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ABSTRACT: Understanding the structure of the stratum corneum (SC) is essential to
understand the skin barrier process. The long periodicity phase (LPP) is a unique trilayer
lamellar structure located in the SC. Adjustments in the composition of the lipid matrix, as in
many skin abnormalities, can have severe effects on the lipid organization and barrier
function. Although the location of individual lipid subclasses has been identified, the lipid
conformation at these locations remains uncertain. Contrast variation experiments via small-
angle neutron diffraction were used to investigate the conformation of ceramide (CER) N- 5 4 5 0 2 4 6
(tetracosanoyl)-sphingosine (NS) within both simplistic and porcine mimicking LPP models. x (nm)

To identify the lipid conformation of the twin chain CER NS, the chains were individually

deuterated, and their scattering length profiles were calculated to identify their locations in the LPP unit cell. In the repeating trilayer
unit of the LPP, the acyl chain of CER NS was located in the central and outer layers, while the sphingosine chain was located
exclusively in the middle of the outer layers. Thus, for the CER NS with the acyl chain in the central layer, this demonstrates an
extended conformation. Electron density distribution profiles identified that the lipid structure remains consistent regardless of the
lipid’s lateral packing phase, this may be partially due to the anchoring of the extended CER NS. The presented results provide a
more detailed insight on the internal arrangement of the LPP lipids and how they are expected to be arranged in healthy skin.

[l Metrics & More | @ Supporting Information

4 ®
‘o‘.::z: s ?,

B INTRODUCTION

Lipids are an essential component for the bodies signaling
network, " energy storage,” and cellular membranes. Sphingo-
lipids, particularly ceramides (CERs), are critical for effective
barrier control of the skin. The precursors of the lipids are
glucosylceramides and sphingomyelin. Together with phos-
pholipids and cholesterol (CHOL), these lipids form the main
components of the viable membranes in the skin. The skin is
one of the major defenses the body has against the penetration
of materials from the external environment and desiccation.
The upper layer of the skin, the stratum corneum (SC), is the
main barrier that these materials must permeate through and
thus determines the skin barrier’s effectiveness.” The SC
consists of corneocytes embedded in a lipid matrix; it is this
matrix that forms the only continuous structure through the
SC, thus it is considered to have a critical role in the barrier’s
function.”® Aside from the CERs, the main lipid classes in the
SC include CHOL and free fatty acids (FFAs), present in an
approximately equimolar ratio. These lipids form two
crystalline lamellar phases with repeat distances of approx-
imately 6 and 13 nm.”® The 13 nm lamellar phase is referred
to as the long periodicity phase (LPP) and is unique to the SC.
Currently, 18 CER subclasses have been identified from human
SC,”~"" which are typically referred to by their nomenclatures
based on the definitions from Motta et al.'> The correct lipid
arrangement within these lamellar structures is essential for
skin barrier function, as many inflammatory skin diseases are
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often related to identifiable changes in the lipid matrix
composition and arrangement.w’l‘?”14

Mixtures based on either isolated CERs or synthetic CERs
showed that these lipid mixtures can closely resemble the lipid
organization and permeability in human SC."*~*° Using these
lipid matrix models (LMMs), the location of the major lipid
subclasses within the LPP unit cell has been previously
identified with the use of contrast variation small-angle neutron
diffraction (SAND) measurements, including CERs N-
(tetracosanoyl)-sphingosine (NS) with an acyl chain of C24
(CER NS (C24)), CER N-(30-linoleoyloxy-triacontanoyl)-
sphingosine (EOS) with an acyl chain of C30 (CER EOS
(C30)), FFAs and CHOL.”'~** However, information on how
the CERs are arranged at their locations, such as conforma-
tional order, remains incomplete.

Twin chained lipids, such as CERs, are able to arrange
themselves into either a hairpin or an extended conformation.
When both chains are located on the same side of the
headgroup, the conformation is referred to as a hairpin, while if
the two tails are located on either side of the headgroup, then
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the lipid is arranged in an extended conformation. Currently, in
the arrangement for the trilayer structure of the LPP reported
by Mojumdar et al,** infrared spectroscopy measurements
indicate that CER NS is extended within the trilayer
structure.”* However, stronger evidence of the extended
structure is still needed. Knowledge of whether the CERs are
able to protrude into neighboring lamellar layers, both
internally and externally from the unit cell, would provide
more insight into the molecular mechanism underlying the
barrier function of the LPP structure.

