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Abstract Membrane models of the stratum corneum (SC)
lipid barrier, either healthy or affected by recessive X-linked
ichthyosis, constructed from ceramide [Cer; nonhydroxyacyl
sphingosine N-tetracosanoyl-p-erythro-sphingosine (CerNS24)
alone or with omega-O-acylceramide N-(32-linoleyloxy)dotri-
acontanoyl-p-erythro-sphingosine (CerEOS)], FFAs(C16-24),
cholesterol (Chol), and sodium cholesteryl sulfate (CholS)
were investigated. X-ray diffraction (XRD) revealed a previ-
ously unreported polymorphism of the membranes. In the
absence of CerEOS, the membranes formed a short lamellar
phase (SLP; the repeat distance d = 5.3 nm), a medium la-
mellar phase (MLP; d = 10.6 nm), or very long lamellar
phases (VLLP; d = 15.9 and 21.2 nm). An increased CholS-to-
Chol ratio modulated the membrane polymorphism, al-
though the CholS phase separated at > 7 weight% (of total
lipids). The presence of CerEOS led to the stable long lamel-
lar phase (LLP) with d = 12.2 nm and prevented VLLP for-
mation. Our XRD results agree well with recently published
cryo-electron microscopy data for vitreous skin sections, while
also revealing new structures.lll Thus, lamellar phases with
long repeat distances (MLP and VLLP) may be formed in the
absence of omega-O-acylceramide, whereas these ultralong
Cer species likely stabilize the final SC lipid architecture of
LLP by riveting the adjacent lipid layers.—Pullmannova, P.,
E. Ermakova, A. Kovacik, L. Opdlka, J. Maixner, J. Zbytovska,
N. Kucerka, and K. Vavrova. Long and very long lamellar
phases in model stratum corneum lipid membranes. J. Lipid
Res. 2019. 60: 963-971.
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The stratum corneum (SC) has evolved to protect the
body from desiccation and thus to ensure the terrestrial life
of mammals, including humans (1). This outermost skin
layer also hampers the entry of possibly harmful substances
from the environment. SC consists of several layers of cor-
nified cells, corneocytes, and extracellular lipid matrix,
which represents the major skin-permeability barrier (2).
The SC extracellular lipid matrix consists mainly of cerami-
des (Cers), FFAs, and cholesterol (Chol) at an ~1:1:1 mo-
lar ratio (supplemental Fig. S1). These lipids are highly
organized in the lamellae aligned parallel to the skin sur-
face (3, 4). Skin Cers are a class of sphingolipids compris-
ing, to date, 15 classes of free Cers, including the ultralong
w-O-acylceramides (w-O-acylCers), which contain 30-34C
acyl chains with alinoleic acid ester-linked to the w-hydroxyl
terminus (5-9); for a review, see Ref. 10.

The lipid matrix of isolated SC has a lamellar character-
istic and a long repeat distance (d) of ~13 nm, as was re-
vealed by electron microscopy (11-13) and/or by X-ray
diffraction (XRD) (12, 14, 15). The so-called long periodicity
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phase with d ~ 13 nm was reconstructed in vitro from iso-
lated skin lipids (16-18) and lipids synthesized in a labora-
tory (19). A separated Chol with d ~ 3.4 nm and a short
periodicity phase with d ~ 6.4 nm were found to coexist
with the long periodicity phase in isolated SC by XRD (20).
Chol also separates in vitro in model SC lipid membranes,
creating a distinct phase that is detectable by XRD (21, 22).
A key role of w-O-acylCers for formation of the long period-
icity phase was demonstrated in vitro in model lipid mem-
branes with isolated pig skin Cers (18). A correlation was
found ex vivo between a decreased fraction of w-O-acylCer
and changes in the XRD patterns of SC in healthy humans
(23) and in patients with atopic dermatitis (24). Several
models of the molecular arrangement of the SC extracel-
lular lipid domains have been proposed; however, they re-
main under discussion (25-28).

