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ABSTRACT Biological membranes contain domains having distinct physical properties. We study defined mixtures of
phosphoglycerolipids and sphingolipids to ascertain the fundamental interactions governing these lipids in the absence of
other cell membrane components. By using ?H-NMR we have determined the temperature and composition dependencies
of membrane structure and phase behavior for aqueous dispersions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and the ceramide (Cer) N-palmitoyl-sphingosine. It is found that gel and liquid-crystalline phases coexist over a wide
range of temperature and composition. Domains of different composition and phase state are present in POPC/Cer
membranes at physiological temperature for Cer concentrations exceeding 15 mol %. The acyl chains of liquid crystalline
phase POPC are ordered by the presence of Cer. Moreover, Cer’s chain ordering is greater than that of POPC in the liquid
crystalline phase. However, there is no evidence of liquid-liquid phase separation in the liquid crystalline region of the

POPC/Cer phase diagram.

INTRODUCTION

It is now widely accepted that cell membranes are complex
entities containing distinct, long-lived domains differing in
composition and physical characteristics. These speciaized
patches include “rafts,” detergent-insoluble glycosphingo-
lipid-enriched domains (DIGs), and caveolae. Although
these types of patches differ in protein and lipid content,
they share the characteristic of being enriched in cholesterol
and in lipids (such as sphingolipids) that have high gel-to-
liquid-crystalline transition temperatures. Regulation of
sphingolipid levels in cells is complex and has significant
consequences. For example, acid sphingomyelinase activity
producing elevated ceramide (Cer) concentrations is asso-
ciated with apoptosis in vivo (Kirschnek et al., 2000). For
recent reviews of the evidence linking the formation of
Cer-enriched patches in membranes to Cer’s role as a sec-
ond messenger in signaling pathways, see Venkataraman
and Futerman (2000) and Dobrowsky (2000). A crucia
component governing the interaction of these Cer-enriched
domains with downstream targets may be the distinct phys-
ical properties such domains are thought to possess.

Our particular interest (Kitson et al., 1994; Bouwstra et
a., 1997) has been in the role of Cer in determining the
physical properties of the barrier-forming intercellular la-
mellae found in the outermost layer of the epidermis. Cer-
amide is a major component of these lipid layers, and we
and others (e.g., Pilgram et a., 1999) have shown that even
in the presence of significant mole fractions of cholesterol,
Cer confers very unusual physical properties on these mem-
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branes, forming regions that are crystaline in nature: in
essence, “extreme” domains.

Acknowledging that these intercellular “barrier” lamellae
are unusual biological membranes, we wondered about the
influence of Cer on the physical properties of more conven-
tional membranes (Giles and Thewalt, 1999), especially
given Cer’s important biological effects. Studies describing
Cer’'s effects on the physical properties of model mem-
branes are as yet relatively rare. Cer, even in the absence of
other lipids, presents challenges to those seeking insight
into its structure due to complex time-dependent hydration
behavior and its very high order-disorder phase transition
temperature of 80-93°C (Shah et al., 1995; Moore et al.,
1997; Rerek et al., 2001). In model membranes composed of
phosphatidylcholine (PC), sphingomyelin, and cholesterol
in various proportions, Cer is reported, based on fluores-
cence measurements, to “strongly promote domain forma-
tion” (Xu et al., 2001) and to increase acyl chain order
(Massey, 2001). Also, Cer has been found to cause micro-
domain formation or phase separation in saturated PC
membranes (Carrer and Maggio, 1999; Huang et al., 1998;
Holopainen et al., 1997, 2000). Cer's effects on 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) mem-
branes are less well understood; recent studies have re-
ported, for example, that POPC and Cer mix well (Massey,
2001) or conversely that Cer induces microdomains in
POPC (Holopainen et a., 1998).

We chose POPC as a well-studied and natura “host”
phospholipid in which to investigate the influence of Cer.
Using the direct, unambiguous, and quantitative information
provided by deuterium NMR, we present here a compre-
hensive examination of Cer’'s effects on membrane phase
state and acyl chain order. The Cer used was pure synthetic
N-palmitoyl-sphingosine, and the palmitoyl chain of each
lipid was deuterated in turn. The analysis of NMR spectraas
functions of temperature and composition (to a maximum
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concentration of 25 mol % Cer) alowed the determination
of a detailed partial phase diagram of POPC/Cer.

