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ABSTRACT The goal of this study was to investigate the nanostructure of SC lipid model membranes comprising the most rele-
vant SC lipids such as the unique-structured w-acylceramide [EOS] in a near natural ratio with neutron diffraction. In models
proposed recently the presence of ceramide [EOS] and FFA are necessary for the formation of one of the two existent crystalline
lamellar phases of the SC lipids, the long-periodicity phase as well as for the normal barrier function of the SC. The focus of this
study was placed on the influence of the FFA BA on the membrane structure and its localization within the membrane based on
the ceramides [EOS] and [AP]. The internal nanostructure of such membranes was obtained by Fourier synthesis from the exper-
imental diffraction patterns. The resulting neutron scattering length density profiles showed that the exceptionally long ceramide
[EOS] is arranged in a short-periodicity phase created by ceramide [AP] by spanning through the whole bilayer and extending
even further into the adjacent bilayer. Specifically deuterated BA allowed us to determine the exact position of this FFA inside
this SC lipid model membrane. Furthermore, hydration experiments showed that the presented SC mimic system shows an
extremely small intermembrane hydration of ~1 A, consequently the headgroups of the neighboring leaflets are positioned close

to each other.

INTRODUCTION

The SC represents the outermost layer of the mammalian
skin and serves as the main skin barrier (1). The superficial
layer consists of dead cells, the corneocytes, filled with the
protein keratin. The corneocytes are further embedded in
a matrix of multilamellar organized lipid membranes (2).
Several transport studies showed that the lipid matrix is the
major diffusion-rate limiting pathway, as most of the drugs
applied topically pass the SC through the multilamellar orga-
nized lipids (3,4). The knowledge and comprehension of the
nanostructure and the relative properties of the SC on the
molecular level, in particular of the SC lipids is essential
for the understanding of drug penetration through the SC
as well as for the development of new dermal drug delivery
systems.

The absence of phospholipids as a main component of bio-
logical membranes is one important feature that characterizes
the unique lipid composition as well as the unique properties
of the SC. The major lipid classes that can be extracted from
the SC are CER, CHOL, and FFA (5-7). It is generally
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known that the main constituent, the ceramides, play a key
role in the structuring and maintenance of the barrier func-
tion of the skin (8,9).

To date, a detailed picture of the molecular organization of
the lipids in the SC has not been fully elucidated. To charac-
terize the SC lipid matrix and to understand its properties,
two approaches arise: one is based on native SC lipids iso-
lated from, e.g., human skin (10-17), the other concept is
based on well-defined synthetic SC lipids (18-21). Several
x-ray diffraction studies showed (18,20) that a SC lipid
model system based on synthetic substances with a defined
structure would be the most favorable one, due to the fact
that the impact of each lipid species to the nanostructure of
SC lipid matrix can be studied. The application of neutron
diffraction offers new possibilities to investigate the nano-
structure of SC lipid systems as first shown in the work of
Kiselev et al. (21) on a quaternary SC lipid model matrix.
The advantages of the application of neutron diffraction for
the study of SC lipid systems and the properties of those lipid
membranes revealed by neutron diffraction experiments
were reviewed in Kessner et al. (22). Furthermore, neutron
diffraction on oriented multilamellar lipid membranes
extended the experimental pool in SC lipid studies due to
the two principal advantages of neutron over x-ray scat-
tering. First, there is the possibility of the determination of
the sign of the structure factors by contrast variation, which
is necessary for the further evaluation of the neutron SLD
profiles py(x). The neutron SLD profiles give information
about the nanostructure of the lipid membrane. The contrast
variation was achieved by partial exchange of water by
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heavy water. Second, the exchange of hydrogen by deute-
rium atoms in the lipid molecules enables the exact determi-
nation of the labeled position within the lipid membrane as
the scattering length of hydrogen and deuterium atoms
differs significantly. The calculation of specific membrane
parameters from the SLD profile, such as the region of the
polar headgroups and thickness of the intermembrane space,
further improves and intensifies the knowledge about such
SC lipid model matrices as shown by Kiselev et al. (21).
The main constituent of the SC, the ceramides (23,24) are
known to play a key role in structuring and maintaining the
SC barrier function. However, the function of each of the
nine subclasses of ceramides has not been elucidated until
now. To estimate their individual role, the experimental
methods that are applied commonly to characterize the phys-
ical properties are x-ray diffraction, vibrational spectroscopy
such as Fourier transform infrared and Fourier transform
Raman spectroscopy, as well as differential scanning calo-
rimetry as reviewed in Wartewig and Neubert (25). Until
now, the focus was placed primarily on the influence of
the hydrocarbon chain length and in particular, the predom-
inant role of CER[EOS] was especially discussed as its
unique structure was closely attributed to the existence of
a LPP of 130 A in the SC lipid matrix (26). Different exper-
imental methods showed that the SC lipids are organized in
two crystalline lamellar phases, the mentioned LPP and the
so-called SPP with a lamellar spacing of ~60 A (27-32).
To the contrary, we observed a different structural organiza-
tion of the SC lipids by studying the influence of different
ceramide classes on the membrane assembly in neutron
diffraction experiments. Particularly the polarity of the head-
groups exceeds the influence of the hydrocarbon chain, espe-
cially the influence of the length of the hydrocarbon chain.
The short-chain phytosphingosine CER[AP] with a high
polarity founded on four OH-groups, induces the formation
of a superstable membrane with a short periodicity of ~45 A,
the so called armature reinforcement model (33). Investiga-
tions on a ternary system composed of CER[EOS]/
CER[AP]/CHOL (33:22:45%, w/w) indicated only the pres-
ence of a short-periodicity phase of 45 A due to the strong
influence of CER[AP] on the membrane assembling process.
The long-chain w-acylceramide CER[EOS] is forced by
CER[AP] to arrange inside this short phase, extending the
long alkyl chain residue into the adjacent membrane layer.
The calculated SLD profile underlines this assumption. As
a major result, the absence of the LPP was observed despite
the presence of CER[EOS] (34). This has to be emphasized,
because this result marks a shift of paradigm about the influ-
ence of ceramides on the nanostructure of such SC lipid
model systems (35). Furthermore, we concluded from other
experiments that focused on the influence of the chain-length
of FFA on the nanostructure of SC lipid model membranes
based on CER[AP] (36), that the long-chain FFA need to
interdigitate into the membrane size dictated by CER[AP].
It was shown that CER[AP] creates a superstable structure,
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which is not disturbed by the alteration of the FFA chain-
length.