In this work, we investigated the lamellar organization in
amembrane model of recessive X-linked ichthyosis (RXLI).
RXLI is a genetic skin disease with impaired processing of
sodium cholesteryl sulfate (CholS) to Chol. In healthy skin,
CholS is gradually distributed across the SC, from 5 weight%
at the stratum granulosum/SC boundary to 1 weight% in
the outer SC (29, 30). In RXLI, mean CholS levels in the
SC are ~5- to 10-fold elevated, whereas free Chol levels are
~50% reduced in comparison to healthy skin (4). The dis-
ruption of CholS desulfation leads to an abnormal perme-
ability barrier, abnormal desquamation, and the presence
of nonlamellar domains within the SC extracellular spaces
(31, 32). A high CholS level in model lipid mixtures induces
the formation of an additional less-ordered phase (33) and
alterations in the electron spin probe microenvironment
(34). Rehfeld et al. (34) proposed that different H-bond-
ing of CholS relative to Chol may play a role in RXLI patho-
genesis. However, the contributions of increased CholS
and decreased Chol to the abnormalities in lipid organiza-
tion and permeability in RXLI are unclear.

Thus, we aimed at studying the effects of CholS on SC
lipid membranes based on N-tetracosanoyl-p-erythro-sphin-
gosine d18:1,/24:0 (CerNS24). During the initial experiments,
we observed an extraordinary and yet unreported polymor-
phic behavior of our SC lipid membranes, which was mod-
ulated by the Chol/CholS content variation and sample
preparation method. Here, we show, for the first time, that
SC lipids without w-G-acylCer can self-organize in patterns
with not only a short repeat distance, but also with medium
or very long repeat distances. The formation of these struc-
tures is further compared with the structural behavior of the
SC model containing N-(32-linoleyloxy)dotriacontanoyl-p-
erythro-sphingosine d18:1/h32:0/18:2 (CerEOS). The ex-
periments with various Chol/CholS ratios further show that
the simple SC model of RXLI can mimic structural defects
similar to those reported in the SC of RXLI patients.

MATERIALS AND METHODS

Chemicals and material

CerNS24 was purchased from Avanti Polar Lipids (Alabaster,
AL). CerEOS was synthesized as described in Ref. 35. Chol from
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lanolin, CholS, hexadecanoic acid, octadecanoic acid, eicosanoic
acid, docosanoic acid, tetracosanoic acid, and solvents (all analyti-
cal or HPLC grade) were purchased from Sigma-Aldrich Chemie
Gmbh (Schnelldorf, Germany). Single side polished Si sub-
strates (111, N-type/Phos-dopant) of 25 x 50 x 0.5 mm” were pur-
chased from Crystal GmbH (Berlin, Germany). Esco” microscope
cover glasses of 22 x 22 mm® were from Erie Scientific LLC
(Portsmouth, NH).

Preparation of model lipid membranes

A mixture of FFAs with 16, 18, 20, 22, and 24 carbons [FFAs (16—
24)] were mixed at a molar ratio corresponding to the native com-
position of human skin FFA: 1.8% hexadecanoic acid, 4.0%
octadecanoic acid, 7.6% eicosanoic acid, 47.8% docosanoic acid,
and 38.8% tetracosanoic acid (36). The lipids [CerNS24 or Ce-
rEOS/CerNS24 mixture, FFAs(16-24), Chol, and CholS] were
dissolved in 2:1 chloroform/methanol (v/v) and mixed at the
molar fractions specified in Table 1. The lipid solutions were
dried, redissolved (see below), and applied on cover glasses or Si
substrates in either of the following manners:

Spraying. The dry lipid was dissolved in 2:1 hexane/96% etha-
nol (v/v) at a concentration of 4.5 mg/ml, and 3 x 100 pl of the
lipid solution was sprayed on a wafer under a stream of nitrogen
at a flow rate of 10.2 pl/min using a Linomat V (Camag, Muttenz,
Switzerland) equipped for additional y-axis movement.

Dropping at 50°C.  The 17-60 pl of 2:1 hexane/96% ethanol
(v/v) was added per 1 mg of dry lipid. The mixture was homoge-
nized using an ultrasound bath at 50°C until a homogeneous
transparent viscous liquid was created. The concentration de-
pended on the solubility of each lipid sample. The liquid, which
was continuously heated to 50°C, was applied in several subse-
quent steps on a wafer preheated to 50°C using a 100 pl gastight
syringe preheated to 50°C. Before each application, the syringe
and wafer were preheated again.

The prepared lipid membranes were dried overnight under a
vacuum over P,O}, and solid paraffin in a desiccator and then an-
nealed according to the following two protocols:

Annealed at 90°C. The samples were heated to 90°C, equili-
brated at this temperature for 10 min, and slowly (~3 h) cooled
to room temperature.

