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Resumen

Titulo: Efecto de la composicion de ceramidas en la estructura del estrato corneo - un estudio de
dinamica molecular*
Autor: Natalia Rivero Arenas**

Palabras Clave: Ceramidas, simulacion, matriz extracelular lipidica.

Descripcion:

En algunas enfermedades dérmicas con una evidente deshidratacion y descamacion de la piel, la
relacion natural de CER[NP]:CER[AP] se altera en la matriz extracelular del estrato corneo
aumentando la concentracion de CER[AP]. La matriz extracelular del estrato cOrneo esta
compuesta por varias bicapas lipidicas apiladas. Hay pocos estudios estructurales de este sistema.
En este trabajo grado se estudiaron dos modelos de tres bicapas lipidicas apiladas de CER[NP],
CER[AP], colesterol y &cido lignocérico mediante simulaciones de dindmica molecular. Se evalu6
el efecto de las proporciones CER[NP]:CER[AP] 1:2 y 2:1 sobre las propiedades estructurales de
la matriz extracelular del estrato cérneo. Estas propiedades fueron: grosor, angulo de inclinacion
de las cadenas acilo, ubicacion de los terminales CHs de las cadenas acilo y los enlaces de
hidrogeno. En la relacion CER[NP]:CER[AP] 1:2 se encontrd una mayor inclinacién y un menor
solapamiento entre las cadenas acilo de las dos hemicapas de una bicapa lipidica. Y un mayor
grosor de las bicapas lipidicas. EI nimero total de enlaces de hidrdégeno presentes en los dos
modelos es similar. La CER[AP] forma un mayor numero de enlaces de hidrégeno entre el
hidroxilo del &cido graso y el agua que entre el hidroxilo 3 de la CER[NP]. Los resultados
demuestran que usar un modelo de tres bicapas lipidicas apiladas es mejor, puesto que los
obtenidos son similares a los resultados experimentales reportados por Schmitt et al., (2018).

* Trabajo de Grado
**Facultad de Ciencias. Escuela de Quimica. Maestria en Quimica. Directora: Martha Cecilia
Daza Espinosa. Dra. en Ciencias - Quimica. Codirector: Markus Hans Oliver Doerr. Dr. rer. nat.
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Abstract

Title: Effect of ceramide composition on stratum corneum structure - a molecular dynamics study™*
Author(s): Natalia Rivero Arenas**

Key Words: Ceramides, simulation, lipid extracellular matrix.

Description:

In some dermal diseases with evident skin dehydration and desquamation, the natural ratio of
CER[NP]:CER[AP] is altered in the extracellular matrix of the stratum corneum by increasing the
concentration of CER[AP]. The extracellular matrix of the stratum corneum is composed of several
stacked lipid bilayers. There are few structural studies of this system. In this graduate work, two
models of three stacked lipid bilayers of CER[NP], CER[AP], cholesterol and lignoceric acid were
studied by molecular dynamics simulations. The effect of 1:2 and 2:1 CER[NP]:CER[AP] ratios
on the structural properties of the stratum corneum extracellular matrix was evaluated. These
properties were: thickness, angle of inclination of the acyl chains, location of the CH3z termini of
the acyl chains and hydrogen bonds. In the ratio CER[NP]:CER[AP] 1:2, a greater tilt and a
smaller overlap between the acyl chains of the two hemilayers of a lipid bilayer were found. And
a greater thickness of the lipid bilayers. The total number of hydrogen bonds present in the two
models is similar. CER[AP] forms a greater number of hydrogen bonds between the hydroxyl of
the fatty acid and water than between the 3-hydroxyl of CER[NP]. The results show that using a
three stacked lipid bilayer model is better, since those obtained are similar to the experimental
results reported by Schmitt et al., (2018).

* Degree Work
**Facultad de Ciencias. Escuela de Quimica. Maestria en Quimica. Director: Martha Cecilia Daza
Espinosa. Dra. en Ciencias - Quimica. Codirector: Markus Hans Oliver Doerr. Dr. rer. nat.
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Introduction

The stratum corneum, the outermost layer of the epidermis, is a tissue composed of
corneocytes surrounded by an extracellular lipid matrix composed mainly of ceramides (CERS),
cholesterol (CHOL) and free fatty acids (FFA) (Das Chinmay & Olmsted Peter D., 2016; Uchida
& Park, 2016). Due to the organization of corneocytes, stacked and without interstices, as well as
the properties of the lipid matrix surrounding these cells, the stratum corneum is the layer
responsible for the barrier function of the skin (van Smeden, Janssens, Gooris, et al., 2014). The
extracellular lipid matrix of the stratum corneum is essential for human survival, as it acts as a
barrier that prevents rapid dehydration and protects the body against viruses, bacteria, and UV
radiation (Elias, 2012).

So far, there are only a few notions about the three-dimensional organization of
extracellular lipids in the stratum corneum. However, the role of individual lipid subclasses, the
correlation between functionality, composition and structure in healthy and diseased skin remains
incomplete. Obstacles such as the complexity and wide chemical variability of lipids present in
the stratum corneum, ethical issues related to the use of biological material such as excised human
skin, hinder the elucidation of the morphology of this lipid matrix (Lavrijsen et al., 1995).

The lipid matrix surrounding the stratum corneum cells in skin with diseases such as
psoriasis, atopic dermatitis, lamellar ichthyosis, among others, shows changes in the organization
and proportion of some of their constituent ceramides, for example, in patients with these
pathologies, who are characterized by exhibiting evidently dehydrated skin with frequent
desquamation (Bouwstra & Ponec, 2006), the concentration of ceramide N-(tetracosanoyl)-

phytosphingosine (CER[NP]) decreases, while the concentration of ceramide N-(o-d-
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hydroxytetracosanoyl)-phytosphingosine (CER[AP]) increases (Bouwstra & Ponec, 2006; Motta
et al., 1993; Pilgram et al., 2001), these ceramides differ only in an additional OH group in the
fatty acid chain of CER[AP]. Understanding at the atomic level the effect of the change in the
CER[NP]:CER[AP] ratio on the structure of the stratum corneum lipid matrix will enable the
future development of effective dermal and transdermal drug delivery strategies to improve skin
health in patients with ichthyosis or other related skin diseases.

Recent research used neutron diffraction in combination with specifically deuterated
ceramides to study the effect of 1:2 and 2:1 CER[NP]:CER[AP] ratios. They found that the acyl
chains of the lipids in one monolayer overlapped with the acyl chains of the lipids in the other
monolayer. At the ratio CER[NP]:CER[AP] 1:2 the lipid acyl chains were tilted, and their overlap
was reduced, without influencing the bilayer thickness. Whereas, in the CER[NP]:CER[AP] 2:1
ratio the acyl chains were arranged mostly straight with one with a large region of overlap (Schmitt,
Lange, et al., 2018). The conformations they propose in this study are hypotheses that explain the
experimental results, but it is not yet completely clear how these tilted structures are formed, nor
is there the effect of this arrangement on the microscopic structure and interactions in this type of
molecular arrangement.

Due to the limited resolution of this experiment, the neutron wavelength was 4.6 A, the
structural information was obtained one-dimensionally, perpendicular to the bilayers (Schmitt,
Lange, et al., 2018), the molecular causes of the observed structural changes were not found.
Therefore, molecular dynamics simulations offer an atomic-level approach to the detailed study of
the three-dimensional structure of the lipid matrix surrounding the corneocytes that it allows to
study. So far, simulation studies have provided considerable insight into the effect of the chain

length of CERSs, the addition of other lipids and the permeation of small molecules on the properties
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of lipid bilayers that constitute the extracellular matrix of the stratum corneum (Das et al., 2009;
Gupta et al., 2016; Regno & Notman, 2018; Schmitt et al., 2017; Schmitt, Gupta, et al., 2018).

Therefore, the objective of this research was to study by molecular dynamics simulations

two models of three stacked lipid bilayers composed of CER[NP], CER[AP], lignoceric acid (LA)

and CHOL to analyze the structural differences between the bilayers that are in contact with an

external aqueous medium and the middle bilayer, to determine the effect of the 1:2 and 2:1 ratio

CER[NP]:CER[AP] on the structural properties and to analyze in more detail the observations

made by Schmitt et al., (2018) and compare with our previous studies performed with a lipid

bilayer (Rivero, 2019).
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1. Objectives

1.1. General Objective
To evaluate the effect of ceramide composition on the structural properties of two models

of the stratum corneum lipid matrix.

1.2. Specific Objectives
To determine the effect of 1:2 and 2:1 ratios of CER[NP] and CER[AP] ceramides in two
models of three stacked bilayers of the stratum corneum lipid matrix including lignoceric acid and

cholesterol.

To characterize the stabilizing interactions in two models of three stacked bilayers of the

stratum corneum lipid matrix including lignoceric acid and cholesterol.

To evaluate the effect of the number of lipid bilayers on the structural characteristics of
models of the stratum corneum lipid matrix composed of CER[NP], CER[AP], lignoceric acid and

cholesterol.
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2. Theoretical Framework

2.1. Stratum corneum

The stratum corneum is the outermost layer of the skin. It represents the body's main
interface with its environment; therefore, it functions as a barrier, protecting cells and internal
tissues from external aggressions while maintaining normal cellular functions. It also limits water
loss from the skin (Elias, 2005). It is typically 10-20 um thick and is composed of 10-15 layers of
corneocytes (Menon et al., 2012). Corneocytes are dead cells derived from differentiated
keratinocytes that have originated in the deeper layers of the epidermis. Morphologically,
corneocytes are flattened and elongated, measuring about 0.2 um wide and 40-60 pum long
(Kashibuchi et al., 2002). They occupy an area of 700-1200 um?; thus, there are approximately
105 cells per cm?. They form a tightly packed set of interdigitated cells, which facilitates the
formation of cohesive sheets, that are the cells stacked in vertical columns (Uchida & Park, 2016).
Each cell is contained within a primarily protein envelope rather than the conventional lipid bilayer
cell membrane. This envelope provides the stratum corneum with most of its mechanical strength,
through intracellular keratin disulfide bonds and through the attachment of cells that are embedded
in a lipid-enriched extracellular matrix (Boncheva, 2012; Elias, 2012; Matoltsy, 1976).