The ultimate aim is to design a lipid mixture that mimics the
lipid organization of human SC to a high extent and can there-
fore be used as a substitute for the native SC to study the
efficacy of penetration enhancer as well as retarder molecules
on a molecular level. The intention of this study was to inves-
tigate SC lipid model membranes based on CER[EOS]/
CER[AP]/CHOL/FFA, therefore containing the most rele-
vant lipids in a near natural ratio. The corresponding SLD
profile was used to describe the internal membrane nanostruc-
ture. Further, the influence of single defined lipid species on
the membrane assembling process is discussed. Concerning
the location of some lipid classes inside the lipid matrix, the
use of specific deuterated molecules is addressed. Finally,
the influence of hydration on the structure of the SC lipid
model membrane is shown to substantiate the creation of
a superstable structure by CER[AP].

MATERIALS AND METHODS
Materials

The ceramides CER[AP] and CER[EOS] were generously provided by
Evonik Goldschmidt GmbH (Essen, Germany). To increase the chemical
purity of CER[EOS] >96%, the substance was treated using the middle pres-
sure liquid chromatographic technique on a silica gel column with a chloro-
form/methanol gradient. CER[AP] had a purity >96% and was used as
received. The identity of both ceramides indicated by the parameter of
molecular mass (CER[EOS] = 1012 g/mol; CER[AP] = 600 g/mol) was
proven by mass spectrometry. CHOL, PA, docosanoic (BA), TA, and CA
were purchased from Sigma-Aldrich (Taufkirchen, Germany), and the
deuterated fatty acid species, docosanoic-7,7,8,8-ds-acid (further referred
as d;BA, 99.2 atom % D) and docosanoic-22,22,22-d;-acid (d,,BA, 99.2
atom % D) were purchased from Dr. Ehrenstorfer GmbH (Augsburg,
Germany) and used as received. Quartz slides (Spectrosil 2000) were
received from Saint-Gobain (Wiesbaden, Germany).

Sample preparation

Four compositions of SC lipid model systems were studied as detailed in
Table 1, whereby only the FFA component was changed.

The appropriate mixture of lipids was dissolved in a chloroform/methanol
mixture (1:1 V/V) with a total lipid concentration of 10 mg/mL. A volume of
1200 uL of the lipid solution was spread over a 6.4 cm x 2.5 cm quartz
surface and was first dried at room temperature and afterward under vacuum.
After the removal of the organic solvent a subsequent heating (>60°C) and
cooling cycle was applied, whereby the sample was kept in horizontal posi-
tion and at 100% relative humidity to decrease the mosaicity of the sample.

The benefit of the annealing procedure for the a model membrane based
on CER[AP] is shown in Fig. 1, whereby the rocking curve of the model
membrane before the annealing procedure was carried out is presented in
Fig. 1 A, whereas Fig. 1 B displays the rocking curve of the same sample

TABLE 1 Composition of the SC lipid model membranes
Composition Ratio % (w/w)
CER[EOS]/CER[AP]/CHOL /palmitic acid 23:10:33:33
CER[EOS]/CER[AP]/CHOL/BA 23:10:33:33
CER[EOS]/CER[AP]/CHOL/TA 23:10:33:33
CER[EOS]/CER[AP]/CHOL/CA 23:10:33:33