In this study, we have investigated the arrangement and
conformation of CER NS within the LPP unit cell using
synthetic models that form the LPP structure exclusively. Two
models were compared, one that closely resembles the lipid
composition of porcine SC (the porcine model), while
maintaining similar phase behavior of human SC, as well as
a model that contains the fewest number of CER subclasses as
possible to form the LPP (the simple model). The porcine SC
model was selected, due to its similar phase behavior as found
in human SC and in isolated CER models,">*° and of which
most CER subclasses are available. The hydrogen linked to the
terminal three carbons of the sphingosine chain of CER NS as
well as the full acyl chain of CER NS was deuterated to identify
the location of each of these moieties, together with the overall
conformation of this CER subclass. We also show how the
CER arrangement assists in maintaining the LPP structure by
measuring the internal structural rearrangement during the
lipid’s lateral phase transitions.

B EXPERIMENTAL SECTION

Materials. CER EOS (C30) as well as shorter CERs, including
CER NS (C24), N-(tetracosanoyl)-phytosphingosine (CER NP (C24
and C16)), N-(2R-hydroxy-tetracosanoyl)-sphingosine (CER AS
(C24)), and N-(2R-hydroxy-tetracosanoyl)-phytosphingosine (CER
AP (C24)), was all kindly donated by Evonik, Essen, Germany.
Palmitic acid (C16), stearic acid (C18), arachidic acid (C20), behenic
acid (C22), tricosylic acid (C23), lignoceric acid (C24), cerotic acid
(C26), and CHOL were purchased from Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany. The structures of both partially
deuterated CER NS (C24), which are substituted into the models, are
shown in Figure 1. These included: when hydrogens on the terminal
three carbons of the sphingosine chain were replaced with deuterium
(CER NS-d7, purchased from Avanti Polar Lipids, Alabama) and
when the hydrogen atoms along the entire acyl chain were also
replaced (CER NS-d47, kindly provided by Evonik, Essen, Germany).
All solvents used were of analytical grade and supplied by Labscan,
Dublin, Ireland. The water was of Millipore quality produced by a

CER NS-d7

Figure 1. Molecular structure of deuterated CERs used in this study.
This includes CER NS-d47 where all 47 hydrogen atoms along the
acyl chain were replaced with deuterium and CER NS-d7 where the
terminal seven hydrogen atoms of the sphingosine chain were
replaced with deuterium. The carbon atoms bound to deuterium are

highlighted in bold.
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Milli-Q_water filtration system with a resistivity of 18 MQ cm at 25
°C. Nucleopore polycarbonate filters, with 0.05 pm pore size, were
purchased from Whatman, Kent, UK.

Model Composition. Two different models were investigated
comprising of either a two CER subclass model (CER EOS and NS,
the simple model) or a porcine SC mimicking model (porcine
model). Each model was prepared from synthetic CERs, CHOL, and
FFAs in an equimolar ratio to mimic the composition of SC. The
ratios of the specific lipid subclasses are presented in Table 1.

Table 1. Lipid Components and Molar Ratio for the Simple
and Porcine Models

simple model

porcine model
(molar %)

lipid subclass (molar %)

CER EOS (C30) 13.3 13.33
CER NS/NS-d7/NS-d47 (C24) 20 12
CER NP (C24) 3.7
CER AS (C24) 1
CER NP (C16) 2
CER AP (C24) 13
cholesterol 33.3 33.3
palmitic acid (C16) 0.6 0.6
stearic acid (C18) 1.33 1.33
arachidic acid (C20) 2.53 2.57
behenic acid (C22) 15.93 14.2
tricosylic acid (C23) 1.73
lignoceric acid (C24) 12.93 11.57
cerotic acid (C26) 1.37

Regardless of the model used, CER EOS was fixed to 13.3 mol % of
the total lgpid content, to ensure that the LPP would form
exclusively.”>*” For the partially deuterated measurements, CER NS
was substituted with either CER NS-d7 or CER NS-d47.

Lipid Model Preparation. For all SAND measurements, 10 mg
of lipids, in the appropriate molar proportions, was dissolved in
chloroform/methanol (2:1 v/v) to a concentration of 5 mg/mL. Over
an area of 40 X 13 mm?, the samples were sprayed on a silicon wafer
using a y-axis adapted Camag Linomat IV sample applicator
(Muttenz, Switzerland) under a steady stream of nitrogen. Once
sprayed, the samples were heated until melted (65—70 °C) and
cooled back to room temperature and heated again for a total of two
cycles, ultimately the samples were melted for a total of 30 min. Once
equilibrated, the samples were then hydrated in D,O/H,O mixtures at
ratios of 100:0, 50:50, and 8:92 (v/v) in 100% relative humidity,
initially for ~18 h, at 32 °C. Once measured, the samples were
hydrated to the next water ratio for at least 8 h at 32 °C, to ensure
complete solvent exchange in the LPP. A complete list of sample
compositions can be found in the Supporting Information (Table S1).

