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ABSTRACT The intercellular lipid matrix of the skin’s stratum corneum serves to protect the body against desiccation and
simultaneously limits the passage of drugs and other xenobiotics into the body. The matrix is made up of ceramides, free fatty
acids, and cholesterol, which are organized as two coexisting crystalline lamellar phases. In studies reported here, we sought to
use the technique of neutron diffraction, together with the device of isotopic (H/D) substitution, to determine the molecular
architecture of the lamellar phase having a repeat distance of 53.9 5 0.3 Å. Using hydrogenous samples as well as samples
incorporating perdeuterated (C24:0) fatty acids and selectively deuterated cholesterol, the diffraction data obtained were
used to construct neutron scattering length density profiles. By this means, the locations within the unit cell were determined
for the cholesterol and fatty acids. The cholesterol headgroup was found to lie slightly inward from the unit cell boundary and
the tail of the molecule located 6.2 5 0.2 Å from the unit cell center. The fatty acid headgroups were located at the unit cell
boundary with their acyl chains straddling the unit cell center. Based on these results, a molecular model is proposed for the
arrangement of the lipids within the unit cell.
INTRODUCTION
The outermost layer of the skin, the stratum corneum (SC),
protects the body from desiccation, and simultaneously con-
trols the penetration of drugs and other molecules into the
body (1). The SC consists of dead flattened cells, the corneo-
cytes, embedded in a lipid matrix composed of lipid
lamellae. The corneocytes are surrounded by a densely
cross-linked protein layer, the cornified envelope. This pro-
tein layer reduces the partitioning of substances into the
cells and therefore redirects the penetration of substances
along the intercellular lipid matrix (2,3). The architecture
of the SC is often described as a brick-and-mortar structure,
in which the corneocytes are the bricks and the intracellular
lipid matrix is the mortar (4).

The composition of the SC lipid matrix is unique. The
main lipid components are ceramides (CERs), cholesterol
(CHOL), and free fatty acids (FFAs) in an approximately
equimolar ratio (5). Small amounts of cholesterol sulfate
and cholesterol esters are also present in the SC (6–8).
CERs are the key components and play a crucial role in the
molecular organization in the SC (9,10). So far, 12 CER
subclasses have been identified in the human SC (11–14).

In previous studies, it has been reported that the majority
of SC lipids are organized to form two coexisting crystalline
lamellar phases, referred to as the long periodicity phase
(LPP) with a repeat distance of ~130 Å, and the short peri-
odicity phase (SPP), with a repeat distance of ~60 Å
(15–19). In additional studies, lipid mixtures were used to
examine the lipid phase behavior. These mixtures were pre-
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pared with either CERs isolated from SC (20,21) or syn-
thetic CERs mixed with CHOL and various FFAs (22–25).
By selecting the proper preparation method and composi-
tion, these mixtures mimic the SC lipid phase behavior
very closely, giving two crystalline lamellar phases similar
to those found in SC (21,24,26,27). Both phases are formed
in mixtures containing just five CER subclasses (see Fig. S1
in the Supporting Material). As far as the LPP is concerned,
electron density calculations from x-ray diffraction profiles
have shown that this is not a single bilayer structure, very
different from most phospholipid lamellar phases (28,29).
In the case of the SPP, the shorter repeat distance indicates
an arrangement of the lipids in bilayers.

To obtain in-depth information on the skin barrier, not
only the lipid phase behavior but also information about
the molecular arrangement of CERs, CHOL, and FFAs
within the lamellar phases is important. To date, most
research on the molecular arrangement of CHOL, CER,
and FFA mixtures has been performed using simplified mix-
tures prepared from only 3–5 lipid components. Although
very valuable information has been obtained on the arrange-
ment of the FFA in these systems, the lipid phase behavior
of these simplified mixtures is quite different from that in
SC (25,30,31).