Biophysical Journal 97(4) 1104—1114
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FIGURE 1 Rocking curve around a fixed angle 26 to verify the mosaicity
of the sample composed of ceramide[AP]/cholesterol/stearic-d;s-acid
/cholesterol sulfate. The intensity scale is normalized to the intensity of
the primary beam (50,000 Monitor counts/step). (A) Example for a sample
with high mosaicity and low intensity before the annealing procedure was
carried out. (B) Illustration of the same sample after heating at 75°C and
cooling at 100% RH.

after the heating and cooling cycle was carried out. Limited neutron beam
time does not allow a systematic monitoring of all samples under investiga-
tion. This annealing procedure was necessary to obtain a better orientation of
the membranes and increase the size of the liquid crystal domains. The aver-
aged thickness of the lipid film on the quartz slide was 7.5 um. Such an
oriented multilamellar stack of lipids on a quartz slide (preparation accord-
ing to the procedure of Seul and Sammon (37)) is used commonly in neutron
diffraction experiments (38—40).

Neutron diffraction experiment

The neutron diffraction patterns from each sample were collected at the V1
diffractometer of the Berlin Neutron Scattering Centre of the Helmholtz
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Centre Berlin for Materials and Energy, Berlin, Germany, located at a cold
neutron source, with a wavelength of A = 5.23 A and a sample-to-detector
distance of 102.38 cm. The neutron diffraction in the reflection setup was
used to collect the data of the one-dimension diffraction experiment. The
detailed experimental setup is described elsewhere (36). The diffraction inten-
sities were recorded either as § — 26 -scan (high mosaicity samples), or as
rocking scan (w-scan), whereby the sample was rocked around the expected
Bragg position 6, by § + 2°. Both ways allowed the collection of up to five
orders of diffraction. The two-dimensional position sensitive *He detector
(20 cm x 20 cm area, 1.5 mm x 1.5 mm spatial resolution) was used.

All samples were measured in thermostated aluminum cans at a fixed
temperature of 32°C and RH of either 57% or 98% RH. The humidity was
controlled using an aqueous saturated sodium bromide solution for 57%
RH and a saturated solution of potassium sulfate for 98% RH. This procedure
is described in detail elsewhere (41). To vary the difference of the scattering
length density between the lipid membrane and the water layer (neutron
contrast), the atmosphere in the sample chamber was adjusted to up to four
different H,O/D,0O molar compositions (92:8, 80:20, 50:50, and 0:100). An
equilibration time of 12 h was allowed after each change of aqueous solution.

In the neutron diffraction patterns, the scattering intensity / (a.u.) was
measured as a function of the scattering vector Q (in reciprocal A). The latter
is defined as Q = (4wsin )/A, in which 26 is the scattering angle and 2 is the
wavelength of the neutron beam. From the positions of a series of equidistant
peaks (Q,), the lamellar repeat unit d, or d-spacing, of a lamellar phase was
calculated using the equation Q,, = 2nm/d, whereby n stands for the order
number of the diffraction peak. The integrated intensities were calculated
using Gaussian fits to the Bragg reflections received in the neutron diffrac-
tion experiment. From the integrated peak intensity the absolute value of the
SF was calculated as |Fu| = Ay(6) X v/h x I, (h is the diffraction order)
with Lorentz correction & and absorption factor A,(f), whereby the absorp-
tion factors were calculated according to Eq. 1 (42):

w0 = [0 (1 en(-Z9)] )

where 6 is the Bragg angle, u is the linear absorption coefficient that was
calculated for A = 5.23 A to u = 6.1 cm™' (21), and the thickness L of
the lipid film amounts to L = 7.5 um. Table 2 shows exemplarily the absorp-
tion factors and SF for the sample CER[EOS]/CER[AP]/CHOL/BA
(23:10:33:33) at 8% D,0 and 57% RH.

The structure of the bilayer was conventionally analyzed by the construc-
tion of the neutron SLD profiles py(x) (a.u.) across the bilayer as Fourier
synthesis as shown in Eq. 2 (43):

2 2xmxhxx
px) = G Fi x cos (—d ) @

where F, is the SF of the diffraction peak of the order %, and d is the lamellar
repeat distance calculated from the peak position as describe above. For
symmetrical and hydrated bilayers it was shown that the phase problem of
the SF simplifies to the determination of the symbol “+” or “—" for
each SF (42). This can be accomplished by the variation of the H,O/D,O
ratio (contrast variation) (39). An example of the dependency of the

TABLE 2 Absorption factors and structure factors along with
the uncertainties from the counting statistics for the sample
composed of CER[EOS]/CER[AP]/CHOL/BA (23:10:33:33) at 8%
D,0 and 57% RH

Diffraction order i Absorption factor Structure factor *+ error

1 1.043 6.656 = 0.054
2 1.021 3.764 = 0.077
3 1.014 4.692 + 0.085
4 1.011 2.227 = 0.106
5 1.007 2.825 = 0.138
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membrane structure factor F;, of the order 4 = 1, 2, 3, 4, and 5 on the D,O
content in water vapor is presented in Fig. 2. The procedure for the evalua-
tion of the neutron diffraction data is described in detail elsewhere
(38,39,42,43).