The small-angle X-ray diffraction (SAXD) samples were prepared
using a similar method; however, 0.90 mg of lipids was dissolved in
hexane/ethanol (2:1) and sprayed over an area of 10 X 10 mm? on
the polycarbonate filters and equilibrated at 85 °C for 30 min for a
single cycle. A single, higher equilibration temperature was possible
for the SAXD samples due to the lipid’s greater adhesive strength with
these filters. The samples were hydrated in a 100% H,O humid
environment for at least ~18 h before measuring.

D16 Neutron Diffractometer Measurements. Neutron
diffraction experiments were performed on the D16 neutron
diffractometer at the Institut Laue-Langevin, Grenoble, France. The
measurement and data analysis procedure have been described
previously.”"** In brief, the incoming slit-collimated beam (wave-
length 4.52 A) was set to 25 mm vertically and 4 mm horizontally, to
ensure that the entire sample remains in the beam for all diffraction
order measurements. The diffraction patterns were measured in
reflection mode, with the sample positioned 0.950 m from the 320 X
320 mm *He detector (which provided a spatial resolution of 1 X 1
mm). The samples were mounted in an aluminum humidity
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chamber,*® maintained at 25 °C and measured for a total of 2—6 h
depending on the signal to noise ratio. The samples were rotated
between 0.05 and 10.2° and measured in 0.05° steps to cover the first
9 diffraction orders. For each diffraction order, the scan measured at
the specular angle and +0.1° (culminating to a total of S scans), an
example of which is shown in the Supporting Information (Figure
S1), were averaged together and fitted. The scattering data were
reduced, background-subtracted, and the peaks were fitted using the
data processing software LAMP.”” While converting 26 into to g-
spacing, a rearranged Bragg equation was used

_ 4msin@
2 (1)

When in the lamellar phase, a series of peaks at equal g-distances to
one another are detected. The repeat distance (d) of the lamellar
phase can be calculated from the positions of the peaks as
P
9, @)
with 7 as the order number of the diffraction peak located at position
9n-
Scattering Length Density (SLD) Calculations. Scattering
curves were analyzed with a similar method that has been reported
previously.”>*" In short, all diffraction orders were fitted with a
Gaussian function to determine the scattering intensity (I). The I of
the peaks were used to calculate the structure factor amplitude (IF,|)
for that order. The IF,| was calculated by

| = A,~LI 3)

where L is the Lorentz correction, due to the high degree of
orientation in the sample; it can be calculated as L = n. A, is the
correction factor for sample absorption, which is calculated as the
following30

1

sin 6 _ "2ul/sin@
2] (1 e )

A =

n

(4)

where p refers to the linear attenuation coefficient and [ is the lipid
thickness.

The issue with the scattering experiments is that the information on
the phase sign is lost. The LPP has been identified to be
centrosymmetric. This has been illustrated by the linear fitting of
the structure factor (F,) values as a function of the D,0/H,O ratio>*
(Supporting Information, Figure S2). First we determined the
scattering phase signs; in these models, the scattering length density
(SLD) phase signs for the first 9 diffraction orders of the LPP were
assigned as —, +, —, +, —, +, —, +, —, this was the only combination
that located the water molecules at the expected unit cell border, due
to the hydrophilic interactions of the lipid headgroups. This
combination also resulted in a second maximum at approximately 2
nm from the center of the unit cell, while other phase sign
combinations resulted in unrealistic water profiles. These phase signs
coincidentally match with previously reported phase signs for water in
the LPP.>°"** Then, the phase sign order of the LPP for the
remaining protiated and each of the deuterated samples were also
individually determined and were found to have the same phase
orders of —, +, —, +, —, +, —, +, —.

Once the F, was determined, the SLD profile across the unit cell
(p(x)) was calculated by Fourier reconstruction.

p(x)=E)+22(Fncos

n=1

27mx] o

where x is the direction of the unit cell and x = 0 being the center of
the unit cell. The zero structure factor order (F;) is equal to the
scattering density per unit volume,>" the calculated values for each
model are presented in the Supporting Information (Method S1).
The “relative absolute” scale was then calculated by determining the
scaling factor from the difference in the scattering area between the

protiated and deuterated profiles.””*”** A description on converting
to a relative absolute scale can be found in the Supporting
Information (Method S1).