Annealed at 70°C/H,0. The samples underlaid with alumi-
num rings were sealed in aluminum containers with distilled wa-
ter at the bottom (water was not in contact with the lipids) and
heated to 70°C, equilibrated at this temperature for 10-30 min,
and slowly (~3 h) cooled to room temperature.

The prepared membranes were not specifically hydrated and
were stored at 2-6°C. Before the XRD measurements, they were
equilibrated at room temperature for 24 h.

XRD

The XRD data were collected at ambient room temperature
and humidity with an X’Pert PRO 6-0 diffractometer (PANalytical
B.V., Almelo, The Netherlands) with parafocusing Bragg-Bren-
tano geometry using CuKa radiation (A = 1.5418 A, U=40kV,I=
30 mA) or CoKa radiation (A =1.7903 A, U=385kV,1=40 mA) in
modified sample holders over the angular range of 0.6-30° (20).
Data were scanned with an ultrafast position-sensitive linear (1D)
X’Celerator detector with a step size of 0.0167° (26) and a count-
ing time of 20.32 s‘stepf]. Certain samples were measured in an
elevated position against the origin using an Empyrean 6-0 dif-
fractometer (Malvern Panalytical B.V., Almelo, The Netherlands)



TABLE 1.

The composition of the model lipid membranes

Molar Fraction

Sample Labeling

Weight% CholS (of

(Chol/CholS molar ratio) CerNS24 CerEOS FFA (16-24) Chol CholS total lipids)
No CholS
1/0 1 0 1 1 0 0
0.45/0 1 0 1 0.45 0 0
0.45/0+EOS 0.7 0.3 1 0.45 0 0
Controls
1/0.13 1 0 1 1 0.13 5
1/0.03 1 0 1 1 0.03 1
RXLI model
0.85/0.15 1 0 1 0.85 0.15 5
0.8/0.2 1 0 1 0.8 0.2 7
0.7/0.3 1 0 1 0.7 0.3 10
0.6/0.4 1 0 1 0.6 0.4 14
0.5/0.5 1 0 1 0.5 0.5 17
0.4/0.6 1 0 1 0.4 0.6 20

with Bragg-Brentano geometry using CuKa radiation (A = 1.5418
A, U =40 kV, I =20-40 mA). The shift of the origin was subtracted
from the resulting XRD patterns mathematically. The data were
evaluated using X’Pert Data Viewer software (PANalytical B.V.)
and Jandel Scientific Peakfit 2.01 software (AISN Software). The
peaks were fitted by the Lorentzian function above a linear back-
ground. The XRD patterns show the unscaled raw scattered inten-
sities as a function of the scattering vector Q (nm™"). The repeat
distance d (nm) characterizes the spacing between adjacent
scattering planes for parallel lipid layers arranged in a 1D lattice.
The XRD patterns of the lamellar phases exhibit a set of Bragg
reflections with reciprocal spacings in the characteristic ratios of
Q,=2wn/d (Miller index n=1, 2, 3...). The dwas obtained from
the slope a of a linear regression of the dependence Q, = a.n + ¢,
according to the equation d = 2m/a, where ¢, is a constant corre-
sponding to a shift of the origin. The XRD reflection positions of all
the lamellar structure types are listed in supplemental Table ST1.

RESULTS

Polymorphism of CerNS24-based model membranes:
formation of MLP and VLLP in the absence of w-O-acylCer

First, we constructed simple SC lipid models using
CerNS24, FFA (16-24), and Chol in equimolar ratios with 1
and 5 weight% of CholS (samples labeled 1/0.03 and
1/0.13, respectively; Table 1). The lipids were deposited by
spraying and were annealed at 90°C (17). The XRD pat-
tern of the 1/0.13 sample (Fig. 1A) contained several
reflections (supplemental Table ST1) attributed to the or-
ders 1, 2, 3...up to 10 of the diffraction from the periodi-
cally arranged lipid lamellae forming the short lamellar
phase (SLP) with a repeat distance d = 5.3 nm (Fig. 1D).
The region of long-range arrangement further contained
reflections attributed to separated Chol. In the region of
short-range arrangement (Q-range 14-18 nm” ' in Fig. 1A),
we detected two reflections that provided the repeat dis-
tances 0.41 and 0.37 nm, which were most likely derived
from the orthorhombic packing of lipid polymethylene
chains. This behavior was in accordance with Ref. 17.