MATERIALS AND METHODS

POPC-d31 was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL).
POPC, Cer-d31, and Cer were obtained from Northern Lipids (Vancouver,
BC). Deuterium-depleted water was from Sigma-Aldrich Canada, Inc.
(Oakville, ON). POPC-d31 and Cer (or POPC and Cer-d31) were mixed in
the appropriate quantities, dissolved in benzene/methanol, 4:1 (v/v) and
then freeze-dried. Sampleswere hydrated using apH 7.4 buffer prepared in
deuterium-depleted water containing 50 mM HEPES, 120 mM NaCl, 4
mM EDTA. Hydration was performed by freeze-thaw-vortex cycling five
times between liquid nitrogen temperature and 85°C.

2H-NMR experiments were performed on alocally built spectrometer at
46.8 MHz using the quadrupolar echo technique (Davis et a., 1976). The
typical spectrum resulted from 10,000 to 15,000 repetitions of the two-
pulse sequence with 90° pulse lengths of 3.95 us, interpulse spacing of 40
s, and adwell time of 2 us. The delay between acquisitions was 300 ms
to 5 s and data were collected in quadrature with Cyclops 8-cycle phase
cycling. The spin-lattice relaxation time, T,, was measured using the
saturation recovery technique. The sample was heated from —15°C to
69°C. At each temperature the sample was alowed to equilibrate for 20
min before a measurement.

The first moment, M, was calculated using

X

1
M= 5 3 ol fo) ®

=—x

where w is the frequency shift from the central (Larmor) frequency, f(w) is
the spectral intensity, and

A= 3 flo).

The boundaries of the gel-liquid crystalline coexistence region are deter-
mined by the spectral subtraction method, which was first applied to
PClcholesterol membranes (Vist and Davis, 1990; Thewalt and Bloom,
1992) and has also been used to investigate PC/cerebroside phase equilibria
(Lu et d., 1993). Within the two-phase region, each observed spectrum is
simply a linear combination of the spectra typical for gel and liquid-
crystalline (Ic) phases at the gel phase and Ic phase boundaries, respec-
tively, at the same temperature. The relative amount of gel and Ic compo-
nentsis determined by the sample composition. Given two area-normalized
observed spectra from samples of different composition at the same tem-
perature, the typical spectrafor the Ic (or gel) phase at the Ic (or gel) phase
boundary can be obtained by subtracting a fraction of one spectrum from
the other. The phase boundaries then can be calculated using the lever rule.

The C—D bond order parameter, S-p, is related to the quadrupolar
splitting Av from a de-Paked spectrum according to Av = ¥2(€qQ/h)Sep,
where (€2qQ/h) = 167 kHz is the static quadrupolar coupling constant
(Davis and Jeffrey, 1977). The smoothed order parameter profiles were
determined from the de-Paked spectra using a procedure described by
Lafleur et a. (1989). This approach assumes monotonic decrease of the
order along the acyl chain and therefore reproduces only the smoothed
features of the order variation. To verify that the smoothed order parameter
calculation was valid for Cer-d31, the temperature-dependence of all
individually resolved doublets was monitored. All behaved similarly, the
splittings narrowing gradually as temperature was increased. Thisindicates
that the average conformation of all methylene groups aong the Cer-d31
palmitoyl chain is equivalent, namely perpendicular to the membrane
normal. (If a“kink” were present, like the kink near the ester bond on the
sn-2 chain of PC, for example, the temperature-dependence of the
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FIGURE 1 2H-NMR spectra of 85:15 POPC-d31/Cer as a function of
temperature.

splitting corresponding to the deuterons at the kink would have a much
smaller slope.)

RESULTS AND DISCUSSION

POPC-d31/Cer and POPC/Cer-d31 multilamellar disper-
sions were prepared for Cer (or Cer-d31) concentrations of
0, 10, 15, 20, and 25 mol %. *H-NMR spectra were col-
lected from —15°C to 69°C. The POPC-d31/Cer system
undergoes a broad transition from a gel phase to an Ic phase
as the temperature is raised. As seen in Fig. 1, 85:15
POPC-d31/Cer displays gel phase spectra below —10°C.
Above 38°C, the spectra indicate that POPC is in the Ic
phase. The lineshape is a superposition of Pake doublets,
implying that the lipid acyl chain undergoes rapid, axialy
symmetric reorientation about the bilayer normal. Between
—10°C and 38°C, both gel and |c spectral components were
seen in the spectrum, indicating the coexistence of gel and
Ic phases. The center of the spectrum at 38°C exhibits an
isotropic peak having ~0.4% of the total intensity. This
peak’s intensity increases linearly with temperature, reach-
ing ~1% at 69°C; thus we attribute it to a small amount of
vesicle budding (Nezil et a., 1992).