Small-Angle X-ray Diffraction Measurements. Small-angle X-
ray diffraction (SAXD) measurements were performed at the
European synchrotron radiation facility (ESRF, Grenoble) at station
BM26. The wavelength was set at 1.033 A, and the detector distance
was fixed at 2.16 m. A Pilatus 1 M detector was used, the sensor was a
reverse-biased Si diode array, consisting of an array of 981 X 1043
pixels of a size of 172 X 172 um® The calibration was performed
using silver behenate. The simple model was measured for 60 s at 1
°C at 25, 39, 61, and 67 °C. The one-dimensional (1D) intensity
profiles were determined by integrating the two-dimensional (2D)
pattern over a segment of 40° perpendicular to the orientation of the
sample, of which the center point was located at the beam center.

Electron Density Distribution (EDD) Calculations. The
electron density distribution (EDD) profiles were calculated similarly
to the SLD profiles as described earlier. However, the SAXD orders
were fitted with a Lorentzian function, which provided the best peak
fit, to determine I. |F,| was calculated using eq 3. However, the X-ray
samples scattered similarly to a nonorientated material; thus, when
calculating the Lorentz factor for X-ray samples, L = n*. Secondary, 4,
is negligible.”>** This is due to the perpendicular alignment of the X-
ray samples to the beam during the measurement, resulting in the
smallest possible scattering angle distance, thus the correction for A,
is negligible in this instant.

Since the EDD profiles compare the samples at different
temperatures, the overall scattering intensity is expected to change.
As a result, each peak intensity was normalized in relation to the
scan’s overall peak intensity. The EDD phase signs were identified
using the method previously reported.”® As our models do not swell
upon hydration, in the previous study, a continuous Fourier was
determined from mixtures forming a similar LPP with small variations
in repeat distance. When taking the same phase signs, our F, values
fitted to the continuous Fourier, indicating that the LPP in this
measurement had the same phase signs with the previous study. EDD
profiles at a given position in the unit cell were calculated using eq S.

Modeling the LPP Neutron Diffraction Distribution. Due to
the large error that is inherent with the SLD and EDD profiles, it is
important to distinguish true SLD distributions from that caused by
data truncation error. Using the lipid arrangement in the LPP of the
simple model, the SLD profile was calculated from the identified
scattering regions in the LPP unit cell and compared with the
experimentally derived SLD profile. The scattering length density was
created as follows: CH, groups have a neutron scattering length of
almost 0 (—0.83 fm), thus aside from the acyl chains of the lipids, all
other groups would have a scattering length density value. Using this
information, we were able to approximate the scattering length
density value for that position of the LPP, this includes contributions
from the lipid headgroup/water region located at the LPP boundary
and at the inner water layers and the location of the ester group of
CER EOS near the inner water layer. Using this theoretical SLD
profile from the models, the respective F, values for every order were
calculated based on the description by Franks>

Mmax ez —(n"B/4d)
E = 2 (y cos an

n
n=1

(6)

where y is the scattering length density value at position x and B is
similar to the Debye—Waller temperature factor to account for repeat
lipid disorder. Using the calculated F,, the SLD profiles were
calculated using the first nine orders and eq 6 and compared with
their experimentally derived values. Using these calculated values, they
were then adjusted until the resulting SLD profile matched the true
SLD profile that was derived from the experimental data.

B RESULTS AND DISCUSSION

Position of CER NS Using Scattering Length Density
Profiles. The location of individual lipid subclasses within SC

https://dx.doi.org/10.1021/acs.langmuir.0c01992
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Figure 2. Small-angle neutron 1D scattering plots of the fully protiated (A) simple and (B) porcine models when hydrated in 50:50 D,0/H,0,
measured at a detector position of 13°. All plots were hydrated using 50:50 D,0/H,0. The Arabic numbers indicate the various diffraction orders
of the LPP; the 7th order diffraction peak is not visible in both spectra, indicating that the scattering intensity of this order is close to zero. The *
indicates the position of the crystalline cholesterol peaks. The insert reports the 1st order diffraction peak measured at a detector position of 11.2°.

x (nm)

