversion of the

Gaussian distributionyj of the bond lengthsf and anglesq)

y=e 5T (X %0)?

from AA simulations mapped to the CG equivalertis eitherr or q andk is eitherk; or k. Bonded
interaction parameters for CG beads in CER and FFA, including the new OH3, OH4, and OH5 beads, are
listed in Table 2.3. The bond length parameters for OH3 and OH4 were rst determined using CER NP and
CER AS, respectively. Since CER AP requires both OH3 and OH4, the concept of transferability was applied
as an approximation, allowing previously derived bond length parameters from CERs NP and AS to be used
for this system. Parameters for CHOL beads are available in previous work.[23] Additional details for the
parametrization of the bond and angle bonded parameters between atomistic and CG CER NH systems are

depicted in Section A.2.
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Table 2.3: Bonded interaction parameters for the CER and FFA CG modglss the length and; the
harmonic force constant for the bond length between bead jpgiisthe angle andly is the harmonic force
constant for the bond angle between three connected beads.

Bond ro[A] k: [kcal/(mol A?)]
TER2-TAIL 341 35.6
TAIL-TAIL 3.92 20.9
TAIL-HEAD 3.28 24.3
TAIL-AMIDE 3.01 103.9
TAIL-MHEAD2 3.62 27.6
TAIL-OH3 2.40 93.0
TAIL-OH4 2.50 542.0
TAIL-OH52 2.33 82.8
AMIDE-MHEAD2 2.92 190.0
MHEAD2-OH1 2.33 45.3
MHEAD2-OH2 2.07 152.0
Angle qo [degrees] | ko [kcal/(mol rad?)]
TER2-TAIL-TAIL 155.0 7.9
TAIL-TAIL-TAIL 158.0 6.3
TAIL-TAIL-HEAD 148.0 11.6
TAIL-TAIL-AMIDE 158.0 6.3
TAIL-TAIL-MHEAD2 158.0 6.3
TAIL-TAIL-OH3 143.8 54.0
TAIL-TAIL-OH4 141.0 16.0
MHEAD2-AMIDE-TAIL 106.0 29.0
AMIDE-MHEAD2-TAIL 107.0 5.3
AMIDE-MHEAD2-OH1 109.0 8.3
AMIDE-MHEAD2-OH2 105.0 10.8
AMIDE-TAIL-OH4 71.0 490.0
MHEAD2-TAIL-OH3-aP 52.2 231.0
MHEAD2-TAIL-OH3-b? 77.3 320.0
TAIL-MHEAD2-OH1 128.0 5.7
TAIL-MHEAD2-OH2 69.0 361.8
OH1-MHEAD2-OH2 115.0 12.2
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TAIL-TAIL-OH5-aP 58.0 202.0
TAIL-TAIL-OH5-b? 78.0 92.0
MHEAD2-TAIL-OH52 159.0 69

2 The OH5 bead was parameterized using AA and CG mixtures of CER NH C24:CHOL:FFAC24 in a 1:0.5:1 ratio and detailed in
Section A.2.

b These angles are characterized by two distributions, labeled as a and b.

Table 2.3 lists bonded interaction parameters for the new OH3 and OH4 CG beads, along with these
parameters for all other CG beads in the CER and FFA molecules. Figure 2.3 compares the distribution
of bond angles for the OH3 and OH4 CG beads mapped to best reproduce the AA simulations for bilayers
of pure CER AP, NP, and AS. Because the CG angles are t to a single harmonic potential, they do not
reproduce the multiple peaks seen in the AA distribution, although the CG distribution usually captures the
gross behavior and differences between triplets of CG beads. Generally, the TAIL-TAIL-OH3 and AMIDE-
TAIL-OH4 distributions are captured reasonably well by the CG model to capture the single peak. The
MHEAD2-TAIL-OH3 and TAIL-TAIL-OH4 angles are not as accurately reproduced, although the peak of
the CG distribution is midway between the two distinct AA peaks, again, capturing the gross behavior. Fitting
with multiple harmonic potentials could provide an improved match between atomistic and CG, but at reduced
computational ef ciency. However, based on our prior studies,[22] this level of agreement is not required to
provide acceptable agreement with structural properties from the AA simulations. The AA mapped to the
CG level angle distributions show a split in the distribution creating two peaks. The CG angle distributions
represent the bimodal AA distribution as a singular peak to allow for maximum speed up. Badhe et al.
similarly simpli ed bimodal AA distributions to have CG angle distributions lie between the two peaks in the

development of their MARTINI-based CG model of CER AP.[20]