All presented SLD profiles are displayed in a relative scale instead of an
absolute scale. The reason for this presentation is the large error that would
result in using the absolute scaling method. The determination of the abso-
lute scale (or more precisely the relative absolute scale as defined by Wiener
and White (39)) relies on the knowledge of the number of water molecules
per lipid. With this information we can place the difference density of e.g.,
profile measurements at 8% D,O and 50% D,0 on an absolute scale. In the
case of the investigated SC model membranes the intermembrane space was
determined to ~0.1 nm (21). With a headgroup area of 0.3 nm? (between
pure CER (0.25 nm?) and cholesterol (0.37 nm?)) the space for one water
molecule can be calculated with a volume of 0.03 nm>. But this estimation
suffers from many obstacles such as the error to the intermembrane space of
30%, ranging from 0.7 nm to 1.3 nm, not well-defined area per lipid ranging
from 0.4 nm? to 0.2 nm? (an estimation from Dahlen and Pascher (44)), and
it is not well justified, if we can use the water volume of 0.03 nm° or a smaller
one more close to the van der Vaals volume of 0.0146 nm?). Alternatively, it
is possible to determine the water content gravimetrically. But with the low
water content of ceramide-based membranes the difference in weight
between a dry and a hydrated sample is very small. All together, the calcu-
lation of the absolute scale provides results with an exceedingly large error,
which will render it useless.

The localization of a specific deuterium label within the lipid membrane is
reflected by the positive difference in the SLD between samples containing
either deuterated or protonated FFA. According to Eq. 3 the difference was
calculated for each structure factor:

AFP* = F)(deut) — Fy(prot). 3)

The difference SLD can be calculated by using Eq. 2 and by substituting F/,
with AFDeUt (45-47).

RESULTS AND DISCUSSION
Finding an appropriate SC lipid matrix model

In this approach the ternary system CER[EOS]/CER[AP]/
CHOL (33:22:45%, w/w) was completed by a FFA. The
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FIGURE 2 Example of the dependency of the membrane structure factor
F), of the order 7 =1, 2, 3, 4, and 5 on the D,0O content in water vapor. The
linearity of the structure factors versus the D,O content is shown for the
sample composed of CER[EOS]/CER[AP]/CHOL/BA (23:10:33:33% w/w)
at 32°C and 57% RH.
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FFA found in the SC are generally of the saturated non-
branched variety and are the third major lipid fraction of
the SC next to the ceramides and cholesterol. Therefore, a
lipid system composed of all three main constituents resem-
bles the native SC lipid matrix to a high extent and can give
more precise information concerning its properties. Further-
more, it is stated in the literature, that the presence of FFA is
necessary for the formation of the LPP (48) as well as for the
normal barrier function of the SC (49).

The first approach was to add the rather short-chain FFA
PA to the ternary SC lipid matrix because its chain-length
is in the range of the short-chain ceramide [AP]. The diffrac-
tion patterns of the model system containing the ceramides
[EOS] and [AP] together with CHOL and PA showed reflec-
tions resulting from phase-separated CHOL-crystals and
phase-separated PA (Fig. 3). The characterization of the
internal membrane nanostructure could not be carried out
due to the strong phase separation (three different phases).
Only the lamellar repeat distance with d = 42. 2 A could
be evaluated. In the further approach, the FFA palmitic
acid was substituted by the longer-chained BA (22:0), TA
(C24:0), and CA (C26:0), respectively. In the native SC
the fraction of FFA mainly contains FFA with chain length
in the region between C24 and C26 (50,51). Therefore, the
use of long-chained FFA in such SC model systems will
resemble more closely the natural SC lipid matrix. For the
mixture of CER[EOS]/CER[AP]/CHOL/BA, diffraction
patterns were received as demonstrated in Fig. 4. These
patterns exhibit a one-phase multilamellar membrane with
only a small fraction of cholesterol crystals. The presence
of small amounts of crystalline CHOL does not influence

Intensity, a.u.

T T T T T T T T T
0,1 0,2 0,3 0.4 0,5 06

Q, A1

FIGURE 3 Neutron diffraction pattern for the CER[EOS]/CER[AP]/
CHOL/PA membrane with the composition of 23:10:33:33% (w/w) at
57% humidity, an H,O/D,O ratio of 50:50 and 32°C. The roman numbers
indicate the first, second, and third order diffraction peaks for the model
membrane, small letters indicate the [010] and [020] diffraction peaks
from pure CHOL crystals, and capital letters indicate the diffraction of a
palmitic acid rich phase.
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FIGURE 4 Neutron diffraction pattern for the CER[EOS]/CER[AP]/
CHOL/BA membrane with the composition of 23:10:33:33% (w/w) at
57% humidity, an H,O/D,0O ratio of 50:50 and T = 32°C. The roman
numbers indicate the first, second, third, and fourth order diffraction peaks
for the model membrane and small letter indicates the [010] diffraction
peak from pure CHOL crystals.

the multilamellar lipid organization as described in other
studies (18,52-54).