In the preliminary experiments, one of the 1/0.13 sam-
ples was allowed to evaporate more slowly during the spray-
ing process. The XRD pattern of this sample (Fig. 1B)
showed a set of reflections (supplemental Table ST1) of

the orders II, IV, V...up to XIV corresponding to d = 10.6
nm (in addition to separated Chol). The firstorder reflec-
tion of this phase was not detected due to the instrument
limitations. The used XRD experimental configuration
and its effects on the shape of the XRD patterns are thor-
oughly discussed in supplemental data. The third-order
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Fig. 1. Formation of the SLP (A) and MLP (B, C) in the SC model

membranes. XRD patterns in the regions corresponding to the
long-range (lefthand side) and shortrange (right-hand side) ar-
rangements of the 1/0.13 sample [i.e., CerNS24/FFA(16-24)/
Chol/CholS at the 1/1/1/0.13 molar ratio] forming a SLP (A) or
MLP (B). C: The 0.45/0 sample with the molar ratio CerNS24/
FFA(16-24)/Chol/CholS = 1/1/0.45/0 forming MLP measured at
two configurations of the diffractometer providing small differ-
ences in the background of overlapping regions. Linear regressions
of the dependence of 1/d on the reflection order 4 for SLP (D) and
MLP (E). Arabic numerals, Roman numerals, and asterisks indicate
SLP, MLP, and separated Chol, respectively. Arrows indicate the re-
flections of chain packing. Full and dashed grid lines predict the
positions of SLP and odd MLP reflections, respectively. The inten-
sities of different measurements are not scaled and are shown in
arbitrary units (a.u.).
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reflection coincided with the separated Chol peak at Q =
1.86 nm '. The dependence of the peak positions in 1/d
on their order (/) was nevertheless clearly linear (Fig. 1E),
confirming a lamellar phase denoted here as the medium
lamellar phase (MLP). The peak indices (II, IV, V ... up to
XIV) were attributed according to the scheme proposed in
Ref. 37 and will be further discussed. In the region of the
shortrange arrangement, a weak reflection at the repeat
distance of 0.41 nm was detected.

The MLP formation was further reproduced using a
modified preparation protocol (Fig. 1C). To avoid the
overlap of Chol and MLP reflections, the Chol content was
decreased to 45%, and no CholS was used (0.45/0 sample).
The membrane was prepared by dropping the lipid solu-
tion at 50°C instead of spraying at room temperature, fol-
lowed by annealing at 70°C/H,O for 10 min. This sample
enabled us to resolve the third-order MLP peak from Chol
(only two shoulders at the third- and sixth-order MLP re-
flections indicated separated Chol) to further confirm this
lamellar structure.

Next, we prepared the 1/0.03 and 1/0.13 samples by
dropping the lipid solution at 50°C, but the annealing at
70°C/Hy0O was prolonged to 30 min. These samples dis-
played substantially different XRD patterns relative to those
in Fig. 1. The 1/0.03 sample (i.e., with 1% CholS; Fig. 2A
and the dark blue line in Fig. 3) showed separated Chol
and a set of strong reflections resembling SLP and weak
reflections apparently arranged in pairs in the gaps be-
tween the strong reflections (supplemental Table ST1).
Analysis revealed that all these reflections belonged to a
lamellar phase as the 1/d dependence on the order (4) was
clearly linear (Fig. 2B). These reflections were assigned the
orders III,, IV,, V(...up to XXX,, and they provided a very
long d = 15.9 nm. This d was three times longer than d; p,
and we denoted this lamellar phase as a very long lamellar
phase (VLLP ;5 4, subscripts “v” in the order numbers mark
the assignment to VLLP). The formation of VLLP 54 in-
stead of MLP in these membranes was most likely induced
by the longer annealing at 70°C/H,O. The region of the
short-range arrangement contained a weak reflection at
the repeat distance of 0.41 nm and an insufficiently re-
solved reflection at the repeat distance of 0.37 nm.