Ceramides, cholesterol, and free fatty acids are the major components of the extracellular
matrix (Das Chinmay & Olmsted Peter D., 2016). Ceramide metabolites, sphingosine and
ceramide-1-phosphate, are present as minor components (Goto-Inoue et al., 2012), as well as
phospholipids (Elias, 2012). Ceramides account for approximately 50% by mass of stratum
corneum lipids and 15 classes, comprising 342 individual species, have been identified (Masukawa

et al., 2008). The lipid composition of the stratum corneum varies according to anatomical site
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(Lampe et al., 1983), age (Starr et al., 2016), sebaceous gland density (Ludovici et al., 2018) and
UV exposure (Wefers et al., 1991).
2.2. Ceramides
Ceramides are the main lipid constituent of the extracellular matrix of the stratum corneum,
playing a key role in structuring and thus maintaining the barrier function of the skin. They are a
structurally heterogeneous group of sphingolipids and consist of a long-chain fatty acid linked to
the amino group of a di- or trihydroxy sphingoid base, sphingosine, phytosphingosine or 6-
hydroxysphingosine. The fatty acid bound to the sphingoid base consists predominantly of a very
long saturated alkyl chain and may be hydroxylated at the a-position to the carbonyl oxygen, at
the end of the hydrocarbon chain, w-position, or present no hydroxyl group at all (Castro et al.,
2014; van Smeden, Janssens, Gooris, et al., 2014).
The nomenclature of ceramides is based on their chemical structure as seen in Figure 1.
The first letter defines the type of fatty acid modification present. The [N] represents a non-
hydroxylated fatty acid, the [A] an a-hydroxylated fatty acid, the [O] an ®-hydroxylated fatty acid.
An [O] CER may additionally be esterified with another fatty acid at the w-position indicated by
an [EO]. The last letter, which is the third letter for [EO], defines the type of sphingoid base. The
[S] is for sphingosine, [P] for phytosphingosine, and [H] for 6-hydroxysphingosine. Only
dihydrosphingosine is indicated by two letters [DS] (Motta et al., 1993).

Figure 1

Explanation of CER subclasses and CER chain length. CERs are composed of a fatty acid chain linked to a
sphingosine base. Both chains show a wide distribution in their carbon chain length (indicated by the arrows). This
results in a wide range of the total carbon chain length of CERs.
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Note Taken from van Smeden, Janssens, Gooris y Bouwstra (2014).

Compared to other lipids such as phospholipids, the head groups of ceramides are smaller
and less polar. However, they exhibit strong and stable interactions through a complex network of
hydrogen bonds (L. Li et al., 2002). It has been observed that the more hydroxyl groups the head
groups of ceramides have the stronger the interaction (Janssens et al., 2009). The a-ceramides,
seem to be an exception to this rule, in this case, the additional OH group seems to disrupt the
hydrogen bonding network rather than strengthen it. The most abundant a-ceramide in the stratum
corneum lipid matrix is CER[AP] (Masukawa et al., 2008). In the native stratum corneum lipid
matrix, only the D(2R) isomer of CER[AP] is found (L. Li et al., 2002).

2.3. Structure of the extracellular lipid matrix of the stratum corneum
In contrast to the dermis in which the extracellular matrix is filled with collagen, elastin,

glycosaminoglycans and glycoproteins (Bouwstra et al., 2000), the extracellular matrix of the
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stratum corneum is composed of long-chain ceramides, free fatty acids, and cholesterol. The

extracellular matrix of the stratum corneum shows a unique lamellar arrangement, which differs

from that presented by other biological membranes containing mainly phospholipids (Bouwstra et
al., 2021; van Smeden, Janssens, Gooris, et al., 2014).

Figure 2 shows schematically the possible chain conformations and lateral packing
arrangements of lipid bilayers. In the orthorhombic (OR) phase, which is the densest phase, the
lipid chains are arranged in a rectangular crystal lattice with no rotational or translational mobility.
In the hexagonal phase (HEX), also called the gel phase, lipid chains are tilted and form a less
dense hexagonal lattice; lipid molecules have some rotational mobility, but their translational
mobility is restricted. In the liquid crystalline phase (L1Q), the chains show a high degree of gauche
isomerization, and lateral organization is completely lost; lipid molecules have high rotational and
translational mobility. All three lipid phases are present in the stratum corneum lipid lamellae,
with a marked prevalence of the OR phase (Boncheva, 2012). In the direction perpendicular to the
surface of the corneocytes, the lipid bilayers are stacked one on top of the other and form a
repeating pattern of structural units, lamellae. In the lipid matrix of the stratum corneum there are
two types of lamellar structures, which are differentiated by their repeating distance, i.e., by their
thickness, one with a thickness of about 13 nm, which is called the long periodicity phase (LPP),
and another with a thickness of about 6 nm, which is called the short periodicity phase (SPP)
(Schmitt & Neubert, 2018). Shorter SPP arrangements around 4—4.5 nm were also reported (Al-
Amoudi et al., 2005).

Figure 2

Schematic presentation of lipid matrix organization in stratum corneum. (a) The stratum corneum is composed of
corneocytes surrounded by a lipid matrix, referred to as the brick-and-mortar structure. (b) The corneocytes are
covered by a cornified envelope. A monolayer of lipids (bound lipids) is attached to this cornified envelope. The free
lipids adopt two lamellae phases, the long periodicity phase (LPP) shown in (c), and the short periodicity phase (SPP)
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shown in (d). The lipids within the lamellae assemble in () either a liquid (loose packing), a hexagonal (dense
packing) or an orthorhombic packing (very dense packing).
Corneocytes and lipid matrix  Lamellar Lipid organization

(a) Brick and mortar structure (c) long periocidity phase

T
b

W |

Lateral lipid organization

(e) different organizations of the acyl-chains

------- -
SN N | =046
Vi ’.QI ----- Jo.a12 0.375

0.412 0.412 0.416 0.416

Liquid Hexagonal Orthorhombic
Note Taken from Bouwstra et al., (2021).

2.3.1. Stratum corneum ceramides in diseased skin

All skin conditions are related to alterations in the composition and metabolism of skin
lipids and show impaired barrier function (Bouwstra & Ponec, 2006; Paige et al., 1994; Sahle et
al., 2015). However, the links between skin disorders and specific lipid concentrations can be
difficult to define because of the diverse range of lipid molecules available, especially ceramides
(Schmitt & Neubert, 2018). Other skin components, mainly water and proteins, must also be
considered. Table 1 presents a summary of trends common to different skin diseases, e.g.,

decreased total CERs concentrations.
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Table 1

Summary of changes in stratum corneum diseases and conditions.

Skin Disease/Condition Ceramides and Derivatives
General trends
| Total ceramides
1 Short-chain ceramides
| Long-chain ceramides
1 CER [AP]
| CER [NP]
(Imokawa et al., 1991; S. Li et al., 2016; Matsumoto et al., 1999)
Specific trends
1 CER[NS] (children) (Shen et al.,

2018)
. | CER[EOS] (Motta et al., 1993)
Atopic Dermatitis T CER[AS] (cgl(l)(ige)n) (Shen etal., | Acylceramides (Yamamoto et al.,

1 CER36 [NS] (male and female) 1991)

(Agrawal et al., 2018)
1 Ceramides C12:0, C16:0, C18:0,

Psoriasis C18:1, C24:0 and C24:1 (Checa et al.,
2015)
| Average ceramide chain length (Zhou
Acne etal., 2018)
X ceramides with very long acyl chains
. 1 Short-chain ceramides (C26 - C34)
Lamellar Ichthyosis (Lavrijsen et al., 1995) | acyl-CERs (subgroup of patients)

(Paige et al., 1994)

| very long CERs [EO] (van Smeden,
Janssens, Boiten, et al., 2014)

1 C34 CERs of subclasses
Netherton Syndrome [NS], [AS], and [AH] (van Smeden,
Janssens, Gooris, et al., 2014)
Note Taken and modified from Bouwstra et al., (2021).