Figure 3. Water SLD profiles of the (A) simple and (B) porcine models within the LPP. Four areas of greater scattering length density signify a
trilayer structure. The position of the CER NS chains in the (C) simple and (D) porcine models including the sphingosine d7 (green) and the acyl
chain d47 (red) profiles. CER NS acyl chains are located in both the inner and outer layers of the LPP, while the sphingosine chain extends beyond

the inner water region, locating itself in the outer layers.

lipid structures has been previously studied with the use of
neutron diffraction.””****>” However, the specific conforma-
tion of CERs has yet to be fully understood. Due to the twin
carbon chain structure, CERs are able to adopt either a hairpin
or extended conformation. To identify the conformation, the
position of both the sphingosine and the acyl chain of CER
NS, within the LPP unit cell, was determined with the use of
SAND. The 1D diffraction profiles identified up to the 9%
diffraction order for all samples. Example curves for the fully
protiated simple and porcine models are presented in Figure 2.
All sample repeat distances were calculated from least square
fitting of the lamellar peaks measured at the detector angle of
13°, which includes all diffraction orders of >3. A peak
asymmetry is observed in the diffraction curves due to the large
sample area, when compared to the detector distance. This
becomes more prevalent as the detector angle is reduced,
hence the ability to correctly fit the peaks decreases, and thus
the first two Bragg peaks measured at the detector angle of
11.2° are not included in the calculation of the LPP d-spacing.
The average repeat distance for the simple model is 12.46 +
0.08 nm, while the porcine model is 12.57 + 0.19 nm. Aside
from the Bragg peaks attributed to the LPP, there are also
peaks arising from crystalline CHOL (formed due to excess
cholesterol that is not incorporated into the LPP) that are
observed at g = 0.185 and 0.368 A™', equating to a d-spacing of

10273

3.4 and 1.7 nm, respectively. The peaks attributed to the
crystalline cholesterol do not overlap with the LPP reflections
in any of the samples. No additional peaks that could indicate
additional phases were found in the models.

In this study, we selected two variations (simple and
porcine) of the LPP SC model. The simple model contains
only a few different lipids and can provide unambiguous
information on the interactions between specific lipid
subclasses.”*””*7** The porcine model contained a wider
variation of CERs and FFAs that closely mimic the
composition found in porcine SC.*° Models that mimic the
composition of human SC***” are being developed, but when
comparing human and porcine like LMMs, currently porcine
models are easier to work with since most of the CER
subclasses are readily available, and the lamellar organization
closely mimics the lamellar organization in human SC even at
elevated temperatures.*’ In comparison, some CER subclasses
present in human SC at relatively higher concentrations remain
commercially unavailable.

A major difference the models have compared with porcine
SC is the concentration of CER EOS. Native skin has a CER
EO content of ~12 mol % of the total CER content,”'° which
enables the lipids to form both the LPP and SPP. As the aim of
the present study was to determine the conformation of CER
NS in the LPP, it was important that this was the only
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structure formed. An increase in the CER EOS has been
previously shown to increase the proportion of LPP in the
model, and by increasing the total CER EOS content to 40 mol
% of the total CERs, the SPP is lost, leaving only the LPP
without affecting the structure and does not result in Bragg
peaks to overlap with the CHOL peaks and thus can be a
suitable substitution for LPP only studies.”®

The water profiles were determined by the difference in the
SLD profile values when hydrated in the 100:0 D,O and the
8:92 D,0/H,0 solvents. The SLD profile over the length of
the LPP unit cell (Figure 3) identifies that both the simple and
porcine lipid composition models have two water regions,
located at the exterior of the unit cell and closer to the center
of the centrosymmetric cell, indicating a trilayer structure. The
positions of the water peaks were calculated as the averaged
position found in the fully protiated d47 and d7 versions of
each model. The outer water region in the simple and porcine
models is located at 6.2 and 6.3 nm, whereas a second water
region is present at 1.9 and 2.0 nm from the unit cell center,
where the standard deviations of these positions were 0.2 and
0.1 nm, respectively. This results in the outer layer length
slightly exceeding that of the inner layer of the LPP (Table 2).
The individual layer length ratios of the LPP structure reported
with both models match well with the previously reported
results.”'