A system composed of a long-chain and a short-chain
ceramide combined with a long-chain FFA as it is typical
for the SC lipid matrix causes a reasonable miscibility of
the lipids and a good solubility of cholesterol inside the
model matrix. Interestingly, the amount of CER[AP] in
this SC model system could be reduced on addition of BA
to the ternary system (34). To characterize the internal
membrane nanostructure, the neutron SLD profile SLD
ps(x) was calculated as described in Materials and Methods.

Discussion of the membrane profile pg(x)

From the neutron diffraction pattern of the SC model
membrane comprised of CER[EOS]/CER[AP]/CHOL/BA,
each diffraction peak was fitted by a Gaussian function after
background subtraction. This was carried out with the
program PeakFit (SYSTAT Software, San Jose, CA). The
center of the Gaussian function was used to characterize
the peak position and to calculate the membrane repeat
distance d, which amounts to d = 48.3 A + 0.1 A. Addition-
ally, phase-separated cholesterol crystals were present in the
model membrane that can be deduced from the [010] reflec-
tion located at Q = 0.18 A_l, representing diffraction from
the triclinic crystal with the lattice parameters a = 14.172 A,
b =34209 A, c = 10.481 A, and o = 96.64°, § = 90.67°,
v = 96.32° (55). Despite the presence of the long-chain ce-
ramide CER[EOS], the long-periodicity phase, the LPP was
not detected. In fact, a periodicity of ~48 A indicated the
presence of a bilayer in the range of two opposing CER[AP]
molecules as discussed previously (34,35).

Biophysical Journal 97(4) 1104-1114
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In a recent study (21), we investigated the quaternary SC
lipid model system CER[AP]/CHOL/PA/ChS (55:25:15:5%
w/w) that will therefore be assigned as the reference system.
The comparability of the lamellar repeat distances, the
d-values of the reference system (d = 45.6 A) and of the
present system (d = 48.3 A) allows the parallel presentation
of both SLD profiles in a.u. as shown in Fig. 5 The details of
this normalization procedure are described elsewhere (36). In
accordance to the observations for the ternary system based
on the ceramides [EOS] and [AP] together with CHOL the
major results taken from the comparison of the SLD pro-
files of quaternary SC lipid model membrane containing
CER[EOS], CER[AP], CHOL, and BA with the reference
membrane (CER[AP]/CHOL/PA/ChS) include:

i. The smaller SLD at the position of the polar headgroup
region of the CER[EOS]/CER[AP]/CHOL/BA membrane
in comparison to reference matrix is caused by the CH,
groups of the CER[EOS] molecules that protrude into
the adjacent layer to fit into the membrane size created
by CER[AP]. The negative SLD of the CH, groups
(=3.0 x 10° cm™?) at the polar headgroup region leads
to a reduction in the SLD of the polar headgroup region,
whereas in the reference system the CH, groups are not
present in this area and cannot produce such a reduction
of the SLD.

ii. The minimum in the center of the bilayer representing the
CHj; groups is less pronounced than in the reference
system. This is an evidence, that also in the center of
the membrane CH, groups are present. Therefore, it can
be stated again that the long hydrocarbon chains of the
CER[EOS] molecules protrude through the bilayer,
which leads to an increase of the SLD because the CH,
groups show a higher SLD compared to the CH; groups.

Taking both experimental results into account, it can be
concluded that the arrangement of CER[EOS] inside the
lipid matrix is similar to the already described ternary system

Polar headgroup Polar headgroup
region region

3.0
25
204
15

1.0
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0.5
0.0
-0.5
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B . e SRSt
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x, A
- = CERI[EOS]/ CER[AP])/ CHOL/ BA

—— CERI[AP)/ CHOL/ PA/ ChS

FIGURE 5 Neutron SLD profile py(x) across the CER[EOS]/CER[AP]/
CHOL/BA membrane (23:10:33:33% w/w) at 57% humidity, and an H,O/
D,0O ratio of 92:8 and T = 32°C. The CER[AP]/CHOL/PA/ChS
(55:25:15:5% w/w) membrane was measured under the same conditions.
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(34): CER[EOS] is positioned inside a phase with a short-
periodicity by spanning a bilayer and extending into adjacent
layer. In contrast to the ternary system, the presented SC
lipid model matrix was completed by the inclusion of the
long-chain FFA BA. Furthermore, due to this FFA addition
the amount of CER[AP] could be reduced from 22% to 10%
(w/w), which is close to the fraction of CER[AP] found in
human SC (4-7%) (9,56). To estimate the exact position of
BA inside this SC lipid model membrane partially deuterated
BA was applied.