2.4. Molecular dynamics simulations

Molecular dynamics (MD) is a simulation technique in which Newtonian mechanics is
used to calculate the evolution of a molecular system, which is dictated by the interaction forces
between molecules. The force F; acting on each atom caused by the surrounding atoms is
calculated from the interaction potential, which is then used to determine the positions of the atoms

over a short period of time, integrating Newton's second law of motion:

Fi = m;.q; (21)

2
m; is the mass of the atom, it a; = % is acceleration and F; the force acting on the atom.
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As the force on each atom depends on the positions of the other atoms, a numerical
integration algorithm is required. This time stepping process is repeated to produce a molecular
trajectory comprising a time period (Rapaport, 2003).
2.4.1. Finite-difference methods
The standard approach for the numerical integration of the Newton’s equations of motion
is then the use of finite-difference methods, in which the integration over the time ¢ is broken into
a series of short time steps &t. At each time step, the forces F;(t) experienced by the particles in
their current positions r;(t) are computed. It is then assumed that the F;(t) remain constant during
the small-time step &8t so that they can be combined with known dynamic information, position,
velocities etc., at t, or preceding timesteps, to predict new positions etc. at the next time step t +
&t. For this purpose, the finite-difference methods generally make use of truncated Taylor
expansions for the position r(t) and its derivatives, i.e., the velocity as first derivative, the

acceleration as second derivative etc. (Eaker, 2018).

r;(t + 6t) = 1;(t) + v;(t)6t + %ai(t)&z + %bi(t)5t3 + 0(6t%) (2.2)
v;(t + 6t) = v;(t) + a;(t)6t + %bi(t)&z + 0(5t?) (2.3)
a;(t + 6t) = a;(t) + b;(t)6t + 0(5t?) (2.4)

bi(t +8t) = b(t) + 0(8t). (2.5)

0(6tN) defines the order of the truncation error of the Taylor expansion.
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2.4.1.1. Velocity Verlet. The Velocity Verlet algorithm is probably the most widely used
finite-difference method today. The positions are derived from a Taylor expansion accurate to

0(&t3), whereas the velocity function only involves a Taylor expansion with O(8t?). Though the

velocities are forwarded in two stages that again involve a mid-step (t + %6t).

r;(t + 6t) = r,(t) + v; ()5t + %ai(t)dtz + 0(6t%) (2.6)
1
v; (t + E&) = v;(t) + a;(t)6t + 0(5t?) 2.7)

1 2
v, (t + E&) + a; ()5t + 0(5¢). 2.8)

The positions r;(t + &t) are estimated from the current positions r;(t), velocities and

accelerations. The current values v;(t) and a;(t) then also yield the velocities at the mid-step

v (t + %61:) as illustrated in Figure 3. For the new positions r;(t + 8t), the forces are evaluated,

which are then used together with the velocity at the mid-step v; (t + %&) + a; to calculate the

velocity v;(t + &t). Then, both positions and velocities are available at t + &t, so that also the
configurational energy and kinetic energy can be derived at the same timestep (Eaker, 2018; Raabe,
2017).

Figure 3

Illustration of the Velocity Verlet algorithm.

t-6t t t+ a6t t-6t t  t+8t t-at L+ 5t t-8t 0t t+8t

r | |_
a 1

Note Taken and modified from Eaker (2018).
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2.4.2. Thermostats in NVT ensemble and Barostats in NpT ensemble

Solving the Newton’s equation of motion results in simulations in the NVE ensemble.
However, this does not correspond to the conditions at which experimental studies are conducted.
To derive thermophysical properties from MD simulations that can be compared with experimental
data, it is necessary to perform simulations at constant temperature and/or constant pressure. To

perform constant temperature simulations, so-called "thermostats" are used (Raabe, 2017).
The Maxwell-Boltzmann relation, equation 2.9, gives the probability distribution of the
velocities of the particles of a system as a function of temperature and directly relates the kinetic

energy of a system to its temperature. Solving the equation for the instantaneous temperature T

N M2
T(t) = M (2.9)

Nikg
where N represents the degrees of freedom of the system. This comprises the translational
motion of the N particles in all three directions. Therefore, to control the temperature is to scale
the velocities by a factor A such that the resulting kinetic energy of the system corresponds to the

imposed temperature T

LR A u©)?

(2.10)
Nk

Hence, the required scaling factor is given by

AD) = /% (2.11)
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The Berendsen thermostat (Berendsen et al., 1984) employs a time scale 7, so the scaling

factor A to update the velocity is given by

vo14 (L - 1) (2.12)
tr \T(t)

However, the Berendsen thermostat does not generate a canonical distribution of
configurations (Hunenberger, 2015). There are more sophisticated approaches to control the
temperature involve interactions of the system particles with a heat bath: as in a deterministic and
dynamical approach as in the case of Nosé -Hoover thermostat (Hoover, 1985; Nosé, 1984).

Experimental studies usually are performed under condition of constant pressure. So, MD
studies at conditions relevant for experiments require simulations not only to be performed at an
imposed temperature, but often also at constant pressure. A macroscopic system reacts on an
imposed pressure p by changing its volume. Accordingly, pressure control in simulation studies
involves volume fluctuations of the simulation box. Therefore, the simplest approach to control
the pressure is to scale the simulation volume (Uline & Corti, 2013). The counterpart to the

Berendsen thermostat is the Berendsen barostat, which uses a scaling factor y for the volume given

by

6
XO=1-k = (=) (2.13)
14

T,, is the time scale of the volume scaling, g is the instantaneous pressure of the system,

and k is the isothermal compressibility. The volume of the simulation box is then scaled by y,

whereas the center-of-mass coordinates of the particles and the cell factors are scaled by %%
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2.4.3. Force Fields for MD simulation

The interaction between atoms or groups of atoms can be described at the quantum
mechanical level or using molecular mechanics. The molecular mechanics approach is an approach
in which the integrity of the molecule is generally maintained, i.e., there is no change in the
covalent bond. The molecular structure is characterized by a "ball and spring” model, with the
atoms being considered as spheres and linked together by springs. The potential energy of a
molecular system and the associated intermolecular forces are calculated from a potential energy
function, commonly referred to as a force field (Leach & AR, 2001), which describes the
interaction potential as a function of a set of parameters. The potential energy function comprises
bonding and non-bonding interactions (Figure 4). The bonding interactions refer to the
contributions of bond stretching, angle bending and torsional rotation on bonds. Non-bonding
interactions are assumed to act between atoms and comprise a van der Waals term, usually a
Lennard-Jones potential, and a coulombic term to capture the electrostatic interaction between
charged or partially charged atoms. The potential energy parameters that define the force field are
input data in the simulations (Notman & Anwar, 2013). They are derived from a variety of sources
that may include molecular beam experiments, spectroscopy and/or quantum mechanical
calculations, which are optimized to reproduce experimental data. Force fields commonly
employed for lipid simulations include AMBER (Cornell et al., 1995), GROMOS (Oostenbrink et

al., 2004) and CHARMM (Brooks et al., 2009).

Figure 4

Potential energy function for molecular interactions in the molecular mechanics approximation. The first and second
terms describe the van der Waals and coulombic interactions, respectively for atoms i and j. The next set of terms
describes the bond, bond angle and torsional energy of the molecules composing the system. For the bond terms
(bonds, bond angles and torsions), the potential energy is relative to the atoms that are in their equilibrium state, for
which the energy is zero. The Lennard Jones parameters &ij and aij, the partial charges gi and gj, and the force constants
kn, ka, and kg4 are all atom-specific parameters that are introduced into the simulation.
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2.4.4. Sampling techniques in molecular dynamics simulations of biological systems

Despite the success of MD simulations in studying a wide range of biological systems, they
remain limited in two respects, inaccuracy of force fields and high computational cost, as reliable
results are those obtained through simulations long enough for systems to sample all conformations
(Bernardi et al., 2015). These limitations can result in inadequate sampling of conformational
states, which in turn limits the ability to analyze and reveal the functional properties of the systems
under examination.

To solve the problem of insufficient sampling, many improved sampling approaches have
been developed. These methods are divided into two classes, depending on the definition of
collective variables of the system. A collective variable is a function of atomic coordinates that

can describe a certain motion or transition of interest. For example, the distance between two atoms
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is a collective variable that can be used to describe bond formation and bond breaking, while a
dihedral angle is often used to characterize an isomerization process (Liao, 2020).

The most used collective variable-based sampling methods are umbrella sampling (US)
(Torrie & Valleau, 1977), metadynamics (MetaD) (Laio & Parrinello, 2002), directed molecular
dynamics (SMD) (Lu & Schulten, 1999) temperature accelerated molecular dynamics (TAMD)
(Maragliano & Vanden-Eijnden, 2006), among others. However, in some cases the selection of
suitable collective variables to describe a system is not trivial, in these cases, sampling methods
that do not use them are advantageous, since they allow sampling configurations without the need
to know the system a priori. Within these sampling methods are replicate exchange (RE) (Sugita
& Okamoto, 1999) and random walk (RWMD) (Moore et al., 2018).

Moore et al., (2018) developed and validated the RWMD equilibrium protocol, in which
the simulation performs a random walk through a temperature space, allowing the system to exit
metastable configurations and thus decouple from its initial configuration. The goal of the
algorithm is that as the temperature increases, the free energy barriers are reduced, allowing
different local minima to be explored each time the system returns from a high temperature to the
lower temperature of interest. In this algorithm, the temperature of the system is adjusted in small
time intervals, specifically, the sequence is defined within an interval between Tmin and Tmax, With
discrete temperatures defined every AT.

To test the efficiency of RWMD Moore et al., (2018) used four models composed of
CER[NS] and CHOL in equimolar mixtures with different initial configurations: the fully
separated and coarse-grained checkerboard morphologies (Figure 5, a and b) serve as “‘bad’” initial
configurations, and the randomly mixed and fine-grained checkerboard systems (Figure 5, ¢ and

d) serve as reasonable, guesses of how to initialize mixed-lipid bilayers. Each initial morphology
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was equilibrated for 200 ns with two different schemes: standard MD at 305 K, and RWMD with
305 K < T < 355 K. Through visual inspection, they compared the in-plane morphologies, and
hence the equilibrium, of the different systems and equilibration procedures. At 305 K, the final
morphologies visually resemble the corresponding initial morphologies. With RWMD, the final
distributions of the lipids are visually distinct from the initial configuration, demonstrating that the
lipids were able to reorganize. In the two most separated systems, the larger CHOL aggregates
mostly break into smaller aggregates. Since each of these systems started from qualitatively
different initial configurations, this result shows that the final configurations are de-correlated from
the initial configurations.