Table 2. Length Percentage Ratios between the Outer and
Inner Layers of the LPP

sample outer layer length (%) inner layer length (%)
simple 342 31.5
porcine 33.9 32.1

The location of the deuterated moieties was identified by the
subtraction of the fully protiated SLD profile from their
deuterated lipid containing counterpart, when hydrated in the
8:92 D,0/H,0 solvent. The difference in the SLD profiles
identified that SLD intensity and thus the location of the C24
acyl chains of the CER NS (Figure 3C,D, red curves) were
present in the inner layer and in the outer layers, extending
~2.2 nm from the exterior of the unit cell. When identifying
the location of CER NS’s sphingosine chain, the hydrogen
atoms of the terminal three carbons were deuterated. The SLD
profiles (Figure 3C; green curve) identified that the deuterated
groups were located only at 4.0 and 4.1 nm from the center,
~2 nm from the inner water/headgroup region in both models.
Implying that the sphingosine is located exclusively at this
position in the unit cell. From these results, we can conclude
that the CER NS located in the center of the unit is entirely
arranged in an extended conformation with the acyl chain in
the inner layer and the sphingosine chain located in the
adjacent layer. When in the outer layer, the location of the
CER acyl chains is limited to near the exterior lipid
headgroups, but since the terminal chain of the sphingosine
is located at the center of the outer layers, we are unable to
determine if this sphingosine chain is located in the same layer
thus forming an hairpin or located in the neighboring unit cell
as an extended conformation.

Our observations extend the LPP molecular arrangements
determined by Mojumdar et al.** An extended conformation of
CER NS with an aczfl chain of C24 has additionally been
suggested in the LPP,”>** shorter bilayer structures*"** and in
simulated studies.””** When in its precursor state as a

glucosylceramide, the lipid is in a hairpin arrangement.*
However, once hydrolyzed into a ceramide, both the size of the
CER headgroup and the amount of bound water greatly
reduce. The reduction in steric hindrance significantly reduces
the conformational exchange between the hairpin and
extended structure half time, which would enable CER
conformational rearrangement from the initial hairpin, to an
extended arrangement.”® This suggests that this CER
rearrangement is energetically feasible under physiological
conditions. The extended conformation of CERs between the
inner and outer layers of the LPP, simultaneously with CER
EOS, affords a connection between the adjacent lipid layers
and so reduces permeability’” and discourages swelling within
the LPP upon hydration.” An extended configuration also
reduces the polar headgroup cross section, and this provides
for a hi§her lipid packing density and reduces packing
strain,”’

From the SLD profile, we can also identify the linearity of
the CER chains. Assuming that a typical C—C bond has a
length of 0.15 nm and when viewed in projection on the major
axis, the observed length is close to 0.125 nm. When in an
extended conformation, a total of 15 C—C bonds from the
sphingosine chain contributes to a measurable length of 18.75
nm (Supporting Information, Figure S3). The SLD profile
identifies that the terminal of the chain is also located at this
position, implying that the sphingosine chain is arranged
linearly, perpendicular to the headgroup region.

The acyl chain of CER NS consists of 23 C—C bonds, which
equates to a projected length of 2.875 or 5.77 nm when
mirrored in a bilayer. In contrast, the length of the inner layer
is 3.92 nm in the simple model, 4.03 nm in the porcine model,
and 3.77 nm in the EDD calculations, are shorter than the
bilayer length of the acyl chains, implying that the chains must
either be tilted or interdigitated to occupy the finite space.

The average LPP inner layer length in the models is 3.9 +
0.1 nm; however, the C24 CER chains have a length of 2.88
nm (Supporting Information, Figure S3); thus, if the chains
were tilting, to pack terminal to terminal in the bilayer, the
chains would need to tilt to 47.2° with respect to the
sphingosine chain. CERs such as CER NP (C24) have
previously been reported to be capable of symmetrically tilting
either in their crystalline solid phases over a range of 39—
50°,°"°% as well as when part of a lipid matrix model with a
shorter repeat distance, with a symmetric V-shape tilt at an
angle of 41° relative to the membrane normal.>® In both
situations, the CER chains were symmetrically positioned with
respect to the membrane normal. However, it is unlikely that
the CERs in our models would have a similar arrangement, due
to the fact that the sphingosine group and the acyl chains of
the CER NS located in the outer part of the LPP are arranged
perpendicular to the headgroup region in the LPP structure.
Thus, causing a difference in the chain angle between the two
layers would result in a difference in the CER headgroup
interfacial area. Thus, if this was to transpire, it would
significantly destabilize the LPP structure. Alternatively, the
acyl chains maybe linear, if they were either opposing a
linoleate group from the CER EOS or opposing another acyl
chain and were interdigitated. If two C24 chains were
interdigitated, they would need to occupy a length of 1.7—
2.0 nm at the center of the LPP unit cell to fit. Interdigitation
of SC lipids has been previously reported in lipid structures
includin% ure CER systems,”’ the SPP simple®* > and more
complex”” models, the LPP structure,”>** and in computa-
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Figure 4. Comparative SLD profiles from experimental (green) and derived (red) data for the simple lipid model when hydrated with 100:0 and
8:92 D,0/H,0. (A) Identified SLD contributions in the LPP unit cell include the inner and outer water boundaries (6.25, 1.9 nm) and the ester
group of CER EOS (2.85 nm). (B) Calculated F, for each of the Bragg peaks and the calculated F, from the experimental data. (C) Calculated SLD

profiles and the SLD profiles calculated from the experimental data.

