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ABSTRACT: The permeability of mammalian skin is determined in large part by lamellar lipid domains
packed between cells of the upper layer of the epidermis, the stratum corneum. Although these lamellae
have features in common with typical biological membranes, they differ in having a lipid population
composed mainly of ceramides, cholesterol, and free fatty acids. In our initial studies of the relationship
between lipid composition and phase behavior in this unusual system, we used deuterium NMR [Kitson
et al. (1994)Biochemistry 3367076715] to examine aqueous dispersions of nonhydroxylated bovine
brain ceramide, cholesterol, and perdeuterated palmitic acid, and found complex phase behavior as a
function of temperature and pH, whereas analogous dispersions in which sphingomyelin replaced ceramide
resulted in spectra consistent with a fluid lamellar phase under the same conditions. To extend these
observations, we examined the same dispersions at pH 5.2 by means of X-ray diffraction. The significant
findings are as follows: (1) the ceramide dispersions form complex crystalline phases between room
temperature and about 4CQ; (2) the majority of the crystalline cholesterol is not in a separate phase; and
(3) the analogous sphingomyelin dispersions form a fluid lamellar phase under the same conditions. We
conclude that ceramides, even in the presence of considerable mole fractions of cholesterol, can form
crystalline lamellar structures. We suggest that the existence of such structures in stratum corneum may
be important in the function of the epidermal permeability barrier, and that the interaction between ceramide
and cholesterol in other biological membranes may result in regions having unique physical properties.

A major function of the outermost layer of mammalian have shown that inhibition of enzymes involved in the
epidermis, the stratum corneum, is to provide a barrier synthesis of ceramide, cholesterol, and free fatty acid leads
between the interior milieu and the external environment. to impaired barrier function (Feingokt al., 1990; Holleran
The stratum corneum consists of terminally differentiated et al, 1991, 1993), strongly suggesting that lipid composition
cells (the “corneocytes”) connected to one another by is a key determinant of biological function for these
intercellular junctions, and embedded in a lamellar lipid membranes. We believe, as has been suggested previously
matrix. A considerable body of evidence supports the in more general considerations of lipid diversity in biological
hypothesis that the barrier function of the skin is found membranes (Bloorat al, 1991), that lipid composition may
mainly in these intercellular lipid domains, and that passive influence membrane function through effects on membrane
diffusion of small moleculese(g, water, drugs) across the physical properties. If so, then the very unusual lipid
skin occurs predominantly through these regions (Bogtde composition of stratum corneum intercellular membranes
al.,, 1989, 1991; Potts & Guy, 1992). It follows that an would be expected to confer equally unusual physical
understanding of the physical properties of this material properties.

should help to understand normal and pathological barrier  some evidence that this is the case has been derived from
function. . o studies of stratum corneum by small- and wide-angle X-ray

Although the intercellular lipid lamellae possess some giffraction (SAXD and WAXD, respectively). The results
features typlcal of bi0|ogical membranes, their ||p|d com- may be summarized as follows: (l) In human, p|g, and
position differs markedly from these in being mainly mouse stratum corneum, two lamellar phases are present
ceramide, cholesterol, and free fatty acid (Weittal, 1989, (Bouwstraet al, 1991, 1992, 1994, 1995; Whiee al, 1988)
1991; Schurer & Elias, 1991), and in having, for practical having repeat distances of 6 and 13 nm; (2) three lipid chain
purposes, no phospholipid. Important physiological studies packings have been found: orthorhombic, hexagonal, and
liquid-like (Swanbeck, 1959; Garsat al., 1991; Wilkeset
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change in lipid composition in mammalian epidermis) consist
of more typical membrane lipid classes such as phospho-
glycerolipid and sphingolipid (particularly sphingomyelin and
monoglycosylceramides) (Squiet al, 1991). With the
exception of monoglycosylceramides (Ruocco & Shipley,
1984), these lipids, when combined with cholesterol in
aqueous dispersions, form fluid bilayers under conditions of
temperature and pH similar to those fouimdvivo. Our
working hypothesis therefore is that the systematic change
in lipid composition that occurs with mammalian epidermal
differentiation results in a radical change in membrane lipid
organization. We have previously provided NMR evidence
that this is the case (Kitsaet al, 1994; Thewalet al,, 1992),

and in this study use a complementary technique, X-ray
diffraction, to study the same systems at pH 5.2 (approximat-
ing the acidic environment of the stratum corneum). Our
central findings are as follows: (1) model membranes
composed of ceramide, cholesterol, and free fatty acid form

lamellar crystalline structures between room temperature and

about 40°C; (2) these lamellae contain cholesterol but do
not exhibit solid phase immiscibility; (3) a fluid lamellar
phase forms at temperatures abové@pand (4) these phase
changes are fully reversible with temperature.