Figure 5

System configurations. The first column shows the different initial configurations: (a) maximum phase separation; (b)
Coarse-grained checkerboard; (c) randomly mixed; and (d) Fine-grained checkerboard. The second column shows
the systems after 200 ns of MD at 305 K (e-h), the third column shows the systems after 200 ns of RWMD (i), and
the fourth column shows the evolution of the CHOL-CHOL CN for each initial configuration (m-p). Snapshots are
taken along the z axis, i.e., along the bilayer normal direction. eCER is represented as blue spheres and CHOL as
yellow spheres.

Initial Configuration 200ns at305 K 200 ns of RWMD

Note Taken from Moore et al., (2018).
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3. Methodology
3.1. Obtaining the models of three stacked lipid bilayers
3.1.1. Models
Two models of three stacked lipid bilayers (Figure 6) were assembled using PACKMOL
software (Martinez et al., 2009) with the following molar ratios:
- Composition CER[NP]:CER[AP] 1:2: CER[NP]:CER[AP]:CHOL:LA 0.66/0.34/0.7/1.
- Composition CER[NP]:CER[AP] 2:1: CER[NP]:CER[AP]:CHOL:LA 0.34/0.66/0.7/1.
To satisfy the defined molar ratios, each of the bilayers composing the models consists of
178 lipid molecules distributed as follows: 46 molecules of CHOL, 66 molecules of LA, 22 or 44
molecules of CER[NP] and 22 or 44 molecules of CER[AP] according to the required ratio. The
models were hydrated with explicit solvent using the TIP3P water model (Jorgensen et al., 1983)
with 4656 water molecules, 2150 water molecules on each outer surface and 178 water molecules
with a lipid: water ratio of 1:2 in the monolayers forming the middle bilayer. The fully atomistic
CHARMMS36 force field (Klauda et al., 2010) supplemented by the CHARMM-compatible CER
headgroup parameters from Guo et al. was used to describe CER[NP] (Guo et al., 2013) and Wang
and Klauda for CER[AP] (Wang & Klauda, 2017).

Figure 6

a) Front view (z-axis direction) of the CER[NP]:CER[AP] 1:2 stacked three-bilayer model after equilibration. Water
is shown in gray, CER[NP] in pink, CER[AP] in green, LA in white and CHOL in light blue. The image was produced
using VMD software (Humphrey et al., 1996). b) Structures of the lipids used. The CERs used consist of an 18-carbon
phytosphingosine base attached to a 24-carbon saturated chain of a fatty acid (FA). Two ceramides were used that
differ in the FA chain: CER[NP], which has a non-hydroxylated FA, and CER[AP], which has a hydroxylated FA.
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3.1.2. Packmol usage

To obtain the models with the Packmol software, it was necessary to provide an input file
as shown in Appendix A. In this file the packing coordinates of each type of molecule were defined
in regions of space whose shapes are defined by geometrical constraints. In lines 1 to 3, general
aspects of the system are defined: the type of input file provided for each structure, the minimum
distance between atoms of different molecules in A and the name of the output file. Then, in the
following lines, the number of molecules of each type to be placed inside a cube with specified
minimum and maximum coordinates is defined. First, (0. 0. 0.) and (60. 60. 26.) were used as the
minimum and maximum coordinates of the first monolayer, respectively, then 26 A, a little more
than that length of the CERs, were added in the z-coordinate for each monolayer. Furthermore,

certain atoms are restricted to be above or below a plane to ensure the structure of a bilayer, in
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which the polar groups interact with the aqueous medium and the hydrocarbon chains, i.e., the
apolar part, interact with each other.
3.2. Molecular dynamics simulations

To eliminate energetically unfavorable contacts generated between the molecules during
the construction of the models, energy minimization was carried out using the steepest descent
method (van der Spoel et al., 2006) for each model for 5000 steps, until a potential energy gradient
value AE < 1000 kJ mol* nm™ was reached.

Then, the oxygen atom in the head region of each lipid, as well as the dihedral angles in
the acyl chains of CER[NP], CER[AP], LA and CHOL were harmonically constrained with a force
constant of 1000 kJ mol* nm, assigning initial velocities from a Maxwell-Boltzmann random
distribution of 303.15 K. Thus, the model was balanced in six steps during which each constraint
was uniformly relaxed to zero using the GROMACS 2021 simulation package (Lindahl et al.,
2021). During equilibration, the three stacked lipid bilayers and the solvent were separately
coupled in a heat bath using the Berendsen thermostat (Berendsen et al., 1984) with a relaxation
constant zr = 1 ps. In the first two equilibration steps the models were simulated in an NVT
assembly. Subsequently, steps three to six, these models were coupled to an NPT assembly using
the Berendsen barostat (Berendsen et al., 1984) with a relaxation constant of 7p = 5 ps and a semi-
isotropic pressure coupling with a compressibility value of 4.5 x107° bar™.

To reduce the effect of the initial structure of the molecules in the proposed models on the
final molecular dynamics results the models were further simulated using the RWMD algorithm

(Moore et al., 2018).



MOLECULAR DYNAMICS STUDY OF THE EXTRACELLULAR MATRIX OF THE
STRATUM CORNEUM 32
3.2.1. RWMD

In the RWMD algorithm, the temperature of the system is adjusted in small time intervals,
so that the system performs a random walk through a temperature space. Specifically, the sequence
is defined within an interval between Tmin and Tmax, with discrete temperatures defined every AT.
In this work, the RWMD was performed for 150 ns, with temperature changes AT =
5xj(je{—1,0,1})K every 5 ps, Tmin = 303.15 K and Tmax = 353.15 K for the first 75 ns and linearly
reduced to 303.15 K for the last 75 ns. To avoid modification of the simulation code itself, we note
that this random walk was determined separately, and the sequence of temperatures provided to
the thermostat. A representative plot of the temperature versus time during the RWMD equilibrium
is shown in Figure 7, where we note, the sequence defined in such a way as to sample all

temperature states equally.

Figure 7

Representative plot of temperature versus time during the RWMD simulation.

5

3.2.2. Production simulations
Production simulations were performed by generating 500 ns trajectories with an
integration step of 2 fs. Temperature and pressure were controlled by the Nose Hover thermostat

(Hoover, 1985; Nosé, 1984) and the Parrinello -Rahman barostat (Parrinello & Rahman, 1981),
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respectively, maintaining the relaxation constants used in the equilibration. Electrostatic
interactions were controlled using the Particle Mesh Ewald method (Essmann et al., 1995),
applying a cutoff radius of 1.2 nm for the calculation of Coulombic and van der Waals interactions.
Hydrogen bond lengths were constrained using the LINCS algorithm (Hess et al., 1997).
3.3. Analysis of results
The structural properties of the stratum corneum lipid matrix models were calculated over
the 500 ns simulation at 303.15 K. To analyze the structure of the stacked three-layer models,
several properties were calculated, including the thickness of the bilayers, the density profiles of
various groups along the z-axis, the tilt angle of the lipid tails with respect to the z-axis, the distance
between the terminal CHs and the top hydroxyl group, as explained in Appendix B, and the
hydrogen bonds between the molecules and their orientations were investigated in detail. The
results were compared with available experimental results (Schmitt, Lange, et al., 2018) and with
the results obtained in our previous studies (Rivero, 2019).
Table 2 shows a summary of the procedure for calculating the structural properties
mentioned above.

Table 2

Explanation of how the structural properties were calculated

Sl _ral Program/Tool Procedure summary
properties
The polar head groups of each lipid were defined in an index. Each group
represents the reference atoms for the upper and lower monolayer.
FATSLIM considers one reference atom at a time, starting with the top
Thickness FATSLIM monol_ayer, looking f_or the nearest ne_ighb_or to that reference po_int in the
(Buchoux, 2017) opposite monolayer in the x and y directions only. Then, the difference
of the z-coordinates between the two reference atoms is the value
representing the thickness in nanometers of the bilayer for each reference
point. Thickness values were calculated every 0.02 ns.
Density SRQMAQSI IMX " Several indexes were defined in these analyses:
profiles ensity (Lindahl et

al., 2021)
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Angle of the GROMA@S/ gmx - Including all atoms constituting each lipid type to calculate the density.
lipid tails gangle (Lindahl et
al., 2021) - Including the initial and final carbons of the fatty acid chain, longest
Distance chain, of each _CER. Formin_g_a vector that allows the calculation of the
between G_ROMAC;S/ gmx  angle btheen it anq the positive z-plane. . ' .
specific pairdist (Lindahl et - Including the terminal CHjs of the fatty acid chaln_of each CER in each
groups al., 2021) monolayer and the 3- hydroxyl group (see Appendix B) to calculate the
distance.
In this case, hydrogen bond donors and acceptors were determined, and
inter- and intramolecular interactions were established. Estimation was
Hydrogen TRAVIS (Brehm et  performed through the distance and height of the first maximum in the
bonds al., 2020; Brehm &  X---H radial distribution function (RDF), together with the integral of the

Kirchner, 2011) number up to the first minimum, to obtain the average number of
hydrogen bonds of the X atom. Estimates of hydrogen bonds from
pairwise RDFs were illustrated as a matrix of numbers (see Appendices
1, J, and K). All analyses were performed on every tenth snapshot of MD.

4. Results

4.1. Effect of CERs composition on structural properties
4.1.1. General structural properties

Thickness is a necessary parameter to ensure that the assembled models represent the lipid
extracellular matrix of the stratum corneum of the human epidermis. Table 3 shows the thickness
calculated for each bilayer of each of the models. From the results it is possible to establish that
both models, CER[NP]:CER[AP] 1:2 and 2:1, represent the stratum corneum lipid matrix because
they hace a thickness in the range of 5.0 - 6.0 nm reported for the short periodicity phase (SPP) in
native human stratum corneum (Das Chinmay & Olmsted Peter D., 2016; Elias, 2012).

Table 3

Thickness of the models of three stacked lipid bilayers.