tional models of the SC lipid matrix.’® Out of these options,
the partial interdigitation of the acyl chains is the most stable
and thus the most likely arrangement of these chains.

Identifying the SLD Contributions. To confirm our
understanding of the LPP arrangement and to determine to
what extent of the truncation error affected the experimentally
obtained SLD profiles, we also calculated the SLD profile using
the information on the lipid arrangement from both this
experiment and obtained in previous studies.””*” In these
calculations, information on the data truncation error was
examined, by comparing the calculated with the experimental
SLD profiles. In these calculations, the effects of truncation
errors were highlighted. By comparing the calculated with the
experimental SLD profiles, information can be obtained about
the effect of the truncation error. The theoretical SLD profile
of the fully protiated simple model hydrated to 100:0 and 8:92
D,0/H,0 was calculated (Figure 4C). First, a model of the
LPP unit cell was prepared identifying the location of all
groups that have a scattering length value (Figure 4A). In the
calculated models, these contributions included the water
molecules, lipid headgroups, and the ester bond from CER
EOS. Due to their almost neutral scattering, the CH, groups
were not included. The water and lipid headgroup contribu-
tions were positioned at 6.25 nm for the outer water region of
the LPP and 1.90 nm for the inner water region. Comparing
the SLD intensity between the two hydration states, when the
sample was hydrated in 8:92 D,0/H,0, the water scattering is
reduced to 0, leaving the only contribution from the lipids,
hence the reduced scattering values. In the 100:0 D,0O model,
approximately an equal number of water molecules were
included at each of the headgroup regions. In addition, both
hydration conditions included a small broader peak between
2.75 and 2.95 nm from the center, representing the ester group
of the CER EOS. The oxygen in the ester bond contributes to
a greater SLD value at that position (C=O0 12.45 fm), as
opposed to the neutral contribution to the methylene group it
otherwise replaces in an acyl chain (CH, —0.83 fm).

From these theoretical SLD contributions, the F, for each
order was calculated (Figure 4B; red dots) and compared with
the values derived from the experimental data (green dots).
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The agreement between the different data sources was
generally good. The 7th order of the 100:0 sample and the
5, 7, and 9th order in the 8:92 sample could not be fitted due
to their lack of scattering intensity. First, we wanted to
determine the effect of not being able to include the true F,
value for these orders in the final SLD profile. The calculated
model was able to estimate these values and include these
additional F, contributions in its SLD profile (Figure 4C; red
curve). Excluding the peaks that could not be quantified in the
experimental data, the standard deviation between the F,
values, of different sources, for each Bragg peak was <20%.
The following SLD profiles from the predictive calculations
(Figure 4C; red curve) matched well with the experimental
derived data (green curve), with the only deviation occurring
at the center of the unit cell, likely due to truncation error in
the experimental derived data. The effect of the Fourier
truncation error has been further illustrated in the Supporting
Information (Figure S4); by increasing the number of F, values
used in the 8:92 model results in a disappearance of the peaks
at —4.5, 0, and 4.5 nm.

Electron Density Profile of the LPP With Temper-
ature. To explore the interplay between the different layers of
the LPP, the lengths of the outer and inner layers were
monitored at different lateral phases within the simple model.
The EDD was calculated from the SAXD profiles (Figure SA)
when the lipids are in the orthorhombic phase (25 °C),
hexagonal phase (39 °C), hexagonal with a smaller population
of the lipids in the fluid phase (61 °C), and fluid phase with a
smaller population of lipids in the hexagonal phase (67 °C), as
determined by FTIR.*" The black curve of Figure 5B shows
that at 25 °C, the EDD profile identifies the position of the
layer boundaries at similar positions, demonstrated in the SLD
profile, with the outer layer located 6.4 nm from the center of
the unit cell and the inner layer at 1.89 nm. The EDD at each
of these locations is at a similar intensity to each other,
implying a similar electron density at the lipid headgroup
regions. In addition, the electron density intensity was greater
within the inner layer, when compared to the outer layers. In
the outer region, the electron density is particularly low close
to the inner headgroup region, where the CHOL is located.””