MATERIALS AND METHODS

Lipid and Sample PreparationBovine brain sphingo-
myelin, ceramide-3 (CER), and CHOL were purchased from
Sigma (St. Louis, MO) and used without further purification.
The acyl chains of sphingomyelin and ceramide obtained
from bovine brain were mainly stearic (C18:0), nervonic
(C24:1), and lignoceric (24:0). Perdeuterated palmitic acid
(PA-d3;) was prepared by the method of Hsietaal. (1974).
Note that ceramide-3 from bovine brain is structurally similar
to the most abundant SC ceramide, ceramide-2.

The dispersions were prepared as described previously,

(Kitsonet al, 1994; Thewalet al,, 1992). Briefly, the lipids
were dissolved in benzene/methanol (7:1 v/v) and freeze-
dried. The powder was then hydrated at’@5n deuterium-
depleted water containing 150 mM NacCl, 100 mM citrate,
and 4 mM EDTA, pH adjusted to 5.2. In order to achieve
homogeneous dispersions, at least 5 freg¢lzaw cycles took
place between 95C and liquid nitrogen temperature.

X-ray Diffraction Measurements.Small-angle X-ray

Bouwstra et al.

4o -
N A
1
CH
PA/3
2
g Al
4
> 2"/CH
i
g
£ ~ A
| PA, CH
2 B PA3  CH

0 1

—— Q[nm']

Ficure 1: Small-angle X-ray diffraction curve of the equimolar
sphingomyelin/CHOL/PA dispersion (curve A) and CER/CHOL/
PA (curve B) dispersion obtained at room temperature. In the insets
to the figure the diffraction curves are plotted at the s&veraling,

but magnified intensity scaling. In the equimolar sphingomyelin
dispersion, a periodicity of 6.78 nm (orders indicated By 2",

and 4') was found. The weak intensity peaks at 4.11 (1.53HYm
and 3.55 nm (1.78 nm) are not shown, revealing the weak
intensity peaks. The equimolar CER dispersion revealed various
phases, with periodicities of 5.38 (orders indicated by 1, 2, and 3),
4.10 nm (orders indicated by | and Il), CHOL (indicated by CH),
and PA.

for a period of 15 min. The lipid phase behavior was also
measured as a function of temperature. The temperature was
increased at a constant heating rate &€2&nin, during which
the scattered intensity of each curve was collected for 1 min.
The temperature was varied between 25 and®5
Wide-Angle X-ray Diffraction. The diffraction patterns
were obtained with a fiber diffraction camera at station 7.2
of the synchrotron radiation source in Daresbury. A more
detailed description of this instrument is given elsewhere
(Bouwstraet al, 1992). The positions of the reflections will
be denoted by their spacings in real space. The X-ray path
length through the sample was 1 mm. The temperature of

measurements and dynamic wide-angle X-ray measurements; sample could be adjusted between 25 and°©2awith

were carried out at the Synchrotron Radiation Source at
Daresbury Laboratory, U.K., using station 8.2. Specially
designed sample holders having two mica windows were

the read-out thermocouple inserted in the sample cell. The
sample to film distance was set to 0.11 m, and the wavelength
of the X-rays at the position of the sample was 0.1488 nm.

used. A detailed description of the equipment has been given

elsewhere (Bouwstrat al,, 1991). The scattered intensities
were measured as a function@f the scattering vector. The
sample-detector distance was set to 1.7 m. Calibration of
the detector was carried out with rat tail and CHOL. From
the scattering angle, the scattering vect@) (vas calcu-
lated: Q = 4x(sin 0)/A, where the wavelength is 0.154

nm at the sample position. The final diffraction curves were
plotted as a function 0Q. In this way, a lamellar phase
can be characterized by a number of diffraction peaks having

RESULTS

Long-Range Ordering.The diffraction patterns obtained
at room temperature using equimolar dispersions of CER,
CHOL, and PA or sphingomyelin, CHOL, and PA are given
in Figure 1. The spacings and the corresponding phases are
summarized in Table 1. A detailed explanation is given
below.