In previous studies, we have demonstrated that CER:
CHOL:FFA mixtures in the absence of acyl CER (a CER
with a very long fatty-acid chain; see Fig. S1) form only
the SPP with a repeat distance of 54 Å (32). Using neutron
diffraction together with isotopic substitution, we have
embarked upon a series of investigations to determine the
arrangement of the CER, CHOL, and FFAwithin this model
SC system. In our first such studies, we showed that the most
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abundant CER subclass, CER nonhydroxy sphingosine
(CER NS), is symmetrically arranged within the SPP unit
cell (32). In the studies reported here, we extend this work
to examine the molecular arrangement of the other two
main subclasses within the SPP, namely CHOL and FFAs.
Here we selected the FFA with a chain length of 24 carbon
atoms (FA C24:0) also known as lignoceric acid. CHOL
molecules were used either deuterated in the headgroup or
deuterated in the tail of the molecule, while the FFA
C24:0 was perdeuterated. Using neutron diffraction, we
determined the localization of FFA in the SPP, and the local-
ization of the CHOL headgroup and tail.
MATERIALS AND METHODS

Materials

Five subclasses of synthetic CERs were used for our studies. These were a

nonhydroxyl acyl chain (C24) linked to a sphingosine chain length C18

referred to as CER NS (C24), a nonhydroxy acyl chain (C24 or C16) linked

to phytosphingosines referred to as CER NP (C24) and CER NP (C16), cer-

amide a-hydroxy linked to a sphingosine base referred to as CER AS (C24),

and an a-hydroxy acyl chain (C24) linked to a phytosphingosine referred to

as CERAP (C24). The number between parentheses indicates the number of

carbon atoms present in the acyl chain of theCERs.All theCERswere kindly

provided by Evonik (Essen, Germany). The molecular architecture of these

CERs is provided in Fig. S1. TheCHOLwith head deuterated in the positions

2, 3, and 4 (total of six deuterium) and tail deuterated in the positions 25, 26,

and 27 (total of seven deuterium) were obtained from Larodan (Malmö,

Sweden). The FFAs with chain lengths of C16:0, C18:0, C20:0, C22:0,

C23:0, C24:0, and C26:0 and CHOL and deuterated water were purchased

from Sigma-Aldrich Chemie (Schnelldorf, Germany). Deuterated C24:0

FFA was obtained from Arc Laboratories (Apeldoorn, The Netherlands).

The structures of deuterated CHOL and FFA C24:0 are provided in

Fig. S2. Silicon substrates for the neutron diffraction studies were cut from

a wafer (P-type, contains Boron as dopant, face aligned on the (110) crystal

plane, thickness 380 5 10 mm) obtained from Okmetic (Vantaa, Finland).

All solvents used were of analytical grade and supplied by Labscan (Dublin,

Ireland). The water was of Millipore (Billerica, MA) quality.
Sample preparation

The model lipid membranes consisted of CERs, CHOL, and FFAs in an

equimolar ratio. The CER subclasses were mixed in a molar ratio of

60:19:5:11:6 for CER NS C24: CER NP C24: CER AS C24: CER NP

C16: CER AP C24. This ratio resembles very closely the CER composition

in the pig SC (20), except that acyl CERs are not present. In all these CERs,

the sphingoid base has a chain length of C18. The FFA composition is

C16:0, C18:0, C20:0, C22:0, C23:0, C24:0, and C26:0 in a molar ratio

of 1.8:4.0:7.7:42.6:5.2:34.7:4.1. This composition is based on the FFA

chain-length distribution reported for human SC (33). For preparing the

mixture with a perdeuterated FFA, the protonated FFA C24:0 was replaced

by its perdeuterated counterpart. Four different lipid model membrane

systems were prepared:

System I, with the protonated lipids only;

System II, with the cholesterol headgroup deuterated;

System III, with the cholesterol tail deuterated; and

System IV, with FFA C24 perdeuterated.