Thickness (nm)

Reported . . . .
Model (Schmitt, Lange, Botto(lrgé))llayer Mldd(llagl)layer Uppethél)layer
et al., 2018)
CER[NP]:CER[AP] 1:2 545401 5.49+0.03 5.48+0.03 5.49 +£0.03

CER[NP]:CER[AP] 2:1 5.48 % 0.04 5.44 + 0.04 5.48 + 0.04
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The thickness values are within the value reported in the experimental study developed by
Schmitt et al. (2018). With the better resolution offered by molecular dynamics simulations, it is
possible to establish that the thickness of the bilayers decreases with increasing CER[NP] content,
this effect being greater in the central bilayer. The location of each of the lipids was analyzed
(Figure 8), especially in the contact zone between the monolayers, to determine whether there is
overlap or contact between the acyl chains.

Figure 8

Profiles of total lipid mass density of the middle bilayer along the z axis, i.e., along the bilayer normal direction.
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The models show mass density profiles containing the expected features of lipid bilayers.
Near the lipid-water interface the profiles contain a peak which represents the heavy atoms of the
lipid head groups in the upper and lower monolayer. Just after the headgroup region there is a
high-density tail region where the tails are densely packed and highly ordered. In the center of
each bilayer is a low-density tail region where the lipid tails are less densely packed and less
ordered. This region exists mainly due to the asymmetry in tail lengths and is composed of the
terminal part of the tails of the CERs and the LA. In the center of all profiles (see Appendix C) the
LA has a very pronounced peak, indicating overlap between the acyl chains of one monolayer with

the opposite monolayer. All profiles of the CER[NP]:CER[AP] 2:1 model, except CHOL, show
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peaks in this same area, which may be due to possible contact between the acyl chains of each

monolayer and not specifically to overlap, whereas in the CER[NP]:CER[AP] 1:2 model an
opposite trend is observed for the CERs with a V-shape indicating a lower density.

To check whether the pronounced peak in the lipid density profile of the
CER[NP]:CER[AP] 2:1 model indicates contact or overlap the distance between the 3-hydroxyl
and the terminal CHs located in the same monolayer and the terminal CHz located in the opposite
monolayer of CERs and LA was measured (as explained in Appendix B).

Figure 9

Histogram of the distance of the middle bilayer between the 3-hydroxyl and the terminal CHs of the fatty acid chain
of CERs and chain LA of the same monolayer and of the opposite monolayer. See Appendixes D and E for the rest of
bilayers.
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From these results it is possible to corroborate that the peaks appearing in the middle of the
density profiles obtained in the CER[NP]:CER[AP] 2:1 model correspond to overlap because the
distance between the 3-hydroxyl and the terminal CHs of the opposite monolayer is smaller than
the distance between the same hydroxyl group and the terminal CHz of the same monolayer.
4.1.2. Angle of inclination

Figure 10 shows the histograms obtained for the angle of inclination calculated on the fatty
acid chain of the CERs with respect to the z-axis, i.e., the axis perpendicular to the model of three
stacked bilayers.

Figure 10

Histogram of the angle of inclination of the middle bilayer of the CER[NP], CER[AP] fatty acid chain and LA chain
with respect to the z-axis. CER[NP]:CER[AP] 1:2 and CER[NP]:CER[AP] 2:1. See Appendix F for the rest of
bilayers.
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In the CER[NP]:CER[AP] 1:2 model the chains of both CERs and LA mainly present an
angle of 10°. In the CER[NP]:CER[AP] 2:1 model CER[AP] and LA 4° and CER[NP] 6°. This
indicates that there is some correlation with the Schmitt et al. results, however, from our results it
is determined that in the 1:2 model the acyl chains are more inclined with respect to the acyl chains
in the 2:1 model, i.e., they are not arranged in a completely straight conformation.

4.2. Hydrogen bonding

So far it has been possible to establish structural differences between the
CER[NP]:CER[AP] 1:2 and 2:1 models, so there is a clear effect of the change in content of these
CERs on the atomic-level structure of the stratum corneum lipid matrix, however, given that the
only difference between CER[NP] and CER[AP] is an additional hydroxyl group in CER[AP]

(Castro et al., 2014), and that it is not yet possible to find the cause of these dissimilarities, a
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detailed analysis of the interactions, specifically of the formed hydrogen bonds, could provide an
explanation. For this purpose, the number of hydrogen bonds formed between the CERs and each
component (CERs, LA, CHOL and water) in the complete model, i.e., including all bilayers, and
in the central bilayer including the two neighboring upper and lower monolayers were calculated.

Table 4

Total intermolecular interactions formed per CER molecule. Calculated in the complete models, i.e., in the three
stacked bilayers, and only in the central bilayer including the neighboring monolayers.

Number of hydrogen bonds formed per CER molecule

Type : Whole model : Central Pilayer with neighbor mo-nolayers

CER[NP]:CER[AP]  CER[NP]:CER[AP] CER[NP]:CER[AP]  CER[NP]:CER[AP]
1:2 2:1 1:2 2:1
CER[AP]-CER[AP] 1.84 1.55 2.01 1.67
CER[AP]-CER[NP] 0.50 0.90 0.60 1.00
CER[AP]-LA 0.70 0.60 0.90 0.70
CER[AP]-CHOL 0.30 0.30 0.40 0.30
CER[AP]-water 2.50 2.60 2.00 2.10
CER[AP]- any 5.84 5.95 5.91 5.77
CER[NP]-CER[AP] 1.00 0.40 1.20 0.50
CER[NP]-CER[NP] 0.60 1.40 0.80 1.60
CER[NP]-LA 0.70 0.50 0.70 0.60
CER[NP]-CHOL 0.20 0.20 0.20 0.20
CER[NP]-water 2.10 2.00 1.60 1.50
CER[NP]- any 4.60 4.50 4.50 4.40

It is important to note that the results in Table 4 show the same trend between the values
obtained using the complete models and only the central bilayer with neighboring monolayers,
however, as expected the values of hydrogen bonds formed with water decrease using the second
method, since between the bilayers the number of water molecules added was much lower than

that added on the outer surfaces.
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The total number of hydrogen bonds formed by each CER is very similar in both ratios.
The number of hydrogen bonds formed with LA, CHOL and water is not affected by the change
in composition. However, it can be noted that the change in the composition of CERs modifies the
interactions formed between these sphingolipids. The CER[AP] mainly forms hydrogen bonds
with other CER[AP] and the number increases with the higher CER[AP] content. The same
behavior is observed in CER[NP], however, this trend is not as strong because the number of bonds
formed with CER[AP] is similar. Regardless of composition, CER[AP] forms more bonds with
water than those formed by CER[NP]. Therefore, the adhesion of CER[AP] at the lipid-water
interface is stronger.

To analyze in more detail, it is important to establish which of the total interactions of each
type are intermolecular or intramolecular, as well as which acceptor and donor groups are involved.
This information can be found in appendices | and J. Table 5 summarizes this information,
specifically the most frequent intermolecular interactions between CERs that change with
composition variation.

Table 5

Most common intermolecular interactions formed. All donor groups are listed with the most common acceptor group
and in parentheses the number of hydrogen bonds formed between them per CER molecule. Calculated in the complete
models, i.e., in the three stacked bilayers. Low in general represents values lower than 0.03. Appendix G shows all
the results obtained in the complete model and J only in the central bilayer including the neighboring monolayers.

Nomenclature

Carbonyl
I"[3C\/\/\/\/\/\/\/\/\/\/\/\go Hydroxyl 3

0
/\/\/\/\/\/\/*E(OHH Hydroxyl 2
CERI[NP] HaC H Hydroxyl 1
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Fatty Acid Hydroxyl

OH
“30\/\/\/\/\/\/\/\/\/\/\)\{,0 Carbonyl
NH~oH  Hydroxyl 3
CER[AP] HSCMH Hydroxyl 2
Hydroxyl 1
Donor
Acceptor CER[AP] CER[NP]
P CER[NP]:CER[AP] CER[NP]:CER[AP] CER[NP]:CER[AP] CER[NP]:CER[AP]
1:2 2:1 1:2 2:1
O-Hydroxyl .
1 H-N (0.10) H-Hydroxyl 1 (0.17) H-Hydroxyl 1 (0.06) Low in general
O-Hydroxyl .
5 H-Hydroxyl 2 (0.10) H-Hydroxyl 1 (0.15)  H-Hydroxyl 2 (0.06) Low in general
) H-Hydroxyl 3 and i .
© Hyg roxyl Fatty Acid Hydroxyl HH dFatt)I’ A[‘)C[')% H-Hydroxyl 3 (0.06) Low in general
(0.09) ydroxyl (0.06)
CER[AP]
H-N Low in general Low in general Low in general Low in general
O-Carbonyl H-N (0.13) H-Hydroxyl 2 (0.10) H-Hydroxyl 3 (0.09)  H-Hydroxyl 3 (0.05)
O- Fatty H-Hydroxyl 2, 3 and
Acid Fatty Acid Hydroxyl H-N (0.09) H-Hydroxyl 3 (0.08) Low in general
Hydroxyl (0.08)
AT Low in general bR L e 3 H-N (0.07) H-N (0.14)
1 (0.04)
O-Hydroxyl H- Fatty Acid .
2 Hydroxyl (0.04) H-Hydroxyl 1 (0.06) Low in general H-Hydroxyl 1 (0.10)
CERI[NP] O-Hygroxyl Low in general H-Hydroxyl 3 (0.09) H-Hydroxyl 3 (0.07)  H-Hydroxyl 3 (0.11)
H-N Low in general Low in general Low in general Low in general
H- Fatty Acid
O-Carbonyl Hydroxyl (0.04) H-N (0.09) H-N (0.09) H-N (0.15)
O-Hydroxyl H- Fatty Acid H- Fatty Acid H-Hydroxyl 1 (0.07) Low in general
Hydroxyl (0.07)
LA Hydroxyl (0.06)
H- Fatty Acid H-Hydroxyl 1 and
O-Carbonyl  H-Hydroxyl 1 (0.16) H-Hydroxyl 1 (0.23)  (0.12) H-Hydroxyl 3
Hydroxyl (0.11) (0.15)
CHOL O-Hydroxyl  H-Hydroxyl 3 (0.09) H-N (0.07) H-N (0.06) H-Hydroxyl 1 (0.7)
H-Hydroxyl 3 (0.56) H-Hydroxyl 3 (0.87)
Water o] and H- Fatty Acid and H- Fatty Acid H-Hydroxyl 3 (0.90)  H-Hydroxyl 3 (0.90)