We first consider the phase behavior of the equimolar

the same interpeak spacing. From the positions of the peaksphingomyelin dispersion. The dominant feature consists of

(Qn), the repeat distance can be calculated by using the
equationQ, = 2zn/d, in whichd is the repeat distance and

n the order of the diffraction peak. The diffraction patterns
were normalized with respect to synchrotron beam intensity

three diffraction peaks located@t= 0.927, 1.848, and 3.70
nm-1. These reflections can be interpreted as being the first,
second, and fourth orders of a lamellar phase with a
periodicity of 6.78 nm. In addition, a low-intensity reflection

decay. The data of the static measurements were collectedvas observed a = 1.53 nm?! (spacing 4.11 nm), also
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Table 1: Reflections and Interpretation of the Equimolar of temperature as discussed subsequently, we could deduce

Sphingomyelin/CHOL/PA and CER/CHOL/PA Dispersidns that the observed 1.35 nm reflection was in fact connected
phases: spacing (in nm) with the 5.38 nm phase:
temp €C) followed by diffraction peak order interpretation Furthgrmore, two partially resolved peaks were observed
Sphingomyelin Dispersion at spacings of 3.54 an_(= 177 nnt!) and 3.38 nmQ =
20 6.78 nm phase: 6.78(1), 3.40(2), 1.70(4) L 1.86 nntY). The latter diffraction peak and the peak at 1.68
3.55 nm phase: 3.55(1)** UNK nm (Q = 3.74 nn1?) were most likely due to a small amount
4.11nm phase: 4.11(1)** UNK of CHOL that separated as CHOL monohydrate crystals. This
28 g:gg o Bﬂgzg; g:gggg' ggg% 1:22%28 t was confirmed by the wide-angle X-ray diffraction patterns
50and 58 6.60 nm phase: 6.60(1), 3.30(2), 1.65(4) L as discussed below. The 3.54 nm diffraction peak was more
68 6.55 nm phase: 6.55(1), 3.29(2), 1.65(4) L difficult to interpret. It might be that part of the PA
CER Dispersion crystallized in a separate phase. Polycrystalline PA results
25and 35 5.38 nm phase: 5.38(1), 2.69(2), 1.80(3), L in diffraction peaks at 3.51 nmin good agreement with our
1.36(4) _ observed 3.54 nm spacingnd 1.76 nm. However, although
g'Alg nsrT]SFs)?f)%ei.7‘:3'(120)(,11).’1%?353(2)' 1.03(4) ML at a spacing of approximately 1.80 nm a broad peak was
CHOL: 3.35(1), 1.68(2), 1.12(3) TRI observed, confirming the possible presence of PA crystals,
40 5.34 nm phase: 5.34(1), 2.67(2), 1.79(3), L no definite conclusions could be drawn since this peak could
1.35(4) also be identified as the third-order reflection of the 5.38
4'2015;]1[2, %hase: 4.21(1), 2.10(2), 1.39(3), L™ nm phase (see above), and both the 5.38 nm reflections and
4.10 nm(pr)mse: 2.05(2) L the 3.54 nm peak disappear between 40 and&0
PA**: 3.55(1), 1.78(2), 1.18(3) M Another possible interpretation of the equimolar CER
5 gl-sigL**i ?135(1)513;281(2) TTI SAXD pattern is that a 10.7 nm lamellar phase is present,
. nm ase:. o. i i i
427 nm ghase: 4.27((1))7 212(2). 1.403), L having a third-order reflection at 3.54 nm qnd a second-order
1.05(4), 0.834(5) one at'5.38 nm. Such a long periodicity is not unusual for
4.10 nm phase: 2.05(2) L CER dispersions and was found by Parrott and Turner (1993)
60 4.17 nm phase: 4.17(1), 2.06(2), 1.38(3) L in unhydrated dispersions of CER and CHOL and by
70 4.09 nm phase: 4.09(1), 2.05(2) L Bouwstraet al. (1996) in hydrated dispersions of isolated
diffuse peak at 3.36 nm UNK . .
80 4.4 nm phase: 4.04(1) L qeram|des ar]d cholesterol at pH 5.0. However, the informa-
diffuse peak at 3.27 nm UNK tion we obtained as a function of temperature (see below)
90 no peaks excluded the possibility of a 10.7 nm phase: between 30
a(*) The interpretation of PA is not Comp|ete|y sure; (**) the 3.38 and 40°C, the ratIO Of the IntenSItIeS Of the 354 nm and
and 3.55 nm reflections disappeared betweer3Mand 56-58 °C, 5.38 nm peaks increased dramatically.