The XRD pattern of the 1/0.13 sample (i.e., with 5%
CholS) formed VLLP;;,, which coexisted with another set

of weak, regularly spaced reflections (Fig. 3, light blue
line). The positions of these reflections (supplemental Ta-
ble ST1) corresponded to another VLLPy; o with d = 21.2
nm, which was four times longer than dg;p. The formation
of VLLPy, o was also confirmed in the 0.45/0 sample with
reduced Chol after additional annealing at 70°C for 20 min
(supplemental Fig. S2A, B). The VLLPy;, together with
VLLP;4 was also detected in another control sample
1/0.13 prepared by spraying and annealing at 70°C/H,O
for 30 min (supplemental Fig. S2C, D). Thus, the slow
evaporation of the solvent seemed to be decisive for the
formation of MLP, and the long (~~30 min) annealing in
the presence of HyO controlled the formation of VLLP ;4
and VLLPy o.

The Chol/CholS ratio modulates the polymorphism of
SC lipid membranes

In the next experiment, an impairment of CholS-to-Chol
processing in RXLI was simulated using the CerNS24/
FFA(16-24)/Chol/CholS samples with increased CholS
and reduced Chol content (the Chol/CholS molar ratios
were varied from 0.85/0.15 to 0.4/0.6). The samples
1/0.03 and 1/0.13 (mimicking normal CholS levels in
healthy SC), as well as 1/0 (without CholS), served as con-
trols. All the samples prepared by spraying and annealing
at 90°C formed SLP with d ~ 5.3-5.4 nm with orthorhom-
bic packing of polymethylene chains detected in the region
of the shortrange arrangement (Fig. 4). Separated Chol
was also present, except in sample 0.4/0.6, i.e., that with
Chol content reduced to 40%, which agrees with previous
findings concerning the Chol miscibility with SC lipids
(21). Even the significant CholS increment (from 0% to
60%) did not considerably change the lipid lamellar struc-
ture under these conditions. It has been previously re-
ported that CholS improves the miscibility of Chol with
other lipids in the fully hydrated SC model composed of
isolated pig skin Cer/FFA/Chol/CholS at pH 7.4 and 5.
Better Chol miscibility was apparent based on the disap-
pearance of the first-order Chol reflection at the Chol/
CholS molar ratio = 1:0.3 (38). If we solely examined the
Chol/CholS molar ratio in our samples, we should expect
the Chol reflection to disappear at the latest in sample
0.7/0.3, corresponding to 1 mol of Chol per 0.42 mol of
CholS. However, disappearance of the Chol reflections was
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logarithmic scale. B: A linear regression of the depen-
dence of 1/d on the reflection order A.
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observed only in the membrane with the Chol/CholS mo-
lar ratio = 0.4/0.6. This phenomenon was caused by a low
Chol fraction in the whole mixture rather than a high
CholS fraction. The XRD patterns did not confirm an im-
proved Chol miscibility with other SC lipids due to the
higher CholS content. Different Cer species and different

0.41 nm

0.37 nm

T|vLLp,g, + VLLP,,,

Fig. 3. Polymorphism of the lipid membranes mod-
eling the increased CholS-to-Chol ratio in RXLI dis-
ease, prepared by dropping and annealing at 70°C/
HyO. XRD patterns of the CerNS24/FFA(16-24)/
Chol/CholS samples with the molar ratio Chol/CholS =
1/0-0.4/0.6 in the region of long-range (bottom) and
short-range (top) arrangements. Grid lines predict the
position of VLLP; 4 reflections (solid), specific MLP
reflections (dashed), and specific VLLPy, o reflections
(dotted); asterisks, plus symbols, and arrows indicate
separated Chol, separated CholS, and reflections of
orthorhombic chain packing, respectively. The intensi-
ties of different measurements are not scaled and are
shown in arbitrary units. The intensities in the region
of the long-range arrangement are shown on a loga-
rithmic scale.

sample treatments and environments could explain the
discrepancy between our findings and previously reported
results (38).

In contrast, the same lipid samples as in Fig. 4 prepared by
dropping at 50°C and annealing at 70°C/H,O for 30 min
formed MLP and VLLP, some with resolved reflections of

Chol/ChalS [mol/mol]