For preparing themixtures, the lipidswere dissolved in chloroform/methanol

(2:1 v/v) solution at 10 mg/mL. The lipids were subsequently sprayed on a

silicon substrate in an area of 1.2 � 4.0 cm2 using a Camag Linomat IV
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sample applicator (Muttenz, Switzerland). The spraying rate was set to 5

mL/min. During spraying, the solvent was evaporated by a gentle flow of

nitrogen gas. The total amount of lipid sprayed on the substrate was ~10 mg.

After spraying, the lipid films were inserted in a substrate aluminum

chamber to facilitate a homogenous temperature environment. Argon gas

was added in the chamber to avoid lipid oxidation at elevated temperatures.

The lipid mixture was equilibrated at ~70�C for ~10 min, which is close to

the melting temperature of the mixture. The samples were then cooled

down to room temperature. The same equilibration procedure was applied

for all four lipid model mixtures. After equilibration, the samples were

hydrated with D2O/H2O buffer at 100% relative humidity (RH) for ~15 h

at 37�C before the neutron diffraction measurements.

To determine the phase signs of the structure factors, the samples were

hydrated at three different D2O/H2O concentrations: 8/92, 33/67, and

100/0 (v/v) for CHOL and 8/92, 50/50, and 100/0 (v/v) for FFA. After

measuring at a particular D2O/H2O concentration, the samples were

allowed to hydrate for ~12 h, 37�C, at a different D2O/H2O concentration

at 100% RH.
Neutron diffraction

Neutron diffraction experiments were performed on the D16 cold neutron

diffractometer of the Institut Laue-Langevin (Grenoble, France). The pri-

mary white beam was reflected by a focusing highly-ordered pyrolytic

graphite monochromator to achieve a wavelength of 4.75 Å. The wave-

length spread of the highly-ordered pyrolytic graphite monochromator is

1%. The sample-to-detector distance was 80 cm and all the samples were

measured in the reflection mode. The samples were mounted on a goniom-

eter placed in an aluminum chamber. The temperature of the chamber was

maintained at 25�C throughout the measurements. During the sample mea-

surements, the bottom of the chamber was filled with the same D2O/H2O

concentrations as used for hydrating the sample, to maintain a 100% RH

and a constant D2O/H2O. The measurement time per sample varied between

6 and 9 h, depending on the signal/noise. The neutron scattering density

was recorded by a position-sensitive two-dimensional 3He detector

(320 � 320-mm area with a spatial resolution of 1 � 1 mm).
Data refinement

A water calibration measurement was used to correct for the intensity

differences of the detector surface. An empty chamber was measured as a

background and subtracted from each measurement to increase the

signal/noise. For data analysis, the Institut Laue-Langevin’s in-house soft-

ware LAMP was used (34). The two-dimensional detector data were inte-

grated in the vertical direction, which results in a one-dimensional

diffraction pattern of scattering intensities (I) as a function of the scattering

angle (2q). The scattering angle 2q is converted to the scattering vector q

as follows:

q ¼ 4:p:sin q

l
: (1)

In this equation, q is the Bragg angle, l is the wavelength of the neutron

beam, and h is the diffraction order. The repeat distance d of the unit cell
was calculated from the positions of a series of equidistant peaks attributed

to the lamellar phase (qh) by

d ¼ 2:p:h

qh
: (2)

During the measurements, the sample was rotated in steps of 0.1� from

0 to 26� to cover all five diffraction orders, and detector images were taken

at each step. We integrated the high-intensity part of the sample peak

around the Bragg angle because there the lamellae are oriented parallel
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to the silicon substrate. To this purpose we used two data points before the

Bragg angle, the Bragg angle point, and two data points after the Bragg

angle for each diffraction order (U ¼ �0.2, �0.1, 0.0, þ0.1, þ0.2). The

mosaic spread of the peaks were determined from the neutron rocking

curves and was ~1.0� with a full width at half-maximum of the peaks of

~0.3�. This indicates the data points we choose for integration were suffi-

ciently broad to cover the entire peak. Summing all pixel intensities for

those five data points and averaging them results in a high signal/noise

for each diffraction order. This procedure was applied to the diffraction

orders of all four model membranes. The structure factor amplitude jFhj
of each diffraction peak was then calculated from the average pixel inten-

sity (Ih) by

jFhj ¼ Ah

ffiffiffiffiffiffiffiffi
L:Ih

p
: (3)

The Lorentz correction (L) for our type of sample system is 2 sin q cos q.