Fig. 2 shows the spectrum of POPC-d31/Cer as afunction
of Cer concentration at —5°C. At —5°C, pure POPC dis-
plays an Ic spectrum. For 90:10 POPC-d31/Cer a small gel
component appears in the spectrum, as indicated by the
presence of intensity beyond ~=*35 kHz. The coexistence
of gel and Ic phases in the spectrum indicates that Cer
induces gel-phase domains (phase separation) in the POPC-
d31 hilayer. Gel-phase domains induced by Cer have aso
been observed in saturated PC membranes, such as dipalmi-
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FIGURE 2 2H-NMR spectra of POPC-d31/Cer as a function of Cer
concentration at T = —5°C.

toylphosphatidylcholine (DPPC) (Huang et a., 1998) and
dimyristoylphosphatidylcholine (DMPC) (Holopainen et
a., 2000). The coexistence of gel and Ic spectral compo-
nents is more apparent for 85:15 POPC-d31/Cer, and as the
Cer concentration is raised to 25 mol % the proportion of
gel component increases further. Concomitantly, the pro-
portion of liquid crystalline component decreases, shown by
the reduction of the spectral intensity at =18 kHz. There-
fore, Cer enhances tight chain packing in POPC bilayers.
Moreover, as will be discussed later, the Ic component
becomes broader with increasing Cer concentration, imply-
ing more motiona restriction for the POPC acyl chains as
more Cer is added to the mixture.

The variation of the first moment, M, with temperature
measures changes in average spectral width and thus re-
flects phase changes in the membrane. Fig. 3 shows the
temperature-dependence of M, for dispersions of POPC-
d31/Cer. As seen in Fig. 3, pure POPC-d31 undergoes a
sharp transition from the gel to the Ic phase, as indicated by
the drastic drop in M, a T = —10°C. In contrast, in the
presence of 10-25 mol % Cer, POPC-d31 displays a much
broader transition, with a gradual decrease in M,. The
coexistence of gel and Ic phases is observed over a wide
range of temperature and composition. Furthermore, M,
versus T curves of 10, 15, and 20 mol % Cer display a
change of slope near —3°C. As we will discuss later, this
change of dopeisin fact associated with the incorporation
of Cer into the POPC Ic phase.

In Fig. 4 the variation of M, with temperature for mem-
branes composed of 90:10 POPC/Cer is shown. Both lipids,
in turn, were “H-labeled, and it is clear that the phase
transition behavior exhibited by POPC-d31 and Cer-d31 are
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FIGURE 3 The temperature dependence of M, for POPC-d31/Cer. V¥,
pure POPC-d31; @, 90:10 POPC-d3L/Cer; M, 85:15 POPC-d31/Cer; A,
80:20 POPC-d31/Cer; 4, 75:25 POPC-d31/Cer.

quite different. The POPC-d31 component of the membrane
begins to melt at —10°C, transforming from gel to gel/lc
coexistence (see Fig. 5 A). However, the Cer-d31 compo-
nent is still in the gel phase, as indicated both by the value
of its M, in Fig. 4 and its gel phase spectrum in Fig. 5 E.
Thus, the Ic phase seen between —10°C and —3°C isapure
POPC-d31 Ic phase. Cer-d31 does not begin to melt until
—3°C, where a small drop in M, occurs. Above —3°C, an
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FIGURE 4 M, asafunction of temperature for B, 90:10 POPC/Cer-d31
and @, 90:10 POPC-d31/Cer. Here we have shifted the M, of 90:10
POPC/Cer-d31 by —2°C, given the fact that POPC (or POPC-d31) is the
major component in 90:10 POPC/Cer and POPC chain deuteration down-
shifts the transition temperature by 2°C.
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FIGURE 5 2H spectra as a function of temperature for (A-D) 90:10
POPC-d31/Cer and (E-H) 90:10 POPC/Cer-d31.