Fig. 4. SLP formed in lipid membranes modeling
the increased CholS-to-Chol ratio in RXLI disease,
prepared by spraying and annealing at 90°C. XRD pat-
terns of the CerNS24/FFA (16-24)/Chol/CholS sam-
ples with the molar ratio Chol/CholS = 1/0-0.4/0.6 in
the region of long-range (bottom) and shortrange
(top) arrangements. Arabic numerals indicate the re-
flections of SLP; asterisks indicate the separated Chol;
arrows indicate the reflections of orthorhombic chain
packing. The intensities of different measurements
are not scaled and are shown in arbitrary units.
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the orthorhombic polymethylene chain packing (0.37 and
0.41 nm) (Fig. 3). The VLLP;4 and separated Chol ap-
peared in the XRD patterns of the samples with the Chol/
CholS molar ratio in the range from 1/0 to 0.8/0.2. In the
1/0.13 sample (i.e., that mimicking the CholS content in
deeper layers of healthy SC), both VLLP54 and VLLPy, »
were found, as mentioned above. At 10 weight%, CholS
(the 0.7/0.3 sample), the VLLP ;5 4 coexisted with MLP and
separated Chol. Further increases of the CholS level in the
0.6/0.4, 0.5/0.5, and 0.4/0.6 membranes resulted in the
formation of MLP without any resolved signs of VLLP.
Thus, a CholS content = 14 weight% appears to suppress
VLLP formation.

In the MLP-forming samples with high CholS content,
additional reflections at Q = 1.57-1.59 and 6.19-6.20 nm” '
were observed. An examination of the short-range arrange-
ment of the samples also revealed a peak at Q=15.46 nm ',
the intensity of which increased with increasing CholS con-
tent. This feature could be observed in the low-CholS con-
tent samples, whereas it became clearly evident in the
high-CholS content samples. Thus, the peaks at Q = 1.57—
1.59, 6.19-6.20, and 15.46 nm_ ' were assigned to the Ist-,
4th-, and 10th-order reflections, respectively, of separated
crystalline CholS dihydrate with a spacing of 4.07 nm (39).
This observation is corroborated by previous results, ac-
cording to which a complete replacement of Chol by CholS
in SC model membranes led to a phase-separation of CholS
to provide d=4.1 nm (40).

CerEOS abolishes the CerNS24-based membrane
polymorphism

To probe the effects of an w-O-acylCer, namely, CerEOS,
on the abovementioned membrane polymorphism, we
prepared the 0.45/0+EOS sample [i.e., CerEOS/CerNS/
FFA(16-24)/Chol with the 0.3/0.7/1/0.45 molar ratio;
Table 1]. A similar membrane has been reported to form
long lamellar phases (LLPs) exclusively (41). Chol was
reduced to 45% to prevent an overlap with the LLP re-
flections. The sample was prepared by dropping at 50°C
and annealing once or twice at 70°C/H,O for 10 min or
10 and 20 min, respectively. In the XRD patterns of this
sample (Fig. 5), we detected reflections of the orders II,
III, IV... up to XIV, providing LLP with d=12.2 nm after
the first (supplemental Table ST1) and second anneal-
ing. There was only a small indication that an additional
structure, most likely VLLP, formed after the second an-
nealing (Fig. 5B). Weak reflections of separated Chol,
and very weak reflections of the orthorhombic polymeth-
ylene chain packing (unresolvable in Fig. 5A) were also
found.

DISCUSSION

The XRD and electron-microscopy results have provided
essential information about the SC lipid barrier structure,
i.e., that the dominant repeating unit is ~~13 nm long (14,
15, 42) and contains repeating patterns of broad/narrow/
broad electron-lucent bands bordered by electron-dense seg-
ments (25). A recent study using cryo-electron microscopy
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Fig. 5. The effect of CerEOS on the structure of SC model mem-
branes. XRD patterns of the sample 0.45/0 + EOS with the molar
ratio CerEOS/CerNS24/FFA (16-24)/Chol/CholS = 0.3/0.7/1/
0.45/0 after the first annealing (A) and after the second anneal-
ing (B) in the region of long-range arrangement (left-hand side)
and short-range arrangement (right-hand side). Roman numer-
als indicate the reflections of LLP, asterisks indicate separated
Chol, and arrows indicate weak additional reflections, which most
likely belong to a VLLP. The intensities of different measure-
ments are not scaled and are shown in arbitrary units (a.u.). C: A
linear regression of the dependence of 1/d on the reflection order
hfor LLP .

of vitreous skin sections without staining showed a dif-
ferent pattern, consisting of narrow (4.5 nm) and broad
(6.5 nm) lucent bands, together revealing an asymmetric
repeating unit of 11 nm (10-12 nm) (26).