The appropriate values were calculated for all the systems and applied to

correct for the intensities. The value Ah is the correction factor for sample

absorption, which was calculated using the following formula (35):

Ah ¼ sin q

2mL

�
1� e

�2mL
sin q

�
: (4)

Here m represents the linear attenuation coefficient and L is the thickness of

the lipid film. In previous studies the lipid density for the mixture was deter-
mined at ~0.873 g/cm3 (32). Taking into account the water molecules used

at different D2O/H2O for preparing the various samples and assuming two

water molecules per lipid molecule as determined in our previous study

(32), the densities of the various samples were recalculated and provided

in Table 1. From the amount of lipid material, the area of spraying

(4.8 cm2), and the density of our lipid membranes, a lipid membrane thick-

ness of ~24 mm was obtained. The attenuation coefficients were calculated

using the wavelength of the neutrons in combination with the lipid density

and the chemical composition of the lipid films (NIST Center for Neutron

Research (36)) and are presented in Table 1. Because both the lipid thick-

ness and the attenuation coefficient were calculated from the lipid densities,

they actually cancel out in the absorption correction. As a result, any uncer-

tainty or controversy about the densities does not affect the absorption

correction. The error in the structure factors by D2O/H2O exchange were

calculated from deviation of the fitted regression line and shown in Table 2.

These errors reflected the true variation of calculated structure factors from

the fitted regression line.

If we consider our SPP unit cell as centrosymmetric, the structure factor

phase signs would be either plus (þ) or minus (�). In such a case, the struc-

ture factor amplitudes change linearly with increasing D2O/H2O (35).

Because we assume that the water is located near the headgroups at the

boundaries of the unit cell, the phase signs of the structure amplitudes of

water are �, þ, �, þ, and � for the five orders measured (an explanation

is given in the Supporting Material for the water-phase sign determination).
TABLE 1 Lipid densities and linear attenuation coefficients

for different model membranes at different values of D2O%

Model

membrane D2O%

Density,

(g/cm3)

Attenuation

coefficient (cm�1)

Protonated System I 8 0.922 5.840

8 0.922 5.624

CHOL head

deuterated

System II 33 0.954 5.720

100 1.031 5.913

8 0.922 5.588

CHOL tail

deuterated

System III 33 0.954 5.683

100 1.031 5.874

8 0.922 4.374

FFA C24

perdeuterated

System IV 50 0.961 4.630

100 1.031 4.892
In addition, the water layer structure factors are defined as the structure fac-

tors at 100% D2O minus the structure factors at 8% D2O. Using this infor-

mation, the structure factor phase signs for both protonated and deuterated

samples could be determined from the linear plot of the structure factors

versus measures of D2O/H2O. This was done in such a way that the differ-

ence between 100%D2O and 8% D2O corresponds to the correct phase sign

for the water layer structure factor at that particular diffraction order. A

more detailed description is given elsewhere (35,37,38).

Subsequently, the scattering length density (SLD) profile across the

bilayer r(x) was calculated by Fourier reconstructions,

rðxÞ ¼ F0 þ 2
Xhmax

h¼ 1

Fh cos

�
2:p:h:x

d

�
; (5)

where x is the distance normal to the bilayer surface and x ¼ 0 is the center

of the bilayer.
The first term of the equation F0 describes the average scattering density

per unit volume and must be calculated to put the data on an absolute scale.