Identification of the exact position of BA inside
the lipid matrix

It was found that in SC lipid model membranes based on
CER[AP] and also containing a long-chain FFA, the FFA
protrudes through the adjacent layer to fit into the superstable
membrane matrix created by CER[AP] (36). The application
of specifically deuterated FFA supplied the direct experi-
mental evidence of the interdigitation of the FFA (57). To
identify the exact position of the FFA in SC lipid model
membranes based on the ceramides [EOS] and [AP], two
membranes have been investigated, each containing partially
deuterated BA. The exact composition is listed in Table 3.
The calculated SLD profiles of the samples containing
specifically deuterated BA showed distinct differences
when compared to the sample containing the protonated
FFA. In Fig. 6 the comparison of the SLD profiles of the
membrane containing either protonated BA (CER[EOS]/
CER[AP]/CHOL/BA, EOS_BA) or deuterated BA (CER
[EOS]/CER[AP]/CHOL/d»,-BA, EOS-d;BA) with the
deuteration at the terminal methyl group is illustrated. The
SLD profile of the deuterated SC model matrix shows a
distinct maximum in the center of the membrane (CH;-group
region), which is related to a high SLD of the terminal CD5-
groups of BA. To further identify the exact position of the
label within the membrane, the difference SLD profile
ApPeUt(x) was calculated according to Eq. 3 and then fitted
by a Gaussian function seen in Fig. 7. The result of this fit
is presented in Table 4. For this broad maximum with a fixed
center at xo = 0 A, the FWHM parameter equals ~6 A (region
from —3 to 3 A). The latter comprises the membrane region
in which the terminal alkyl groups interdigitate and there-
fore, a high density of deuterium atoms appears. The maxima

TABLE 3 Composition of the model SC lipid system
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FIGURE 6 Comparison of the neutron SLD profiles of a membrane
composed of CER[EOS]/CER[AP]/CHOL/and either protonated BA
(EOS_BA, solid line) or deuterated d,»-BA (EOS-d»,BA, dashed line) at
T = 32°C, 57% RH, and 8% D,O0. Dotted lines: corresponding errors. To
visualize the proposed arrangement the molecular structure of d,,BA BA
was introduced.

at the edges of the profile are attributed to the polar head-
group region (21). The high scattering length at ~—15 and
15 A corresponds to the position of cholesterol (58).

The same procedure was applied to the sample containing
BA specifically deuterated in the methylene group region
(CER[EOS]/CER[AP]/CHOL/d;-BA; EOS_d;BA). The
comparison of the SLD profiles of the protonated and deuter-
ated sample as well as the difference SLD ApP!(x) of both
are presented in (Fig. 8 and (Fig. 9, respectively. Next to the
two maxima belonging to the polar headgroups, the
membrane profile of CER[EOS]_d;BA showed two addi-
tional maxima that were assigned to the labeled CD,-groups
with a high density of deuterium atoms and with positive
coherent SLD (see (Fig. 8). Both positions have been fitted
by a Gaussian function and the center of both Gaussian func-
tion was determined at xc,p, c,p, = 16.10 A and —16.10 A,
respectively (see also Table 4).

To visualize this result, the following model was applied:
a bilayer, formed by two opposing BA-molecules reveals a
repeat distance d of ~55 A, estimated by the values of 1.5 A
for a CH;-group and 1.25 A for one CH,-group (59). When
this hypothetical BA-bilayer is compared to the SC lipid
model system that exhibits a d-value of ~48 A, a difference

CER[EOS]/CER[AP]/CHOL/d;-BA: EOS_d;BA
(23:10:33:33% w/w)
CER[EOS]/CER[AP]/CHOL/d,,-BA: EOS-d,,BA

(23:10:33:33% w/w)

Only the deuterated FFA component was varied.

Biophysical Journal 97(4) 1104—1114
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FIGURE 7 Difference SLD profile for CER[EOS]/CER[AP]/CHOL/
d,,-BA membrane (dashed line). Dotted lines: corresponding errors to the
difference SLD profile. Fat solid line: fit of the difference SLD by a Gaussian
function (= deuterium distribution).

of ~7 A occurs. We suppose that this difference between
both hypothetical and real membrane is compensated by
the interdigitation of the terminal butyl (5.25 A) or pentyl
(6.5 A) residues of the BA chain in the SC lipid membrane.
The relevant maxima of the deuterium distribution ApP*"(x)
correspond to the region of C;D,—CgD, with the center x at
16.10 A and —16.10 A, respectively (see Fig. 8). From the
FWHM it can be deduced that the CH,-groups region repre-
sents the largest region within such a membrane (21). There-
fore, the FWHM (5.67 A) comprises the region with the
highest density of deuterium atoms. This region can be
calculated as 16.10 + 1/2FWHM (+ 1327 A — +18.94 A).
In the hypothetical BA bilayer, the position of C; and Cg
may be estimated as xc,u,—cgH, = +18 Aand —18 A, respec-
tively. Related to the fitted position at 16.10 A, the difference
of ~1.9 A would indicate only an interdigitation of the
terminal propyl-residue. Consequently, a shift of the position
of C,D,—CgD, from 18 A to 13 A would be inside these error
margins for the case of an interdigitation of terminal butyl
residues in the center of the membrane. Due to truncation
errors of the applied Fourier synthesis, the center of the
membrane profile can not be taken into account.