Until recently, w-O-acylCers were thought to be essential
for the formation of lamellar lipid phases with long d, as
only complex model membranes containing w-O-acylCer
formed a long periodicity phase with d ~ 13 nm along with
other phases (18, 43). Here, we report, for the first time,
that CerNS24-based model membranes in the absence of
w-O-acylCer form not only the SLP but also MLP and VLLP
and that their lamellae can be arranged with even longer
repeat distances than in membranes with w-O-acylCer. The
formation of MLP has recently also been observed in model
lipid systems based on CerNH (44) or the CerNH/CerNS
mixture (45). These models were prepared by spraying
and annealing at 90°C. Thus, there might be an intrinsic
susceptibility of various Cer species to form MLP under
specific conditions.

MLP and VLLP can macroscopically coexist with a cer-
tain fraction of SLP [e.g., coexistence of MLP (d=10.6 nm)
and SLP (d = 5.3 nm) ], and they are indistinguishable in
XRD patterns due to an overlap of their reflections. The
phase separation on a macroscopic scale can be recognized
in the diffraction patterns only in the cases of incommensu-
rate phases (e.g., MLP and VLLP,54, VLLP;54, and VLLPy, ,
in Fig. 3). On a microscopic scale, however, the coexistence
may also conform to a different scenario, in which the
shorter phase would serve as a base unit for all the longer



phases (i.e., MLP = 2xSLP, VLLP 5 4=3xSLP, and VLLPy; o=
4xSLP). We suggest a possible simplified arrangement of
the lamellar phases in the CerNS24-based model (Fig. 6)
based on the following: the length of the fully extended
(splayed-chain) CerNS24 molecule is very close to dg;p = 5.3
nm (26). The extended conformation of CerNS24 in SC
lipid model membranes has been indicated previously
(46). Furthermore, the average length of lipid chains is
known to affect the resulting d of lamellar phases in SC
model membranes (22).

The single base unit is most likely asymmetric with acyl
chain-rich and sphingosine chain-rich domains. In SLP,
the base unit with d = 5.3 nm can be repeated with transla-
tional symmetry, but the resulting structure would not be
centrosymmetric. The sphingosine chains would point in
the same direction in all the repeating units. However,
we cannot exclude the possibility that SLP could be based
on a different molecular arrangement than the other lon-
ger phases, with acyl and sphingosine chains mixed in the
same domain. Such a symmetric unit could be repeated
with translational symmetry and creates a centrosymmetric
structure (Fig. 6).

The MLP can be constructed from the asymmetric base
units arranged alternately so that sphingosine chains of two
adjacent layers point to each other. In artificial asymmetric
lipid bilayers, asymmetry in the region of polar headgroups
as well as of polymethylene chains became evident due to
weak reflections attributed to odd-numbered orders in the
XRD patterns (37). A similar pattern was evident in the
XRD of the MLP described herein. The ever-present base
unit would be one of the reasons for the large diffraction
intensities recorded at positions £ x1/5.3 nm.

In the MLP, the asymmetry inheres in regions rich in
acyl chains (24C; approximate length of the fully stretched
chain is 3.1 nm) and sphingosine chains (18C; 2.3 nm). If
we divide the dg;p = 5.3 nm according to the ratio of 24:18,
we obtain 3.03 and 2.27 nm fractions. Thus, the sphingo-
sine chain domain in the MLP would have a width of 4.54
nm and the acyl chain domain a width of 6.06 nm. The 4.54
nm width of the supposed sphingosine domain agrees well
with a width of the narrow electron-lucent band (4.5 nm)
reported in SC micrographs (26). The broad electron-lu-
cent band in the SC micrographs was 6.5 nm wide, which is

[ m— B B R R |
I VLLPysg9

polar groups.

mixed shingosine and acyl chains

15.9 nm acyl chain-rich
m m mm VLLPy, domain
21.2nm
+ CerEOS
[ repeat distance
7.66 nm 4.54 nm
—
. — — I LLP
12.2 nm

0.44 nm longer than the calculations based on our XRD
data. If we subtract the width of the sphingosine domain
(4.54 nm) from the LLP (d = 12.2 nm) in the membrane
with CerEOS, we obtain a length of 7.66 nm, which is more
than 1 nm larger than the broad lucent band in the SC
micrographs reported by Iwai et al. (26). However, the Ce-
rEOS fraction in our model was increased to 30 mol% (of
total Cer pool) because this composition ensures LLP for-
mation without other lamellar phases. The physiological
content of w-O-acylCer is approximately 10 mol% of the
total Cer fraction (47). Thus, if we assume a linear relation-
ship between the average lipid chain length and d, we can
interpolate the theoretical widths in the membrane with
10% of w-O-acylCer: the acyl chain domain of 6.59 nm and
d=11.13 nm. Such widths would be in excellent agreement
with the micrographs and the model proposed in Ref. 26.
Our CerNS24-based model also formed VLLP with dvalues
three or four times larger than dg; p. The putative arrange-
ments of those units were derived from the existence of an
asymmetric base unit and require regular assembly of the
lipid sheets on a large scale.