The F0 was calculated using the chemical composition and the mass density

of the sample (39,40). The data were then put on a relative-absolute scale

(41–43) using the known neutron SLDs of deuterium and hydrogen to scale

the differences in such a way that the area differences between the SLDs

should be equal to the SLD of the deuterium label (for example, a seven-

deuterium difference in the case of CHOL tail deuterated). The difference

density profile was then constructed by subtracting the protonated profile

from the deuterated profile.
RESULTS

Four different model membrane systems were measured
with neutron diffraction. The diffraction pattern of each of
the four samples showed five diffraction orders. A typical
three-dimensional plot of a diffraction pattern is depicted
in Fig. S3. The one-dimensional diffraction pattern of inten-
sity as a function of q is provided in Fig. 1 for all the deuter-
ated systems at 100% D2O contrast. The sharp peaks in the
diffraction pattern indicate a highly preferred orientation of
the lamellae parallel to the support. In addition, from the
pattern we concluded that only one lamellar phase was
present in the sample together with crystalline CHOL. The
CHOL peaks did not interfere with the peaks attributed to
the lamellar phase. From the position of the different
diffraction orders of the lamellar phase, the repeat distance
of the unit cell was calculated for all the different model sys-
tems using Eqs. 1 and 2. The repeat distance as well as the
uncertainty was calculated by a least-square fitting of all the
diffraction orders for all the systems used in our study and
are provided in Table 2. The mean repeat distance of all
the samples was calculated to be 53.9 5 0.3 Å.

In previous studies, it was estimated that only two water
molecules per lipid molecule are incorporated in the SPP
unit cell (32). The low level of water results in a moderate
increase of signal/noise in the diffraction pattern when
increasing the D2O/H2O. However, despite the low water
affinity of the lipids forming the SPP, the contrast was suf-
ficient to discriminate between the protonated and deuter-
ated model membrane systems.

The structure factor amplitudes and absorption correction
factors for different diffraction orders were calculated using
Biophysical Journal 105(4) 911–918



TABLE 2 Repeating unit of the SPP lamellae (D), relative structure factors with their corresponding phase signs (F), and standard

errors and the absorption correction factors (A) for all the different model systems

D2O% D (Å) F1 A1 F2 A2 F3 A3 F4 A4 F5 A5

Protonated 8 54.3 5 0.1 �26.8 5 1.3 1.2 19.2 5 0.6 1.1 �12.3 5 0.2 1.1 10.2 5 0.4 1.0 �5.1 5 0.4 1.0

8 53.8 5 0.2 �33.1 5 1.2 1.2 22.1 5 0.7 1.1 �10.6 5 0.7 1.1 5.4 5 0.7 1.0 �2.9 5 0.2 1.0

CHOL head deuterated 33 53.4 5 0.3 �44.2 5 1.6 1.2 28.6 5 0.9 1.1 �16.4 5 0.9 1.1 10.6 5 0.9 1.0 �3.5 5 0.3 1.0

100 53.8 5 0.3 �64.2 5 0.4 1.2 40.3 5 0.3 1.1 �25.9 5 0.3 1.1 19.31 5 0.2 1.0 �7.0 5 0.1 1.0

8 54.1 5 0.3 �26.3 5 0.8 1.2 21.9 5 0.1 1.1 �22.3 5 0.6 1.1 4.6 5 0.3 1.0 �14.6 5 0.1 1.0

CHOL tail deuterated 33 53.8 5 0.3 �37.6 5 1.1 1.2 28.7 5 0.1 1.1 �30.6 5 0.8 1.1 8.6 5 0.4 1.0 �18.3 5 0.1 1.0

100 53.8 5 0.3 �61.2 5 0.3 1.2 46.3 5 0.1 1.1 �48.4 5 0.2 1.1 21.4 5 0.1 1.0 �27.9 5 0.1 1.0

8 54.1 5 0.2 �36.9 5 0.7 1.1 26.1 5 0.5 1.1 �08.4 5 0.5 1.0 13.9 5 0.1 1.0 �04.6 5 0.5 1.0

FFA C24 perdeuterated 50 54.1 5 0.3 �40.2 5 1.4 1.1 30.2 5 0.9 1.1 �11.4 5 0.9 1.0 17.2 5 0.2 1.0 �08.9 5 0.9 1.0