The evidence of a stretched, gel-like conformation of the
BA molecule arises from the condensing effect of cholesterol
on acyl chains (60,61). Cholesterol increases the trans
conformation of the chains and decreases the tilt angle. In
a recent study it is suggested that short-chain ceramides,

TABLE 4 Lamellar repeat distance d and the position x of the
deuterated label of the FFA inside one lipid leaflet for each
deuterated FFA containing membrane at 32°C, 8% D,0,

and 57% RH

SC lipid

model membrane d[A] Position x of label [A]
EOS-d,»-BA 48.52 + 0.27 CDs-group: 0.00 = 0.09
EOS-d;-BA 48.28 + 0.08 CD,-groups *: 16.10 = 0.09
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FIGURE 8 Comparison of the SLD profiles of a membrane composed of
CER[EOS]/CER[AP]/CHOL/and either protonated BA (EOS_BA, solid
line) or deuterated d,-BA (EOS_d,BA, dashed line) at T = 32°C, 57%
RH, and 8% D,0O. Dotted lines: corresponding errors. To visualize the
proposed arrangement the molecular structure of d;-BA was introduced.

like cholesterol, may have a similar ordering effect itself
(62).

Summarizing, the study of the SC lipid model matrices
composed of CER[EOS]/CER[AP]/CHOL/BA and contain-
ing the deuterated BA showed the arrangement of the FFA
inside the bilayer. The application of specific deuterated
BA-derivatives caused different local contrasts and there-
fore, the labeled molecular regions could be identified inside
the membrane profile. For all four membrane constituents,
areasonable localization inside the lipid matrix could be sug-
gested on the basis of the neutron SLD profile.

Influence of hydration on the membrane structure

To deepen our knowledge about the SC model systems con-
taining the ceramides [EOS] and [AP] along with CHOL and
BA the influence of the hydration on the membrane structure

Ap peu(x), a.u.
© o o o o
o N S (=] (==

S
N

 LINLIL N L B
24 20 -16 -12 -8 -4 0 4 8 12 16 20 24

x, A

- - Deuteriumdistribution EOS_d,BA

—— Gaussian Fit

FIGURE 9 Difference SLD profile for CER[EOS]/CER[AP]/CHOL/
d;-BA membrane (dashed line). Dotted lines: corresponding errors to the
difference SLD profile. Fat solid line: fit of difference SLD by two Gaussian
functions (= deuterium distribution).
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FIGURE 10 Neutron diffraction patterns of the CER[EOS]/CER[AP]/
CH/BA membrane at (A) 57% RH, and (B) 98% RH, respectively. Measure-
ments were done at D,O/H»O contrast of 8/92 and T = 32°C.

was studied. From literature, it is known, that the SC lipids,
in particular the ceramides show only a small tendency to
bind water (63).

The model system CER[EOS]/CER[AP]/CHOL/BA
(23:10:33:33% w/w) was measured at 57% relative humidity
(RH) and 98% RH, respectively. The collected diffraction
patterns are presented in Fig. 10, A and B, respectively.
From the peak position the lamellar repeat distances
d were calculated and amount to d = 48.3 A at 57% RH
and 48.4 A at 98% RH, respectively. Because of the almost
identical values of the periodicities, a minimal influence of
the degree of humidity on the hydration behavior of the
lipids as well as on the membrane structure was concluded.
From the calculated neutron SLD profiles (data not shown),

TABLE5 Membrane parameters as taken from the neutron SLD
profile

SC system Molecular group  Xq [A]* o [A] FWHM [A]f

CER[EOS]-BA Polar headgroups 24.15 243 + 0.03 5.49 + 0.06
57% RH

CER[EOS]-BA Polar headgroups  24.20 2.36 = 0.03 5.78 *= 0.14
98% RH

*xp = % is fixed.
"FWHM = 20+/2In2.

1111

several membrane parameters were determined by applying
a fit-procedure as described in the work of Kiselev et al.
(21) and are summarized in Table 5. As we pointed out in
Ruettinger et al. (36) the dependence of the Fourier profile
on the D,O content in water vapor enables the calculation
of the water distribution function p,, across the bilayer ac-
cording to Eq. 4.

Pw = Ps50%D,0 — P8%D,0 “4)

To compare the water distribution across the bilayer at the
different relative humidities the water distribution function
was calculated for the EOS_BA membrane at 57% RH and
at 98% RH, respectively. Fig. 11, A and B, show the water
distribution function across the membrane at 57% RH
(Fig. 11 A) and at 98% RH (Fig. 11 B), respectively. The
minima and maxima in the center of the membrane are due
to truncation errors.