https://dx.doi.org/10.1021/acs.langmuir.0c01992
Langmuir 2020, 36, 10270—10278


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c01992/suppl_file/la0c01992_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01992?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01992?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01992?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01992?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01992?ref=pdf

pubs.acs.org/Langmuir

Langmuir
At , B
3 x4
B -~
s E]
2 K]
8
£ w
T T T T T T T T T T 1
1 2 3 8 6 4 -2 0 2 4 6 8
q (nm™) x (nm)

Figure S. (A) SAXD peaks of the simple system in the orthorhombic
(25 °C, black curve), hexagonal (39 °C, blue curve), hexagonal with a
smaller population in the fluid (61 °C, green curve), and mixed
hexagonal and fluid (67 °C, red curve) phases. The curves have been
stacked, for ease of peak observation. (B) Electron density
distribution profiles in the orthorhombic phase (black) and in the
fluid with the hexagonal phase (red). The position of the highest
electron density intensity describes the position of the lipid
headgroups and the boundaries of the trilayer.

As the lateral order of the lipids decreased with temperature,
the overall length of the LPP unit cell slightly decreases;
however, no large change to the length ratios between the
individual layers was observed (Table 3). Approaching the

Table 3. Temperature, LPP Length, and the Percent of
Length Occupied by Each Layer in the LPP in the Simple
Model, When Packed in the Orthorhombic, Hexagonal,
Hexagonal with a Small Proportion in the Fluid phase
(Hexagonal with Fluid) and When a Greater Proportion of
the Lipids are in the Fluid Phase (Fluid with Hexagonal)

LPP
temperature length outer layer inner layer
°C) lateral packing (nm) length (%) length (%)
25 orthorhombic 12.8 35.7 28.6
39 hexagonal 12.8 35.8 284
61 hexagonal with 12.6 35.3 29.4
fluid
67 fluid with 12.3 35.7 28.6
hexagonal

fluid phase, the Bragg peaks loose intensity and are broader,
which reduces the accuracy of the peak fitting. Therefore, the
highest temperature analyzed was 67 °C, at which the lipids
were in a mixed fluid and hexagonal phase.

The position of CHOL may also act as an additional factor
that promotes the linear arrangement of the central CER NS.
CHOL is an essential lipid for proper SC barrier function.
CHOL is required for the formation of the LPP and increases
the lipid lateral packing density within the unit cell,’” ™" a
difference in behavior compared to the pure phospholipid
systems.””*> CHOL is a bulky molecule, and according to our
results and previous investigations,” it is localized in the outer
layers of the LPP close to the inner headgroup. At this location,
the electron density is low; therefore, due to its bulky group,
CHOL probably results in a lower electron density. When
located here, cholesterol neighbors the sphingosine chains of
CER NS and is able to interact via Van der Waal interactions
while also capable of hydrogen bonding with the CER
headgroup™” or the ester group of CER EOS.”” In contrast,
CHOL avoids neighboring with the linoleic chain of CER EOS
in the central layer of the LPP.** These observations have been
reproduced with simulations, mimicking the LPP organiza-
tion">** and found that the majority of CHOL will selectively
neighbor with the CER sphingoid group, due to hydrophobic
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matching between the chains, thus minimizing the potential
energy of this configuration. These predictions have also been
confirmed experimentally.”> As a result, the combination of
neighboring with the CER sphingoid group, while avoiding the
linoleic acid of CER EOS, maybe an additional driving force
for the observed extended CER NS conformation.

Bl CONCLUSIONS

In the present study, we have investigated the lipid
arrangement of CER NS with the use of SAND. We have
demonstrated that within the lipid model LPP arrangement,
CER NS adopts an interdigitated linear conformation in the
center while also located in the outermost region of the LPP.
The advantages of having the inner and outer layers bridged
together by the CER NS include reduced permeable
boundaries, reduced swelling capabilities, greater lipid packing
densities, and reduced packing strain. Two common models
were investigated in this study, and although the models had
different CER subclass compositions, the CER NS exhibited
the same behavior. These results highlight the similarities that
both the simple and more complex models have with one
another, and how the results observed from one may be
applied to the other. The results from this study highlight a
new aspect of the lipid arrangement, namely, the lipid
configuration, that needs to be considered when assessing
the alterations observed between healthy and diseased SC and
its impact on the skin barrier function.
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