2.3.2.2 Non-Bonded Interactions of CER NP, AS, and AP

For the nonbonded interaction parameters, values for the OH1 and OH2 beads from CER NS were assigned to
the OH3 and OH4 beads with the requirement that the assignment of OH1 or OH2 parameters to the OH3 and
OH4 beads has to be the same in the three new CG models (i.e., the OH3 and OH4 beads are transferable).
For the non-bonded interactions, the option of assigning OH1 and/or OH2 parameters to OH3 and/or OH4
was examined by rst comparing self-assembled CG bilayers of pure CER NP, AS and AP and mixtures of
each CER at 1:0.5:1 molar ratios of CER:CHOL:FFA with preassembled AA simulations of the same systems
(Tables 2.1 and 2.2). The CHOL composition in the simulations of both bilayers and multilayers was half of

that used in many experiments of these CERs. This is because experiments with equimolar CER:CHOL:FFA
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Figure 2.3: Angle distributions of pure CER bilayers with AA (solid line) and CG (dashed line) resolutions
for the OH3 and OH4 bonded interaction parameters listed in Table 2.3: (A) CER AP: MHEAD2-TAIL-OH3
angle in black (average CG peak centered at 65°) and TAIL-TAIL-OH3 angle in red (CG peak centered at
144°); (B) CER AP: AMIDE-TAIL-OH4 angle in black (CG peak centered at 71°) and TAIL-TAIL-OH4
angle in red (average CG peak centered at 141°); C) CER NP: MHEAD2-TAIL-OH3 angle in black (average
CG peak centered at 65°) and TAIL-TAIL-OH3 angle in red (CG peak centered at 144°); (D) CER AS:
AMIDE-TAIL-OH4 angle in black (CG peak centered at 71°) and TAIL-TAIL-OH4 angle in red (average
CG peak centered at 141°). CER NH is not included here as pure systems were not analyzed for CER NH.
See Section A.2 for more information and Figure A.4 for the angle distributions based upon CER NH, CHOL,
and FFA bilayers.
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molar ratios are known to exhibit phase separated CHOL that disappears when CHOL is reduced to this
lower molar ratio.[13, 48, 55, 56] These experimental studies suggest the composition of the lamellar phases
in these systems is likely to be close to a CER:CHOL:FFA molar ratio of 1:0.5:1 molar ratio.

The bilayer simulations generally showed little difference in terms of structural metrics when assigning
OH1 or OH2 to represent the OH3 and OH4 beads, except for pure CER AS, which exhibited a signi cantly
larger standard deviation in the four replicated simulations when the OH2 parameters were assigned to OH4
(16% of the mean compared with 2% for all other cases listed in Tables 2.1 and 2.2). Problems with the
OH2 parameter assignment to OH4, which did not occur when OH1 parameters were assigned to OH4, were
also observed in self-assembled six lea et multilayers of either CER AP or CER AS in the CER:CHOL:FFA
mixture with a 1:0.5:1 molar ratio. As shown for CER AP in Figure 2.4, the four lea ets without water contact
are disordered for the OH2 assignment to OH4 but not for the OH1 assignment. Similar results were observed
for multilayers of CER AS. In contrast, OH3 in CERs NP and AP is indifferent to its assignment as either
OH1 or OH2 in both the bilayer simulations (Tables 2.1 and 2.2) and multilayer simulations of the 1:0.5:1
molar ratio mixtures of CER:CHOL:FFA (Figure 2.4 for CER AP; data not shown for CER NP). Based on
these results, the OH1 nonbonded interaction parameters were chosen for both the OH3 and OH4 beads. As
a result, new CG models for CERs NP, AS, and AP that are consistent with atomistic simulations of bilayers
and experimental observations of well ordered SPP can be de ned by simply transferring the existing OH1
bead interactions and eliminating the need to develop new nonbonded interaction parameters to extend the

CG CER NS model.

2.3.2.3 Non-Bonded Interactions of CER NH

Developing a CG model for CER NH presents additional challenges, partly because it is not commercially
available. This has limited its study to a few experiments, mostly involving mixtures with CHOL, FFA, and
sometimes CER NS.[54, 57, 58] In the initial experiments, CER NH C24, either alone or combined with
CER NS in varying amounts, formed a lamellar phase known as the medium periodicity phase (MPP), with
a repeat distance of 10.6 nm—about twice that of the small periodicity phase (SPP).[54, 58] More recent
studies have shown that the formation of the MPP, rather than the SPP, is in uenced by sample preparation,
particularly the annealing temperature and hydration conditions.[57]

To investigate CER NH, bilayers were simulated consisting of 500 lipids with a molar composition of
CER NH:CHOL:FFA24 at a 1:0.5:1 ratio. These simulations, similar to those previously described, aimed
to test the transferability of the OH1 and OH2 beads to OH5. Bilayer formation was examined to assess
self-assembly and stability, followed by plotting a total lipid mass density pro le shown in Figures 2.5 to

evaluate any differences between all lipid types when using OH1 or OH2 non-bonded parameters. Because
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