respectively; (***) interpretation is based on SAXD and WAXD results. Long-Range Ordering as a Function of Temperatuifde
L = lamellar, UNK = unknown, TRI= triclinic, M = monaclinic. measurements at various temperatures were carried out
The reflections were observed by SAXD. - . .
staticallyanddynamically In the static measurements, each
curve represents data collected for 15 min at each distinct

present in the diffraction pattern of the CER dispersion (see temperature. These measurements were performed for peak
below), and a small shoulder @ = 1.79 nnt* (3.55 nm).  assignment in which the weak intensity peaks play an
The 3.55 nm peak coincides with the strongest peak in thejmportant role. For the dynamic measurements, the tem-
diffraction curve of PA and might therefore indicate that a perature was increased at a constant rate°@¥/gnin, during
small amount of the PA phase-separated. which the data were collected. Every minute a new

In contrast, the equimolar CER dispersion has a very diffraction curve was obtained. The advantage of these
complicated diffraction pattern (see Figure 1). Itis obvious dynamic measurements is that one obtains detailed informa-
that at room temperature several phases coexist in thetion on phase changes as a function of temperature. Fur-
dispersion. AtQ = 1.17 nnt?, a very strong diffraction thermore, dynamic measurements facilitate the correlation
peak is present corresponding to a 5.38 nm spacing. Sincebetween phase transitions detected with wide- and small-
second-, third-, and fourth-order reflections are located at angle X-ray diffraction.
2.69, 1.80, and 1.35 nnQY(= 2.31, 3.49, and 4.62 nm, We first consider the sphingomyelin/CHOL/PA dispersion.
respectively), these reflections are most likely based on aStatic measurements were carried out for temperatures
lamellar phase with a periodicity of 5.38 nm. (The identi- between 20 and 63C. As the temperature was increased,
fication of the 1.80 nm peak was uncertain, since this peak the three diffraction peaks associated with the dominant 6.78
could also be assigned to polycrystalline PA, as discussednm lamellar phase gradually shifted to high@rvalues,
below.) resulting in a 6.55 nm lamellar phase at 88 (see Table

A second phase, a minor component with a repeat distancel). The weak 4.11 nm peak disappeared between 40 and
of 4.10 nm, was also present. This was concluded from the 50 °C, while the 3.55 nm shoulder disappeared between 50
presence of first- and second-order diffraction peaks at 4.10and 58°C.
nm spacing @ = 1.52 nnt!) and 2.05 nm spacing) = The results of the static and dynamic measurements of
3.05 nn1l). That these peaks are based on the same phaseghe equimolar CER/CHOL/PA dispersion are presented in
was confirmed by measurements carried out as a functionFigures 2 and 3, respectively. The changes observed in the
of temperature as described below. The third-order reflection diffraction pattern of the CER dispersion as a function of
is expected to be located at a position corresponding to atemperature were complex. We summarize the static mea-
1.37 nm spacing, but this is approximately the same position surements first. At 38C, the diffraction pattern was similar
as the fourth-order reflection of the 5.38 nm phase (seeto that at 25°C, but between 35 and 4TC, it began to
above). From examining the phase behavior as a functionchange. The 5.38 nm peak shifted to a spacing of 5.34 nm
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Ficure 3: Small-angle X-ray diffraction curves for the equimolar
CER/CHOL/PA dispersion as a function of temperature. The heating
B rate was 2°C/min; the temperature range is 281 °C. The

temperatures are indicated in the figure. See Figure 1 for identifica-
tion of the peaks.

ments (Figure 3), it is clear that the repeat spacing of the

g0°c 4.10 nm phase increased to 4.21 nm between 37 an€41
and to 4.27 nm by 52C. At higher temperatures the 4.27
60°C nm peak dominates all other phases: between 49 and 53

°C, the 5.34 and 3.55 nm peaks essentially disappeared.
These results agree with the static measurements: &E50
90°C (Figure 2B), one strong 4.27 nm phase was present in the
lipid mixture, whose diffraction peak positions shifted from
4.21 and 2.10 nm at 41C to 4.27 and 2.13 nm, respectively.
At 50 °C, the 4.27 nm peak was asymmetric due to a small
shoulder caused by the presence of a small amount of lipids
organized in the 5.34 nm phase. The reflection at 1.41 nm
spacing Q = 4.46 nn1?) could be interpreted as the third-
J L—\ order peak of the 4.27 nm phase. In the wide-angle pattern,
, - | the fourth- and fifth-order reflections of the 4.27 nm phase
0 1 2 3 4 were found at 50C, confirming that the 4.27 nm phase is
— s am'] lamellar. Between 50 and 8, the repeat distance of the