100 53.9 5 0.3 �48.5 5 0.6 1.1 38.1 5 0.4 1.1 �18.0 5 0.4 1.0 22.1 5 0.1 1.0 �11.1 5 0.4 1.0
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Eqs. 3 and 4. For determining the phase signs of the ampli-
tudes of the different diffraction orders, the contrast varia-
tion method was used. Our studies showed that the
structure of the unit cell was centrosymmetric because the
structure factors changed linearly with increasing D2O/
H2O (35). Assuming the water is at the boundary of the
unit cell giving the water phase signs (�, þ, �, þ, �), the
phase signs of the various diffraction orders of the SPP
were then calculated keeping the difference between the
structure factors of 8% D2O and 100% D2O in agreement
with the correct phase signs for the water structure factors.
Fig. 2 displays the linear relationship between the structure
factors and the D2O%. The corresponding structure factor
amplitudes are provided in Table 2.
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FIGURE 1 One-dimensional neutron diffraction plot of the SPP model

membrane systems prepared with deuterated lipids and hydrated at 100%

D2O. The five different diffraction orders of the SPP unit lamellae are indi-

cated by Arabic numerals and the CHOL peaks by means of asterisks. (Top)

CHOL headgroup deuterated curve; (middle) CHOL tail deuterated curve;

and (bottom) FFA C24 deuterated curve.
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Using the calculated phase signs and structure factor
amplitudes, the neutron SLD profiles were calculated using
Eq. 5. The SLDs constructed at 8% D2O are presented in
Fig. 3. The difference density profiles for the deuterated
CHOL and for the perdeuterated FFA molecule were
obtained by subtracting the density profile for the fully
hydrogenous system (System I) either from the profile for
System II (with the deuterated cholesterol headgroup
moiety), or from the profile for System III (with the deuter-
ated tail region of CHOL), or from the profile for System IV
(with the deuterated FFA). The difference density profiles
(Fig. 4 A) clearly indicate that the CHOL headgroup is
located slightly inwards from the unit cell boundary, with
the CHOL tail 6.2 5 0.2 Å from the unit cell center, while
the FFA chain straddles the center of the unit cell, indicating
a partial interdigitation of the fatty acyl chains (Fig. 4 B).
DISCUSSION

The aim of our study was to provide insight into the arrange-
ment of the lipids within the repeating unit of the SPP
present in human SC. Using x-ray diffraction it is possible
to obtain information on the electron density profile of the
unit cell. However, x-ray diffraction is limited in obtaining
information on the localization of the lipid subclasses within
the unit cell. Therefore, it was decided to perform neutron
diffraction studies using contrast variation. This allowed
us to localize the deuterated lipid moieties within the unit
cell. In this study, we focused on the localization of
CHOL and FFAs in the unit cell of the SPP. To avoid any
overlapping diffraction peaks of the LPP and SPP, lipid mix-
tures without acyl CERs were used, preventing the forma-
tion of the LPP. The model lipid systems that we prepared
formed oriented stacks of lamellar phase with a mean repeat
distance of 53.9 5 0.3 Å. Five different diffraction orders
were measured in the scattering profiles of all four model
systems. Two additional peaks attributed to the crystalline
CHOL were also observed that did not interfere with the re-
flections attributed to the SPP. Recently, we observed that
CHOL molecules are fully incorporated in the unit cell
of the SPP until a molar ratio of 1:0.5:1 for CER/CHOL/
FFA mixtures without the formation of phase-separated
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FIGURE 2 Relative structure factors of all the five different diffraction

orders of the lipid membranes indicating their corresponding phase assign-

ment measured as a function of D2O/H2O exchange ratio. The different

numbers in the plots indicate the different diffraction orders. (A) System

II with cholesterol head deuterated. (B) System III with cholesterol tail

deuterated. (C) System IV with FFA C24 deuterated.