Hydroxyl (0.91)

Hydroxyl (0.60)
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As general trends in both CERs it can be highlighted: the amide group as donor and
acceptor establishes few interactions and water forms mainly hydrogen bonds with the O-Hydroxyl
3 and, also, in the case of CER[AP] with the oxygen of the fatty acid hydroxyl. In the behavior of
the acceptor and donor groups of CER[AP] and CER[NP] no evident trends are observed, there is
a high variability. It can be defined that in the CER[NP]:CER[AP] 1:2 model the hydroxyl groups
2 and 3 interact with these same groups of another CER[AP]. Furthermore, the hydrogen bonds
formed with CER[NP] mainly form with the hydroxyl groups located at the same site, i.e.,
Hydroxyl 1 with Hydroxyl 1, Hydroxyl 2 with Hydroxyl 2, and Hydroxyl 3 with Hydroxyl 3.

In the case of intramolecular interactions (Table 6) the expected results are obtained, the
number of hydrogen bonds formed of this type does not vary with the change in the composition
of CERs, moreover, it is formed between consecutive donor and acceptor groups. The additional
hydroxyl group forms less intramolecular interactions as an acceptor, however it is an donor of the
carbonyl group, being this the most predominant interaction. In contrast, the CER[NP] that does
not contain this additional group, the carbonyl interacts with Hydroxyl 3, being the interaction of
this same group as a donor with Hydroxyl 2 the most prevalent.

Table 6

Specific intramolecular interactions formed per CER molecule. All major donor and acceptor groups are listed with
the number of hydrogen bonds formed between them per CER molecule. Calculated in the complete models, i.e., in
the three stacked bilayers. Low in general represents values less than 0.03. Appendix H shows all the results obtained
in the complete model and J only in the central bilayer including the neighboring monolayers.

Number of hydrogen bonds formed per CER molecule

CERJ[AP] . . : :
Acceptor Donor CER[NP]:CER[AP] 1:2 CER[NP]:CER[AP] 2:1
O-Hydroxyl 2 H-Hydroxyl 1 0.45 0.42
O-Hydroxyl 1 H-Hydroxyl 2 0.21 0.19
O-Hydroxyl 3 H-Hydroxyl 2 0.45 0.46
O-Carbonyl H- Fatty Acid Hydroxyl 0.49 0.49
O- Fatty Acid Hydroxyl H-N 0.05 0.05
N H-Hydroxyl 3 0.13 0.10
CER[NP]
O-Hydroxyl 2 H-Hydroxyl 1 0.27 0.34

O-Hydroxyl 1 H-Hydroxyl 2 0.22 0.22
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O-Hydroxyl 3 H-Hydroxyl 2 0.43 0.46
O-Carbonyl H-Hydroxyl 3 0.12 0.11
N H-Hydroxyl 3 0.14 0.14

As it has been reported that CER[NS] exhibits interlayer hydrogen bonds, i.e., between the
components of two adjacent monolayers that do not constitute the same bilayer, as a unique feature
of this species of CER (Schmitt & Neubert, 2018). This type of interactions was calculated in
CER[NP] and CER[AP] to determine whether the formation of this type of hydrogen bonds is
possible. To obtain information on interlayer H-bonds three analyses were performed:

(1) central bilayer with neighboring monolayers (intra- and interlayer H-bonds are
obtained).

(2) central bilayer only (intra-layer H-bonds in the central bilayer are obtained).

(3) only neighboring monolayers of the central bilayer (intra bilayer H-bonds are obtained

in the two monolayers adjacent to the central bilayer).

The difference 1-2-3 results in the interlayer H-bonds, but it is necessary to consider that
there are different numbers of molecules in 1,2 and 3. Therefore, the number of H-bonds is
calculated from the average number of H-bonds per molecule, multiplied by the number of

molecules:

Interl Hb = number of Hbonds in (1) — number of Hbonds in (2) — number of Hbonds in (3 411
TR number of CERs in (1) (4.11)

From the results shown in Appendix I it is possible to establish the low occurrence of these

interlayer interactions between the CERs under study, although their formation is not ruled out.
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5. Results Discussion
5.1. Dependence of structural properties on ceramide composition

The results found in this study demonstrate that there is an effect on the structural properties
of the stratum corneum lipid extracellular matrix caused by the change in the CER[NP]:CER[AP]
ratio. Specifically, by varying between the native and diseased ratios, i.e., CER[NP]:CER[AP] 2:1
to 1:2, a higher angle of inclination of the acyl chains and an increased bilayer thickness were
observed. In studies with molecular dynamics simulations performed by Antunes and Cavaco-
Paulo (2020) it was reported for a model with higher CER[AP] concentration with respect to
CER[NP], similar to the 1:2 composition of this study, an unusually stable and inclined packing,
which promotes compactness, i.e., increased bilayer thickness was observed.

Figure 10 shows that the conformation of the lipid acyl chains in both models is mostly
inclined as reported for orthorhombic lateral chain packing (Schmitt & Neubert, 2018). This
finding is similar to that reported by Schmitt et al. However, it was established that in the
CER[NP]:CER[AP] 2:1 model the acyl chains of the lipids are not completely straight. They have
a minor tilt, although less than that of the lipid acyl chains in the CER[NP]:CER[AP]1:2 model.

There are no previous studies evaluating the total number of hydrogen bonds formed in
models of similar content to those studied. Only one investigation evaluated a model containing
only CER[AP] and showed almost no interlayer interactions (Gruzinov et al., 2017) consistent
with our observations.

5.2. Improved results

From the results obtained, it was found that the use of a model of three stacked lipid

bilayers, the simplest model representing the stratum corneum lipid matrix, because it ensures that

one bilayer is in the middle of two more bilayers, better reproduces the results reported by Schmitt
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et al (2018) (Figure 11) than the model of a single lipid bilayer (Rivero, 2019). To ensure this, it
should be noted that this study used:

(1) the same isomer for CER[AP], N-(o-d-hydroxytetracosanoyl)-phytosphingosine
(CER[AP]) and equal ratios of CER[NP]:CER[AP]:LA:CHOL:water employed in the
experimental study.

(2) a force field supplemented with CHARMM-compatible CER headgroup parameters
from Guo et al. was used to describe CER[NP] and Wang and Klauda for CER[AP].

(3) an improved sampling protocol to ensure that the results of molecular dynamics
simulations do not depend on the initial modeling arrangements.

Figure 11

Proposed arrangement by Schmitt et al for CER[NP]:[AP] 2:1 and 1:2 ratio models including CHOL and LA.
2:1 1:2

Rigid layer

Overlapping

Rigid layer

Note Taken from Schmitt et al. (2018).

As can be seen in Figure 12, when using a single bilayer model, no differences in the tilt
angles between the CER[NP]:CER[AP] 1:2 and 2:1 ratio are evident. Likewise, no overlap was
determined in either case and the thickness (5.11 + 0.62 for CER[NP]:CER[AP] 1:2 and 5.00 +
0.42 for CER[NP]:CER[AP] 2:1) reported is within a larger range due to less successful

equilibration of the models. This may be caused by the fact that in the stratum corneum lipid matrix
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the great majority of bilayers are in contact with one upper and one lower bilayer (Elias, 2012),
generating a repetitive pattern, therefore, this model does not represent these characteristics.

Figure 12

Histogram of the angle of inclination of the CER[NP], CER[AP] fatty acid chain and LA chain with respect to the z-
axis. CER[NP]:CER[AP] 1:2 and CER[NP]:CER[AP] 2:1) calculated in a bilayer model (Rivero, 2019).
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6. Conclusions

In this study using molecular dynamics simulations it was determined that the change in
CERs composition affects the structural properties of the stratum corneum lipid matrix. A higher
CER[AP] content induces a lower bilayer thickness, a higher tilt angle of the acyl chains and the
terminal CHs of the acyl chains of one monolayer only contact and do not overlap with those of
the opposite monolayer.

The observed trends for the hydrogen bonds between CER molecules are consistent with
the composition. For example, in the simulations with more CER[AP], more hydrogen bonds are
formed with CER[AP] and with its higher number of H-bond donors, CER[AP] forms more
hydrogen bonds. A more detailed analysis shows that in CER[AP] and CER[NP] the 3-OH group
forms more H-bonds than the other donors.

CER[AP] forms more H-bonds than CER[NP], consistent with its larger number of H-bond
donors, Many of these H-bonds are with water, but also without including H-bonds with water in
the analysis, the same trend is found. In general, the total number of intermolecular hydrogen
bonds formed by each CER is the same in both ratios.

With the results obtained, it was confirmed that the use of a more representative model of
the stratum corneum lipid matrix with three stacked lipid bilayers improves the results of the
molecular dynamics simulations because it reproduces the reported experimental results and
interpretations and allows identifying the differences between the bilayers that are in contact with

other bilayers and the bilayers of the external surfaces that present more contact with the solvent.
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7. Future Works
- To evaluate the effect of the addition of other compounds on the structure of the stratum

corneum lipid matrix model.