FiGURe2: (A) Small-angle diffraction curves of the equimolar CER/  4-27 nm phase gradually decreased to 4.05 nm. No other
CHOL/PA dispersion at 40 and 3C. The temperatures are given phases were present in this temperature range, and the 4.05
in the figure. See Figure 1 for the identification of peaks. A small nm phase disappeared between 80 and®0
peak was found at 2.05 nm (see arrow), indicating that some lipids Short-Range Ordering at Room TemperatuiBhe dif-
were still present in the 4.10 nm phase. (B) Small-angle diffraction fracti it f th imolar di - f sphi 5
curves of the equimolar CER/CHOL/PA dispersion at 60 and 90 raction pattern o tne equimolar dispersion of sphingomy
°C. For identification of the peaks, see Figure 1. elin/CHOL/PA (not shown) indicated that the majority of
lipid chains were packed as liquid hydrocarbons. It also
and decreased in intensity over this temperature range.exhibited some very weak reflections, indicating the presence
Furthermore, between 35 and 40, the 4.10 and 2.05 nm  of a negligible proportion of crystalline structure.
peaks both increased in intensity and shifted to 4.21 and 2.10 A large number of reflections were found in the diffraction
nm, respectivelyi.e. a longer repeat spacing. This observa- pattern of the equimolar dispersion of CER/CHOL/PA (see
tion confirms that the 4.10 and 2.05 nm peaks were indeedFigure 4). Several diffraction rings were based on CHOL
associated with the same phase. The 3.38 and 1.68 nnmonohydrate, that is characterized by three high-intensity
peaks, due to crystalline CHOL monohydrate, weakened in rings at 0.592 and 0.586 and a large number of very weak
this temperature range and disappeared between 40 and 5Qvw), weak (w), or medium (m) intensity rings with spacings
°C. From 35 to 40C, the 3.55 nm peak did not change in of 0.555(w), 0.532(w), 0.494(w), 0.482(vw), 0.471(vw),
position, nor did its intensity diminish as did the intensity 0.454(vw), 0.384(w), and 0.377(m) nm, respectively. Most
of the 5.34 nm peak; thus, a 10.7 nm ‘double bilayer’ phase of the reflections were weak or very weak, indicating that
is not present. The most likely explanation for the 3.55 nm only a small amount of CHOL coexisted in CHOL
peak is that a small amount of PA has phase-separated. Fronmonohydrate form. No features indicating the presence of
the diffraction curves collected during the dynamic measure- a liquid phase were found in the diffraction pattern. The

— Intensity
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= FiIGurRe 5: Wide-angle measurements as a function of temperature

i - ~ for the equimolar CER/CHOL/PA dispersion, measured dynamically
\ between 25 and 93C using a heating rate of 2C/min. The
\‘-. asterisks indicate the CHOL reflections. 1, 2, and 3 indicate the
\ reflections at 0.429, 0.406, and 0.364 nm, respectively. Note the
\ 0 | I appearance of the 0.42 nm reflection between around 49 and 65
°C, indicating the presence of a hexagonal lateral packing.

reflection at 0.377 nm not only was due to crystalline CHOL

but also could be attributed to the lateral hydrocarbon

packing. With this limited information and the complex

phase behavior of the system, it is very difficult to assign
the lipid reflections to a particular sublattice, but the spacings
strongly indicate that various crystalline phases coexist in

the dispersion. For example, a triclinic subcell gives rise to

C short spacings at 0.37, 0.39.404, and 0.440.46 nm,

which is rather close to the 0.364, 0.395, 0.406, 0.441, and

0.464 nm spacings in the diffraction pattern. It is therefore

; A not unlikely that the triclinic sublattice is present. However,

_ the reflection at 0.429 nm cannot be attributed to a triclinic
subcell, but might be explained by a monoclinic one. The
monoclinic sublattice gives rise to reflections at spacings of

0‘ r it approximately 0.37, 0.43, and 0.46 nm.
Short-Range Ordering as a Function of Temperatufée
' diffraction patterns were obtainestatically by measuring
\\\ the pattern at distinct temperatures using film detection and
— dynamicallyby measuring the diffraction curves at a constant
. heating rate of 2C/min using electronic detection. The
dynamic measurements were performed in order to follow
the phase changes as a function of temperature whereas the

static measurements were carried out to detect weak dif-

Ficure 4: Wide-angle X-ray diffraction pattern for the equimolar fraction rings and to obtain high-resolution diffraction
CER/CHOL/PA dispersion at 25C (A), 40 °C (B), and 50°C . . .
(C). (A and B) The black asterisk indicates the 2.05 {25 and patterns. The results of the static (short spacing resolution