In principle such lipid membranes as discussed here can
be divided into hydrophilic and hydrophobic regions. The

A
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FIGURE 11 Water distribution function p,,(x) across the CER[EOS]_BA
membrane at (A) 57% RH, and (B) 98% RH, respectively. The HH boundary
is determined via linear fit as shown here.
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TABLE 6 Structural parameters of the membrane containing BA at 32°C and 8% D,0 at different humidities

Thickness of hydrophobic Thickness of hydrophilic

EOS_BA, humidity d [A]* xpm [A]f xum [AT layer [A] layer [A]
57% RH 483 + 0.1 24.15 19.0 + 0.5 38.1 = 0.9 51 +05
98% RH 484 + 0.1 24.20 184 + 0.6 368 + 1.2 58 = 0.6

*d, repeat distance.
Tpo, position of polar headgroups.
*xpp, hydrophilic-hydrophobic boundary.

boundary between both regions, the hydrophilic-hydrophobic
(HH) boundary is located at the position x where the water
distribution function py, is near to zero. The HH boundary
determines the thickness of the hydrophilic as well as lipo-
philic part of the bilayer. The position of the HH boundary
for the SC lipid model membrane at each humidity as well
as the thickness of the hydrophobic and hydrophilic layer
are summarized in Table 6. From those results it can be
concluded that although the value for the thickness of the
hydrophilic layer is slightly higher at 98% RH, there are no
significant changes due to the hydration process.

As described by Kiselev et al. (21), SC lipid model
membranes based on CER[AP] do not show a region of
intermembrane space at 57% RH. From the neutron SLD
profile, it can be derived that the present model matrix,
EOS_BA, and the reference system share an extremely small
intermembrane hydration of ~1 A. This value was received
as difference between the d-spacings at 57% RH and at water
excess in the work of Kiselev et al. (21). Consequently, the
headgroups of the neighboring leaflets are positioned close
to each other. The distance between the two adjacent maxima
of the headgroups dpy is equal to the membrane repeat
distance d,,,. Therefore, the position of the polar headgroups
xpy 1is determined by d,,,/2 whereby the xpy-value increases
with increasing hydration. From that fact it can be deduced,
that the hydration of the polar headgroups increases. This
theory is drawn on the increasing value of the FWHM, indi-
cating an enhancement of the area per headgroup at 98% RH.
The low intermembrane space does not allow the calculation
of the thickness of the water layer dw as dw = d — d, as the
space resolution according to 0.6 x d/h,, (h,, = number of
diffraction orders) was calculated to 5.8 A (21). In this study,
a difference of 0.1 A was observed between the periodicities
of the membrane measured at 57% RH and at 98% RH,
respectively. This distinction could be inside certain error
margins, indicating that no significant influence of hydration
on the membrane assembling process occurs. On the other
hand, based on the membrane parameters taken from the
SLD profiles py(x), a slight increase of the hydration of the
headgroups at higher humidity may be supposed.

SUMMARY

Summarizing, it can be stated that the SC lipid model system
composed of CER[EOS]/CER[AP]/CHOL/BA (23:10:33:
33% w/w) represents a reasonable model of the native lipid

Biophysical Journal 97(4) 1104-1114

matrix. The composition comprises the three major lipid
classes in an appropriate ratio. Inside the ceramide fraction,
the model contains the CER[EOS] that is attributed to be
crucial for the proper skin barrier function (12,64). Behenic
acid represents the most abundant subtype of the skin’s FFA
(1). The presented quaternary system forms multilamellar
oriented bilayers and supplies reasonable good diffraction
patterns in the neutron experiments. By analyzing the
neutron SLD profiles resulting from this study, the arrange-
ment of all lipid components inside the lipid matrix could be
concluded as visualized in Fig. 12.

Numerous former studies proclaimed the coexistence of
two lamellar phases in the SC, namely the SPP of ~60 A
and LPP of ~130 A (15,16,26). The latter is particularly asso-
ciated with the presence of CER[EOS] that therefore is re-
garded to be a prerequisite for proper barrier functions.
The existence of the LPP including its organization and the
inducing or preventing conditions for its formation are
currently a matter of debate, comprising of many pros and
cons (65,66). From x-ray diffraction patterns of CER[EOS]
as bulk substance at hydrated state, the formation of a phase
with a periodicity of ~130 A could be proven (D. Kessner
and G. Brezesinski, unpublished data). In mixtures with
other prominent SC lipids in particular with CER[AP], a mul-
tilamellar membrane based on CER[EOS] only exhibits the
formation of a short-periodicity phase. From former studies
it is known that this characteristic phase is induced

CHOL CER[AP]
Full extended conformation

®—— —@)

o —

®
O
®

CER[EOS] CER[AP]

Hairpin conformation Behenic acid

FIGURE 12 Schematic presentation of the CER[EOS]/CER[AP]/CHOL/
BA (23:10:33:33% w/w) model matrix.
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predominantly by the short-chain CER[AP], which is charac-
terized by a distinct headgroup polarity (34). In the work of
Kessner et al. (34,35), it was stated that the influence of the
headgroup polarity exceeds the influence of the chain length
in terms of the membrane assembling. This experimental fact
could also be proven in this study. Further, this study
contributed what we believe are insights to the discussions
on the crucial importance of the SPP for the skin barrier.
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