- To evaluate the effect of the addition of other CERs on the structural properties of the
stratum corneum lipid matrix model and their influence on the formation of long periodicity phases

(LPP). For example, CERs with longer fatty acid chain length, such as CER[EOS].

- To study the effect of L- and D-isomers of CER[NP] and CER[AP] on the structure of

the stratum corneum lipid matrix model.

8. Results Communications
- Oral Presentation: "Effect of the CER[NP]:CER[AP] composition on the structural
properties of a model the lipid matrix of the stratum corneum of the human epidermis”. Natalia
Rivero, Markus Doerr, Martha C. Daza. 2" Conference of Women in Bioinformatics and Data

Science LA. September 2021.

- Oral Presentation: "Dindmica molecular de un modelo de bicapa lipidica del estrato
cérneo de la epidermis humana”. Natalia Rivero, Markus Doerr, Martha C. Daza. Encuentro

Modelamiento Molecular Colombia 2020. December 2020.
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- Poster: "Effect of the Ceramide Composition on the Structure of a Stratum Corneum

Model System". Natalia Rivero, Markus Doerr, Martha C. Daza. 1% Congress of Women in

Bioinformatics and Data Science Latin America. September 2020.

- Poster: "Molecular Dynamics Simulation of a CER[NP]-and [AP]-Based Stratum
Corneum Model". Natalia Rivero, Markus Doerr, Martha C. Daza. LatinXChem Twitter

Conference 2020. August 2020.
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Appendices
Appendix A
Input file for building the CER[NP]:CER[AP] 1:2 model.

#
# CER[NP]:CER[AP] 1:2 model
#

# Every atom from different molecules will be far from each other at
# least 1.8 Angstroms at the solution.

tolerance 1.8

# Coordinate file types will be in pdb format.
filetype pdb

# The output pdb file

output 3BBLNP11AP22.pdb

# Water molecules below the lipids:

# The first three numbers are the minimum x, y, z coordinates for this
# molecules, the last three are maximum coordinates. The box defined
# here has 60. Angstrom sides in the x and y directions, and a 16.

# Angstrom side in the z direction.

structure water.pdb

number 2150

inside box 0. 0. -16. 60. 60. 0.
end structure

# Water molecules over the lipids:
# The same as the input above, but the box of water molecules will be
# placed in a different region of space.

structure water.pdb

number 2150

inside box 0. 0. 160. 60. 60. 176.
end structure

# First lipid layer: the polar head is oriented to down to the water

# molecules.

# 50 lipids will be put inside a box of side 60. in the x and y

# directions and 26. in the z direction (26 is a little more than that

# length of the CERs). For example, the atoms 1 and 3 of the pdb file of
# CER[NP], which belong to the polar head, will be constrained to be

# below the the plane z = 2., and the atoms 121 and 124, which are the
# hydrophobic end of the lipid will be constrained to be over the plane
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# z = 24. Therefore, all the lipids will be oriented, with their polar
# heads pointing to the water box below.

structure NP.pdb
number 11
inside box 0. 0. 0. 60. 60. 26.
atoms 1 3
below plane 0. 0. 1. 2.
end atoms
atoms 121 124
over plane 0. 0. 1. 24.
end atoms
end structure

structure NP.pdb
number 11
inside box 0. 0. 26. 60. 60. 52.
atoms 121 124
below plane 0. 0. 1. 28.
end atoms
atoms 1 3
over plane 0. 0. 1. 50
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 0. 60. 60. 26.
atoms 13
below plane 0. 0. 1. 2.
end atoms
atoms 121 124
over plane 0. 0. 1. 24.
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 26. 60. 60. 52.
atoms 121 124
below plane 0. 0. 1. 28.
end atoms
atoms 1 3
over plane 0. 0. 1. 50
end atoms
end structure

structure LA.pdb
number 33
inside box 0. 0. 0. 60. 60. 26.
atoms 1 2
below plane 0. 0. 1. 2.
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end atoms
atoms 71 72
over plane 0. 0. 1. 24.
end atoms
end structure

structure LA.pdb
number 33
inside box 0. 0. 26. 60. 60. 52.
atoms 71 72
below plane 0. 0. 1. 28.
end atoms
atoms 1 2
over plane 0. 0. 1. 50
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 0. 60. 60. 26.
atoms 1 3
below plane 0. 0. 1. 10.
end atoms
atoms 67 71
over plane 0. 0. 1. 24.
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 26. 60. 60. 52.
atoms 67 71
below plane 0. 0. 1. 28.
end atoms
atoms 13
over plane 0. 0. 1. 42
end atoms
end structure

# Water molecules are added in the middle of monolayers.

structure water.pdb

number 178

inside box 0. 0. 52. 60. 60. 54.
end structure

# Second lipid layer: the polar head points up to the water molecules.
# The same thing as the input above, but defining a new lipid layer,

# with the oposite orientation of the lipid molecules in such a way that
# the polar head points to the water box that is over the lipid bilayer.

structure NP.pdb
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number 11
inside box 0. 0. 54. 60. 60. 80.
atoms 1 3
below plane 0. 0. 1. 56.
end atoms
atoms 121 124
over plane 0. 0. 1. 78.
end atoms
end structure

structure NP.pdb
number 11
inside box 0. 0. 80. 60. 60. 106.
atoms 121 124
below plane 0. 0. 1. 82.
end atoms
atoms 1 3
over plane 0. 0. 1. 104
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 54. 60. 60. 80.
atoms 1 3
below plane 0. 0. 1. 56.
end atoms
atoms 121 124
over plane 0. 0. 1. 78.
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 80. 60. 60. 106.
atoms 121 124
below plane 0. 0. 1. 82.
end atoms
atoms 13
over plane 0. 0. 1. 104
end atoms
end structure

structure LA.pdb
number 33
inside box 0. 0. 54. 60. 60. 80.
atoms 12
below plane 0. 0. 1. 56.
end atoms
atoms 71 72
over plane 0. 0. 1. 78.
end atoms
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end structure

structure LA.pdb
number 33
inside box 0. 0. 80. 60. 60. 106.
atoms 71 72
below plane 0. 0. 1. 82.
end atoms
atoms 1 2
over plane 0. 0. 1. 104
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 54. 60. 60. 80.
atoms 1 3
below plane 0. 0. 1. 64.
end atoms
atoms 67 71
over plane 0. 0. 1. 78.
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 80. 60. 60. 106.
atoms 67 71
below plane 0. 0. 1. 90.
end atoms
atoms 1 3
over plane 0. 0. 1. 104
end atoms
end structure

# Water molecules are added between monolayers and the third bilayer is built.

structure water.pdb

number 178

inside box 0. 0. 106. 60. 60. 108.
end structure

structure NP.pdb
number 11
inside box 0. 0. 108. 60. 60. 134.
atoms 1 3
below plane 0. 0. 1. 110.
end atoms
atoms 121 124
over plane 0. 0. 1. 132.
end atoms
end structure
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structure NP.pdb
number 11
inside box 0. 0. 134. 60. 60. 160.
atoms 121 124
below plane 0. 0. 1. 136.
end atoms
atoms 1 3
over plane 0. 0. 1. 158
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 108. 60. 60. 134.
atoms 1 3
below plane 0. 0. 1. 110.
end atoms
atoms 121 124
over plane 0. 0. 1. 132.
end atoms
end structure

structure AP.pdb
number 22
inside box 0. 0. 134. 60. 60. 160.
atoms 121 124
below plane 0. 0. 1. 136.
end atoms
atoms 1 3
over plane 0. 0. 1. 158
end atoms
end structure

structure LA.pdb
number 33
inside box 0. 0. 108. 60. 60. 134.
atoms 1 2
below plane 0. 0. 1. 110.
end atoms
atoms 71 72
over plane 0. 0. 1. 132.
end atoms
end structure

structure LA.pdb
number 33
inside box 0. 0. 134. 60. 60. 160.
atoms 71 72
below plane 0. 0. 1. 136.
end atoms
atoms 1 2
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over plane 0. 0. 1. 158
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 108. 60. 60. 134.
atoms 1 3
below plane 0. 0. 1. 118.
end atoms
atoms 67 71
over plane 0. 0. 1. 132.
end atoms
end structure

structure CHL.pdb
number 23
inside box 0. 0. 134. 60. 60. 160.
atoms 67 71
below plane 0. 0. 1. 144.
end atoms
atoms 1 3
over plane 0. 0. 1. 158
end atoms
end structure
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Appendix B

Determination of contact or overlapping.

Graphical

explanation

Result

Distance OH-CH;

Distance OH-CH;

Overlapping:
Distance OH-CH3 on the same monolayer > Distance OH-

Contact:
Distance OH-CH3 on the same monolayer < Distance OH-

on the opposite monolayer

on the opposite monolayer
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Appendix C

Total lipid mass density profiles of each bilayer.
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Appendix D

Histogram of the distance between the 3 -hydroxyl and the terminal CHjs of the fatty acid chain of CER[AP] of the same monolayer and

of the opposite monolayer.
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Appendix E

Histogram of the distance between the 3-hydroxyl and the terminal CHs of the LA chain of the same monolayer and of the opposite
monolayer.
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Appendix F

Histogram of the angle of inclination of the CER[AP] CER[NP] fatty acid chain and LA chain with respect to the z-axis.
CER[NP]:CER[AP] 1:2 and CER[NP]:CER[AP] 2:1.
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Appendix G

Most common intermolecular and intramolecular interactions formed. All donor and acceptor groups are listed with the number of
hydrogen bonds formed between them per CER molecule. Calculated in the complete models, i.e., in the three stacked bilayers. Highest
values are highlighted in red, medium values in yellow and lowest values in green.