2.11 (40°C) nm spacing of the 4.1 and the 4.2 nm phase, 0.002 nm) and dynamic measurements (short spacing resolu-
respectively. The white asterisks refer to the higher order reflections tion 0.01 nm) are shown in Figures 4 and 5, respectively.
of the 5.38 nm phase. The large arrows indicate the strongestThe spacings are given in Table 2. We first consider the

cholesterol reflections, while the small arrows indicate the reflec- 4: . .
tions based on the crystalline lateral packing of the lipids (spacing diffraction patterns at distinct temperatures. Between 25 and

0.429, 0.406, 0.395, and 0.364 nm). (C) Small arrows: the spacings40 °C, no changes in the positions of reflections based on
based on the gel and crystalline packing. Black asterisks: higher lateral packing were observed. At 4C, one additional
order reflections based on the 4.2 nm lamellar phase. The big whitereflection was observed at 2.10 nm spacing, being the second-

asterisk indicates the broad reflection based on the liquid lateral grder reflection of the 4.21 nm phase. This confirms the
packing. results of the small-angle measurements. Between 40 and
remaining reflections due to the hydrocarbon packing of the 50 °C, the cholesterol reflections decreased in intensity, and
lipids were located at 0.464(w), 0.441(w), 0.429(m), 0.406- the change in the diffraction pattern was obvious. Most of
(m), 0.395(w), and 0.364(w) nm. 1t is likely that the the reflections disappeared or became very weak in intensity.
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Table 2: Short-Range Ordering of the Equimolar CER Dispersion b
as a Function of Temperatdre
temp €C) short-range ordering ‘ R . .
25,35 lateral packing: 0.4840.447, 0.429", 0.406", 0.395%', o ' .
0.364 L,
definite CHOL reflections .
40 lateral packing: see 25, 3& o8 .
CHOL reflections more diffuse
50 lateral packing: 0.4% 0.415" 0.406', 0.396", 0.367 04 ‘ .
no CHOL reflections
59 lateral packing: 0.45 . N
71 lateral packing: 0.45 o2 . .
2 The reflections are detected by WAXD.

20 25 30 35 40 45 50 56
TEMPERATURE (°C)

At50°C, a medium 0.415 nm reflection due to a hexagonal Ficure 6: Equimolar CER/CHOL/PA dispersions: comparison of

hydrocarbon sublattice was present, and three low-intensitySaxp and2H NMR results. The temperature dependence of the
rings were observed at 0.396, 0.367, and 0.406 nm, indicatingheight of the first-order SAXD peak representing lamellae with

that a small part of the lipids were still in a crystalline state. repeat spacing of 5.38 nm (triangles) and 4:4®27 nm (diamonds).
Furthermore. at 50C. a broad band was observed at a Sduares: The temperature dependence of the average width of the
. ! S S .. 2H NMR spectrum as reported by deuterated PA.
spacing of approximately 0.45 nm, which is due to liquid
lateral lipid chain packing. It appears that at 3G,
crystalline, hexagonal, and liquid hydrocarbon packings
coexist in the dispersion. The changes in lateral packing
between 40 and 50C were confirmed by the dynamic
measurements. As well, the dynamic measurements showe
that upon further heating the intensity of the 0.415 nm
reflection first increased (between 51 and %) and then
decreased until the reflection disappeared at approximately
65 °C.

no evidence for liquid or hexagonal packings typical of,
respectively, liquid ordered and gel phase bilayers. However,
the NMR observations of the same dispersions under the

ame conditions showed that at least some of the lipid probe

as in a more mobile phase (Kitsehal,, 1994), and perhaps
there was insufficient lipid to be detected by WAXD under
these conditions. The 4.10 nm lamellar phase may be due
to a small amount of more fluid lipid coexisting with the
larger crystalline phases in the lower temperature range, but
this has not been confirmed by WAXD.