A

B

C

FIGURE 3 Neutron scattering length density (SLD) profiles of model

lipid membranes in the direction normal to the unit cell surface. (A) System

II with CHOL head deuterated; (B) System III with CHOL tail deuterated;

and (C) System IV with FFA C24 deuterated. (Dashed lines, blue curves)

Profiles of the protonated samples. (Solid lines, red curves) Profiles of

the deuterated samples. (Dotted lines, green curves) Difference profiles

between the deuterated and protonated samples; also shows the position

of the deuterated CHOL and FFA C24 in the SPP unit cell. The calculated

SLDs have a spatial resolution of ~5.4 Å and contain features based on the

molecular position of the lipid materials.
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crystalline CHOL (E.H. Mojumdar, G.S. Gooris, and J.A.
Bouwstra, unpublished data) obtained with an incremental
of 0.1 CHOL molar ratio. A further increase in the CHOL
level led to an equimolar ratio as observed in human SC
results in phase-separated crystalline CHOL (5). Therefore,
in the equimolar CER/CHOL/FFA used in this study, CHOL
is partially incorporated in the lamellar phase and partially
phase-separated (15,16,44). The reasons we chose to pre-
pare equimolar mixtures are:

1. To mimic the native SC situation as closely as pos-
sible; and
Biophysical Journal 105(4) 911–918
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FIGURE 4 (A) The difference profiles in the scattering length density of

the system with CHOL headgroup deuterated (solid line) and CHOL tail

deuterated (dashed line, green). Deuterated CHOL molecules are also

depicted showing their position in the SPP unit cell. (B) SLD profiles and

schematic of the FFAC24 position in the SPP unit cell revealing the molec-

ular position and overlapping of the FFAC24 and (C) a proposed molecular

model of the SPP unit cell based on the positions of CER NP C16, CHOL,

FFA, and CER NS determined earlier.
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2. To confirm the knowledge from the previous unpublished
data that 0.5 is the maximum level of CHOL in the
lamellar phase, providing sufficient information to vali-
date our absolute scaling.

Experimental studies and simulations have shown that
CHOL has a much higher affinity for saturated acyl chains
Biophysical Journal 105(4) 911–918
than for unsaturated ones (39,45), which may contribute to
the presence of substantial levels of CHOL in the crystalline
lipid lamellae.
CHOL positioning

Based on the density profiles for the systems containing the
deuterated CHOL head and tail groups, the sterol molecules
within the SPP are calculated to span a region of ~16.7 5
0.3 Å thickness, indicating that the molecules must be fully
extended and organized perpendicular to the layer plane.
(Note that the dip at the center of the SLD profile for the
tail-deuterated CHOL is an artifact arising from its trunca-
tion in the Fourier synthesis.) The maximum in the SLD
profile for the headgroup-deuterated CHOL is located
22.9 5 0.2 Å from the unit cell center. This leaves a dis-
tance of 4 Å between the headgroup position and the unit
cell boundary. The maximum of the peak for the deuterated
CHOL tail was located 6.2 5 0.2 Å (both CHOL head and
tail position were determined by Gaussian peak fitting of the
corresponding peaks) from the center of the unit cell. Such
an arrangement of the CHOL molecules within the SPP unit
cell will allow van der Waals interactions between the
cholestane rings and the CER and FFA acyl chains, and
hydrogen bonding between the sterol hydroxyl group and
the CERs and/or the carbonyl groups of the FFAs.
Interdigitation of FFA and CER

When focusing on the SLD profiles for the systems contain-
ing perdeuterated and hydrogenous FFA, it may be noted
that the former—as would be expected—is shifted to a
higher mean SLD compared with the latter, but that there
is also a significantly elevated density at the center of the
unit cell. This elevated density is attributed to a partial inter-
digitation of the FFA acyl chains (see Fig. 4 C)—an arrange-
ment that is consistent with the fact that the SPP has a repeat
spacing of 53.9 5 0.3 Å while two opposing C24 chains
arranged perpendicular to the basal plane would result in a
repeating unit of 60 Å. This arrangement is very similar to
that seen for CER NS, the acyl chains of which were also
found to interdigitate in the SPP unit cell (32). Based on pre-
vious studies, it has been proposed that the CERs dictate the
length of the unit cell (23,28,46), and this may also be true
for the systems studied here.
The role of CHOL in the SPP unit cell