Only the intermolecular interactions in the whole model

Donors
CERJ[AP] CER[NP] LA CHOL
CER  Acceptors H- H- H- N Hz‘j:"’i‘éty H- H- H- LN H- H- Water
Hydroxyl 1 Hydroxyl 2 Hydroxyl 3 Hydroxyl Hydroxyl 1 Hydroxyl 2 Hydroxyl 3 Hydroxyl Hydroxyl
. . . . . I . . . . . . g L2 . . . . 1 2
1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 21 1.2 21
2 1 2 1 2 1
o- 01 01 0 00
Hydroxyl 006 017 o005 o1 00 002 5 %' o005 o0 006 001 o005 o002 oo4 ooz %G % 0.03 006 0,02 o
1 0.01
O- o0 0 00
Hydroxyl ~ 006 015 010 007 006 003 5 % o008 006 oo4 002 oos 00t oos 002 % % oo oo o004 o002 %
2
o 00 00 00 00 00 00
CER[AP] Hyd:r;oxyl 005 004 008 003 009 003 0 % 009 o0s 003 001 005 002 o006 005 & O 006 003 005 002 Y
N 003 002 o001 oot oot 000 % % oo om 000 o000 o001 o000 oo oo % % 001 000 001 000 5 %
o 0038 002 007 o010 009 006 % %0 o009 003 002 001 o006 | 001 000 o005 P 0O 006 o004 o007 oo4 00 OO
Carbonyl 3 8 1 0
O- Fatty 00 00 00 00 00 00
Acid o5 003 o008 oo4a 008 o004 %0 %0 008 oor 005 | 001 o008 002 o008 o003 O 005 003 004 003 Y
Hydroxyl
© 1
Hydroxyl 002 o004 001 003 002 o004 % % o003 o0 004 010 001 o007 ooz ooz %0 O 002 002 o002 o005 | %
1
O-
Hydroxyl ~ 003 006 003 005 003 o005 % % o004 o4 003 010 | 001 o006 003 o006 % % o003 oos 002 o003 %0 OO
2
CERINP] O
Hydroxyl = 001 003 o003 006 003 o009 % %0 o001 o005 02 o004 004 o009 o007 om % % 003 o4 oo o003 %0 O
3
N 000 o001 oot oo oot oo % %0 om om 020 003 01w o001 00 ooz G % 000 000 000 0.00 5%
O- 00 0.0 00 0.1 00 00

003 001 003 004 003 007 0.04 005 001 006 003 007 005 011 003  0.04 0.06 0.08
Carbonyl 29 9 5 12
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H cﬁ_;} | 005 =002 005 003 004 005 oéo °é° 006 007 007 008 005 004 004 003 O oéo 003 006 002 003 -
LA yO W
Carbc-)nyl 016 008 007 005 009 009 Oil oé1 010 041 0238 015 009 007 070 005 021 °é° 006 0.5 007 007 °é° °é°
CHOL OH 008 006 003 003 009 006 °é° 0%0 005 006 004 007 003 003 005 005 °é° °é° 003 005 -ﬂ
Water 029 023 041 041 087 094 °é3 °é3 056  0.60 028 027 051 049 090 090 064 023 086 083 086 093 -
Sum 0.95 1.06 157 161 1.29 0.92 1.04 155 °89 1.37 1.37 Zél
Only the intramolecular interactions in the whole model
Donors
CER[AP] CER[NP] LA CHOL
CER Acceptors H-Hydroxyl H-Hydroxyl H-Hydroxyl HNL H-Hydroxyl H-Hydroxyl H-Hydroxyl H- H- Water
H-N Acid H-N
1 2 3 Hydroxyl 1 2 3 Hydroxyl Hydroxyl
12 21 12 21 12 21 5 4 12 21 12 21 12 21 12 21 5 4 12 21 12 21 5 3
O-
Hydroxyl
1
O-
Hydroxyl
2
O-
CER[AP] Hydroxyl
3
N
O-
Carbonyl
O- Fatty
Acid
Hydroxyl
O-

CER[NP] Hydroxyl
1
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O-
Hydroxyl
2

O-
Hydroxyl
3

N
O-
Carbonyl

Appendix H

77

Most common intermolecular and intramolecular interactions formed. All donor and acceptor groups are listed with the number of
hydrogen bonds formed between them per CER molecule. Calculated only in the central bilayer including the neighboring monolayers.
Highest values are highlighted in red, medium values in yellow and lowest values in green.

Only the intermolecular interactions in the whole model

Donors
CER[AP] CER[NP] LA CHOL
CER  Acceptors H-Hydroxyl H-Hydroxyl H-Hydroxyl HAE?JW H-Hydroxyl H-Hydroxyl H-Hydroxyl H- H- Water
1 2 & 1 2 3 Hydroxyl Hydroxyl
Hydroxyl
12 221 12 221 12 21 12 21 12 2:1 12 21 12 21 12 21 12 21 12 21 12 21 1:2 21
O-
Hydroxyl ~ 006 019 005 012 004 . oéo 061 0.06 0.3 0.05 . 0.05 . 0.06 0.05 004 003 oéo °é°
1
i 0.0 00 00
Hydroxyl 005 017 007 005 006 003 ° 009 007 004 003 008 0.06 0.04 007 003 s I8
2
i 0.0 01 00
CERIAP] Hyd;oxyl 005 004 007 003 010 003 O 012 008 0.04 0.07 0.09 0.08 004 = I
O- 01 0.0 01 00
Carbonyl 0.03 009 o011 o012 oo7 % %% o012 003 008 o005 000 oos % %
O- Fatty
Acid 006 003 009 005 012 005 oéo Oél 012 006 007 004 005 003 061 oéo
Hydroxyl
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o 00 01 oo oo
Hydroxyl 007 003 004 g ¢ 003 003 003 005
1
o 00 00
Hydroxyl 0.07 0.04 0.07 46
2
CER[NP] o-
Hydroxyl 006 011 010 014 %9 004 o006 el
3
N _ 000 oo - -
o- o1 o1 00 01
Carbonyl 004 005 006 0.09 =
o 0.05 004 007 007 0.07 006 004 006 005 005 004 °0 . 004 008 003 003 00 00
Hydroxyl 4 9 8
LA o- 01 00 01 01
015 007 009 006 013 013 013 021 017 009 008 o009 o007 >t O 008 019 008 008 o
Carbonyl 1 8 1 6
CHOL OH 010 006 004 004 013 010 Of 070 008 0.09 005 007 004 004 007 007 °é° °é° 004 006 Oél 062
Water 028 019 036 035 058 0.72 Of 0%3 040 051 026 024 043 040 061 063 053 0%2 072 067 077 083 oés O%S
Sum 095 0.96 090 0.94 m I I
Only the intramolecular interactions in the whole model
Donors
CER[AP] CER[NP] LA CHOL
CER  Acceptors . pivdroxyl H-Hydroxyl H-Hydroxyl H- Fatty H-Hydroxyl H-Hydroxyl H-Hydroxyl H- H- Water
1 2 3 b Ll 1 2 3 h Hydroxyl  Hydroxyl
Hydroxyl
12 221 12 221 12 21 12 21 12 2:1 12 221 12 21 12 21 12 21 12 21 12 21 1:2 21
O-
Hydroxyl
1
O-
Hydroxyl
CER[AP] 2
O-
Hydroxyl
3

N
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O-
Carbonyl
O- Fatty

Acid
Hydroxyl

O-
Hydroxyl
1

O-
Hydroxyl
2

CER[NP] o-

Carbonyl

Appendix |

Interlayer interactions formed. All donor and acceptor groups are listed with the number of hydrogen bonds formed between them per
CER molecule. Calculated in the complete models, i.e., in the three stacked bilayers. Highest values are highlighted in red, medium
values in yellow and lowest values in green.

Only the intermolecular interactions in the whole model

Donors
CER[AP] CER[NP]
CER Acceptors H- Fatty Acid
H-Hydroxyl 1 H-Hydroxyl 2 H-Hydroxyl 3 H-N Hydroxyl H-Hydroxyl 1 H-Hydroxyl 2 H-Hydroxyl 3 H-N
1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1 1:2 2:1
O-
Hydroxyl 2.0E-02 6.0E-03 2.8E-02 2.6E-02
1
O-
Hydroxyl 6.0E-03 2.8E-02 2.4E-02
CER[AP] 2
O-
Hydroxyl 3.0E-03 3.0E-02 2.8E-02 3.0E-03 4.2E-02 8.0E-03 40E-02 12E-02 7.0E-03
&
N 1002 | 20803 [ 25e0a OB 5 [S0EDA] o e, 10502 [gR] 40E:
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O-
Carbonyl
O- Fatty

Acid
Hydroxyl

5.0E-03 5.0E-03 3.0E-02 1.2E-02 6.0E-03

3.1E-02 7.0E-03

6.0E-03 3.0E-03 2.0E-02 2.8E-03 3.0E-03 8.0E-03

CER[NP]

O-
Hydroxyl
1
O-
Hydroxyl
2
O-
Hydroxyl

3
N
(0)

Carbonyl

1.3E-02 9.0E-03 4.7E-03 3.0E-02

- 6'0E-03 1'7E-02 3.0E-02 -

1.9E-02

- 7'0E-03 7'0E-03 3'2E-02 .
7.1E-03 1.0E-02 1.0E-02 . 2.9E-02 .

5.7E-03 1.0E-02

3.5E-03 7.0E-03 1-1E-02 - 1.1E-02 .

2.0E-02 1.1E-02

1.0E-02 5.6E-03 2.0E-02 5.4E-03