The molecular organization of the 5.38 nm lamellar phase

In previous deuterium NMR studies (Kitsat al, 1994; cannot be precisely defined as yet. This phase disappears
Thewaltet al, 1992) of equimolar sphingomyelin/CHOL/  between approximately 40 and 8C (except for a weak
PA dispersions (in which PA served as the probe), only shoulder at 50C), the same temperature range over which
spectra characteristic of fluid lamellae were found between the WAXD crystalline reflections all but disappear. The
20 and 75°C. The X-ray diffraction results presented in temperature of the CER/CHOL/PA dispersion’s chain- and
this paper are in keeping with these, conclusively demon- lattice-melting transition, measured usifgd NMR, also
strating that sphingomyelin/CHOL/PA exists almost entirely coincides with the disappearance of the 5.38 nm phase
as a single lamellar phase having liquid hydrocarbon chain (Figure 6). Thus, this phase appears to consist of layers of
packing and a repeat spacing of 6.78 nm (that, as expectedcrystalline lipids, containing ceramides and the major
decreases slightly as a function of increasing temperature).proportion of PA and CHOL, without evidence for im-
This is consistent with what has been described as the “liquid miscibility. A partially interdigitated bilayer, where the long
ordered” phase (Ipseet al., 1989) which is widely found  ceramide chains oppose either short ceramide chains, PA,
in membranes containing substantial amounts of cholesterol,or CHOL, would be consistent with the observed repeat
and also with the “fluid mosaic” model of cellular mem- spacing, especially if the headgroups of neighboring layers
branes proposed by Singer and Nicolson (1972). Our resultsare in close apposition. The latter is likely to occur, since
are also consistent with other model membrane studies suchas a function of hydration level no swelling of the lamellae
as that of MclIntoshet al. (1992a,b), who found that an in stratum corneum occurred (Bouwsthal, 1991).
equimolar mixture of tetracosanoylsphingomyelin and cho-  The lipid organization in the low-intensity 4.10 nm phase
lesterol formed a lamellar phase having liquid lipid chain is difficult to assess due to the limited information avail-
packing and a periodicity ranging between 5.93 and 6.63 able: only two reflections were present that could be
nm. The latter variation depended on the applied vapor unambiguously assigned to this phase. (More reflections
pressure, and we believe our larger repeat distance is due tanight be present but were obscured by reflections from the
the presence of excess buffer solution in our dispersions. other phases.) No further attempts were undertaken to assign

In contrast, the analogous dispersions containing ceramidethese peaks to a particular structure, but the most likely
were found to display complex polymorphism as a function interpretation is lamellar. However, the molecular arrange-
of temperature, again consistent with previcis NMR ment of this phase is unclear, since its repeat distance is rather
experiments. The SAXD results showed a dominant lamellar small for a bilayer phase even if we assume the absence of
phase at room temperature having a repeat spacing of 5.38& thick aqueous layer between lamellae. This short periodic-
nm, together with smaller diffraction peaks attributed to ity may result from interdigitation of the hydrocarbon chains,
crystalline PA and cholesterol monohydrate, as well as two as has been found for lipid systems with large differences
minor peaks probably due to a lamellar phase having a repeain hydrocarbon chain lengths (Lewdt al, 1994; Mattaiet
spacing of 4.10 nm. The WAXD results indicated the al., 1987; Mcintoshet al, 1984). Alternatively, since the
presence of more than one crystalline lipid organization, but CER mainly contains stearic and nervonic acids, the 4.10

DISCUSSION
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nm phase might be an enriched CER fraction having chain particularly from the pioneering work of Irmin Pascher and
length C18, while the 5.38 nm phase might be enriched with his colleagues (Lofgren & Pascher, 1977; DahfePascher,
CR having a chain length of 24. Finally, if a correspondence 1979). More recently, Parrott and Turner (1993) studied the
exists between this 4.10 nm structure and the noncrystallinephase behavior of unhydrated dispersions prepared from
lipids NMR shows to be in the dispersion, trargauche ceramide and CHOL. In the context of stratum corneum
isomerization would account for some further reduction in intercellular membranes, Abraham and Downing (1988)
lamellar thickness compared with the 5.38 nm phase. examined hydrated dispersions of epidermal ceramide,
Above 37°C, a lamellar phase having a 4.21 nm repeat cholesterol, and palmitic acid; Blumet al. (1993) made
distance was formed, and aboveDthis increased to 4.27  aqueous dispersions from bovine brain ceramide, cholesterol,
nm. This was unexpected: bilayers usually become thinnercholesterol sulfate, and palmitic acid whereas Lieckfeldt
as they are heated due to increasing chain disorder. Aal. (1993), Schuckleet al.(1993), and Fribergt al. (1987)
probable explanation is that the concentration of CHOL in used more complex mixtures prepared from ceramides,
these lamellae increases over this temperature range, causinGHOL, free fatty acids, and di- and triglycerides. In all of
the lipid chains to stretch. The source of the extra CHOL is this work, crystalline lipid phases, as reported for our models,
presumably CHOL monohydrate, which largely disappears were not invariably found. The reasons for this discrepancy
between 40 and 50C. Alternatively, ceramide having are not entirely clear, but sufficient numbers of differences
longer chains may progressively melt into the fluid bilayer exist among the studies in sample preparation and technique
over this temperature range (the 5.34 nm reflection all but to make direct comparisons difficult. However, we believe
disappears by 50C), thereby increasing the repeat spacing. that our results are of relevance to understanding SC
At higher temperatures, the lamellae thin gradually, as is intercellular membranes for several reasons.
normally found, until at approximately 70C the repeat First, it seems clear that the CER/CHOL/PA dispersions
spacing is just 4.09 nm. It is interesting to compare the will form lamellar phases despite the absence of conventional
lamellar repeat spacing found in the sphingomyelin/CHOL/ membrane hydrophilic headgroups on any of the lipids. At
PA dispersion (6.60 nm) with that found for the CER/CHOL/ lower temperatures (less than about 40), most of the
PA dispersion (4.27 nm) at 5@C. Our previousH NMR intensity is found in a phase having a repeat distance of 5.38
results show the PA chain order parameter profiles to be nm. A comparable lamellar phase with a repeat spacing of
nearly identical at this temperature, which implies that the approximately 5.2 nm has been observed in mixtures
major reason for the different observed repeat spacings inprepared from pig ceramides and CHOL (Bouwsteal.,
the two dispersions is a difference in the thickness of their 1996). There is no evidence, however, for the “longer”
polar headgroup and agueous layers. We can conclude thatepeat distance of 013 nm as reported for lamellar phases
at 50 °C the sphingomyelin/CHOL/PA lamellae are about in mammalian stratum corneum (Bouwstttaal, 1991, 1992,
2.3 nm thicker in this region than their CER/CHOL/PA 1994, 1995; Whitest al,, 1988) or in dry mixtures prepared
counterparts. from isolated stratum corneum lipids (Parrott & Turner,
In parallel with the changes in long-range order, changes 1993). Bouwstrat al. (1996) examined the phase behavior
in lipid packing were observed with increasing temperature. of dispersions of isolated ceramides and cholesterol and
Between 40 and 50C, both liquid and hexagonal patterns found, at room temperature, two lamellar phases having
appeared (corresponding to, respectively, fluid ordered andperiodicities of 5.2 and 12.2 nm, similar to those of intact
gel phase bilayers), and at 8Q only a very small portion  stratum corneum. One explanation for our failure to observe