In our mixture, 86 mol % of the FFAs have a chain length
beyond that of C20 (long-chain FFA), and only 13.5 mol %
of the FFAs have a chain length of up to and including C20
(short-chain FFA). The proportion of short-chain FFAs pre-
sent is insufficient to fill the voids in the bilayer opposite
the long-chain FFAs and the C24 acyl chain of CERs that
extend beyond the unit cell center. The other candidate
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components for opposing the long-chain FFAs areCHOLand
CER NP C16. The results obtained here demonstrate that the
CHOL is not present at the center of the unit cell but located
6.2 5 0.2 Å away from the center. This is at approximately
the same position in the bilayer as the tail-end of the short-
chain FFAs and the C18 sphingoid base of the CERs. The
latter compensate for the C24 acyl chain of the CERs. There-
fore, it seems that the role of CHOL is to compensate for the
extension of the long-chain FFAs being beyond the center of
the bilayer. As the interfacial area per CHOL molecule is
approximately twice that of a FFA, each CHOL molecule
can compensate two long-chain FFA molecules (47–50).
Recently we observed that the minimum CHOL level
required for the formation of the SPP is ~20 mol % (E.H.
Mojumdar, G.S. Gooris, and J.A. Bouwstra, unpublished
data). This is approximately the level of CHOL that is
required to compensate for the long-chain FFAs that cannot
be compensated by the short-chain FFAs that are present at
a much lower level.
Molecular model of the SPP

Based on the positions within the SPP unit cell determined
here for CHOL and FFA, and the CER NS position deter-
mined in our earlier experiments (32) a molecular model
is proposed for the SPP lipid model system (Fig. 4 C). In
the proposed model, the CER NS molecules are shown
in a symmetric hairpin arrangement. However, due to the
resolution of the Fourier synthesis and the small intermem-
brane space between the lipid headgroups as was previously
reported, it is impossible, using our data, to distinguish
between a fully extended and a hairpin arrangement of the
CERs (32). Therefore, both arrangements are, in principle,
still possible. The experimental results we obtained using
synthetic lipid materials are in accordance with the theoret-
ical simulation studies of SC lipid mixtures where it was
shown that CER NS shows significant interdigitation at
the center of the unit cell, and with the CHOL headgroups
located close to the water-lipid interface (51,52).
Synthetic samples

For synthetic samples, the signal/noise of our measurements
is quite low. As a result, a large amount of material and
longer measurement times are required to achieve a suffi-
cient signal/noise. Unlike phospholipid systems that can
incorporate 12–35 water molecules (38), our synthetic
model membranes show low levels of hydration, and
thereby mimic the situation in natural SC. The most likely
reason for this is the formation of hydrogen bondings
between the CER headgroups (53–55). The poor hydration
level explains the lack of swelling in our model membrane
systems (32). For calculation of the scattering length density
profiles for different lipid model systems, the structure fac-
tors at 8% D2O have been used. In the case of 8% D2O, the
water has a net zero neutron scattering length density (56).
In this situation, small structural details of the lipid lamellae
can be well observed.
CONCLUSIONS

Our data unequivocally show the CHOL and FFA positions
within the unit cell of the SPP. Together with the CER NS
arrangement published recently (32), these data provide
detailed information about the molecular architecture of
the SPP in our lipid model, mimicking closely the lamellae
present in human SC. The SC also involves the LPP phase,
however, and this greatly contributes to the skin barrier.
Therefore, to obtain a fuller picture of the SC structure, it
is of interest to investigate the molecular arrangement of
the various lipid components within the LPP unit.
SUPPORTING MATERIAL

Four figures and a subsection called Determining the Water Phase Signs

are available at http://www.biophysj.org/biophysj/supplemental/S0006-

3495(13)00782-0.
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