This membrane polymorphism was significantly affected
by the CholS concentration in the RXLI model when an-
nealed at 70°C/H,O. The increasing CholS/Chol ratio
changed the propensity of the lipid mixture to self-orga-
nize into VLLP; at 14-20 weight% CholS, the lipids created
MLP instead of VLLP. The mechanism of the CholS effect
on the SC model polymorphism is unknown and requires
further studies. In addition, CholS separation was already
detected at 7 weight% CholS and became more pro-
nounced at 14 weight% CholS. These abilities of increased
CholS concentrations to modulate the SC lipid architec-
ture and to phase separate appear to be consistent with the
altered organization of the SC barrier in RXLI patients (31,
32). CholS applied topically onto the isolated murine SC
caused extensive nonlamellar domain formation and dis-
ruption of the lamellar membrane structure (31). Lamel-
lar-phase separation was also detected in RXLI patients
(32). The phase separation of CholS in our model could be
relevant to the nonlamellar domains and phase separation
in the skin, which is attributed to the skin barrier abnor-
mality. However, the pathophysiology of RXLI patient
skin is more complex, comprising the inhibition of serine

- sphingosine chain-rich domain

Fig. 6. The proposed simplified models of the re-
peating units of the CerNS24-based and CerEOS/
CerNS24-based SC model membranes.
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proteases by CholS and, consequently, diminished degra-
dation of the corneodesmosomes that bind corneocytes,
leading to abnormal desquamation (48). Furthermore,
CholS acts as an acidifier of the SC interstices in RXLI pa-
tients relative to the pH in healthy individuals (49). Increased
Ca”* levels in the SC of RXLI patients also contribute to
corneocyte retention by increasing corneodesmosome and
interlamellar cohesion (32). Although our model simu-
lated some important properties of the SC lipid barrier (it
contained the main SC lipid classes at a proper molar ratio
and attained the lamellar characteristic of the lipid ma-
trix), we are aware of the model limitations. For example,
the formation of extracellular lipid domains in the epider-
mal differentiation concurs with the cornification of granu-
lar cells to corneocytes and formation of the corneocyte
lipid envelope. The corneocyte lipid envelope is an exter-
nal membrane monolayer of lipids that is covalently bound
to corneocytes and serves as a template for the orientation
of SC lipids (50, 51). It would be interesting to study the
templating function of the corneocyte lipid envelope on
the formation of the lamellar phases described herein in
healthy and RXLI models. However, no in vitro mem-
brane models are currently available that would include
corneocytes with a cornified envelope and corneocyte lipid
envelope.

An interesting aspect of the SC model membranes was
the occurrence of peaks in the region of shortrange ar-
rangement, indicating an orthorhombic packing of the
polymethylene chains. These peaks with spacings of 0.41
and 0.37 nm were resolved when the samples were applied
by spraying and annealing at 90°C in the absence of H,O.
The other preparation and annealing methods led to obvi-
ously lower relative intensity peaks of 0.41 and 0.37 nm or
their complete disappearance. We do not have an explana-
tion for this effect, and thus it will be further assessed in
our future studies.

Our results suggest that CerEOS (and possibly also other
w-O-acylCer) suppresses lipid arrangements other than
LLP in a CerNS24-based model. The elongated acyl chains
with ester-linked linoleic acid in CerEOS likely act as a mo-
lecular rivet, literally sticking together the opposing lipid
sheets and reinforcing the LLP structure. Such cross-linking
can contribute to the barrier function by hampering the
diffusion of molecules along lipid layers, as indicated by
Ref. 41. We consider this feature of the CerEOS-containing
membrane to be a key point in understanding the funda-
mental properties of Cer-based lipid systems and the in-
volvement of w-O-acylCer therein. Bl
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