of the lipid was crystalline. This corresponds well 48 the longer repeat spacing in our dispersion might be its
NMR observations at 50°C that show only a small relative simplicity of composition: in stratum corneum, at
proportion of “solid” PA (Kitsonet al, 1994) or CHOL least six different classes of ceramides are present together

(Fenskeet al,, 1994) remaining. Despite the complexity of with a variety of free fatty acids, while our CER/CHOL/PA
this three component system then, we see that between roontlispersion was prepared from only one type of CER (albeit
temperature and 3T there is one predominant lipid lamellar  corresponding to SC CER-2, the most abundant) and one
structure having a repeat distance of 5.38 nm and a complexfree fatty acid. Interesting similarities between the results
crystalline packing, and which incorporates all three major presented here and those of Bouwsttaal. (1996) are
lipid classes without evidence for solid phase immiscibility. observed at higher temperatures: both studies show that at
Above 37°C, there is a gradual melt until by 5@ the approximately 46-45 °C a new lamellar phase with a
predominant lipid phase has a repeat spacing of 4.27 nmperiodicity of 4.2 nm was formed which dominated the
and a liquid lipid packing, and again contains cholesterol diffraction curve as the sample was heated. To fully
(Fenskeet al, 1994), palmitic acid (Kitsoret al, 1994), understand the differences and similarities between lipid
and also ceramide (Thewait al, 1992). Above 60C, there phase behavior in the various CER dispersions and in the
was evidence in both NMR and X-ray studies for the gradual stratum corneum will require further research.
disappearance of the lamellar phase and the growth of a Second, these experiments show that phase behavior may
highly mobile fluid phase which was isotropic on the NMR  be more complex than found with a single technique. Below
time scale without showing evidence for reflections charac- about 40°C, the major lipid packing is crystalline, and two
teristic of a cubic phase. Preliminary freefeacture lamellar phases appear to coexist. This is consistent with
evidence suggests that small vesicles may form (S. BayerINMR results in the same temperature range showing
and N. Kitson, unpublished observations). It is important extremely limited molecular motion on tHél NMR time
to point out that all observed changes are thermally revers-scale, and no measurable lateral diffusion (Kitsenal,
ible. 1994), but the coexistence of lamellar phases is not detectable
Although ceramides have received relatively little attention with NMR. Furthermore, a phase having liquid chain
in studies of biological membrane models, there is a packing is detectable by WAXD as a diffuse band at 0.45
considerable literature concerning their phase behavior,nm, but may be obscured at low concentrations and is not



7724 Biochemistry, Vol. 36, No. 25, 1997 Bouwstra et al.

clearly observable coexisting with the crystalline phases in ACKNOWLEDGMENT
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