Ic component is present in Cer-d31 spectra (see Fig. 5, F
and G), indicating the participation of Cer-d31 in the pre-
dominantly POPC Ic phase domain. However, the POPC-
d31 and Cer-d31 spectra in Fig. 5, B and F, respectively,
show that ~70% of the POPC-d31 is in the Ic phase and
~90% of the Cer-d31 isin the gel phase. Although domains
of both phases are primarily composed of POPC, the frac-
tion of Cer inthe gel domainsis much larger than that in the
Ic phase domains; thus the gel phase domains are rich in
Cer, while the Ic phase domains are poor in Cer. The
2H-labeled Cer in 90:10 POPC/Cer-d31 completes the trans-
formation to the Ic phase at 30 = 2°C, as indicated by the
M, curve in Fig. 4. By inspection, the gel component of
90:10 POPC-d31/Cer aso completely disappears at this
temperature. In summary, although the POPC and Cer com-
ponents of mixed POPC/Cer membranes undergo gel/(gel +
Ic) melting at different temperatures, they complete the
conversion to the Ic phase at the same temperature.

The partial phase diagram derived from the above char-
acteristic temperatures and the corresponding lipid compo-
sitions is shown in Fig. 6. For low Cer concentrations,
aqueous dispersions of POPC/Cer may be treated as a
two-component system, assuming that water concentration
does not influence phase behavior. Therefore the line at
—10°C, which is essentially independent of the Cer con-
centration up to X, = 0.15, implies three-phase coexist-
ence and suggests a gel-gel immiscibility at lower temper-
atures. Below —10°C a pure POPC gel phase domain, G, is
immiscible with a POPC/Cer gel phase domain, G,. Above
—10°C, POPC begins to melt. A pure POPC Ic phase, L,
coexists with G,. The horizontal line at —3°C, determined
from the changes of slope in M, versus temperature curves
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FIGURE 6 Partial phase diagram of the POPC/Cer membrane. B, ob-
tained by inspection of spectra; ® and 4, obtained by inspection of M,
curves (errors are within the symbol); A, obtained from spectral subtrac-
tion. Refer to the text for the definition of G,, G,, L4, and L,.

of POPC-d3L/Cer (Fig. 3), istheL, + G,/L, + G, bound-
ary, where L, denotes the POPC/Cer Ic phase. Above —3°C,
Cer begins to melt and becomes incorporated into the pre-
viously pure POPC Ic phase. The lipid dispersions display
L, + G, phase coexistence, i.e., Cer-rich gel phase domains
coexist with Cer-poor Ic phase domains. Note that at phys-
iological temperature gel domains are present for Cer con-
centrations of only 15 mol %. The liquidus curve, deter-
mined by inspection of the POPC and Cer spectra and M,
curve of Cer, as well as spectral subtraction, is strongly
dependent on the Cer concentration. The agreement be-
tween observations based on POPC/Cer multilamellar dis-
persions labeled with either POPC-d31 or Cer-d31 indicates
that POPC and Cer mix well in the Ic phase.

For X, = 0.2 the phase composition of POPC/Cer is
complicated. A solid (or crystalline) phaseis present in the
Cer spectrum. This solid phase has a much longer spin-
lattice relaxation time (T, =~ 2 s) than Ic and gel phases. The
existence of the solid phase can be verified by using a
longer repetition time, for example 5 s, in the quadrupolar
echo pulse sequence. Fig. 7 B shows the difference between
spectra of 75:25 POPC/Cer-d31 obtained at repetition times
of 5 and 0.3 s. The signa intensity beyond ~+20 kHz
displays a shoulder-like shape with edges at =63 kHz, an
indication of the solid phase. Fig. 7 C shows the difference
between the spectra of pure hydrated Cer-d31 obtained at
repetition times of 5 and 0.3 s at the same temperature
where pure Cer-d31 displays the solid phase. The lineshape
beyond ~+20 kHz is quite similar to that in Fig. 7 B,
confirming the presence of the solid phase in 75:25 POPC/
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FIGURE 7 2H spectra for 75:25 POPC/Cer-d31 obtained at 47°C using
(A) arepetition time of 0.3 s. (B) the difference between the spectrum taken
at repetition times of 5 and 0.3 s. Note that the enhanced narrow central
region is due to the CD, resonances, which typically have longer T, values
than those of the methylene groups. (C) The difference between spectra
taken at repetition times of 5 and 0.3 sfor pure hydrated Cer-d31 at 47°C.

Cer-d31. The solid phase was also observed in the Cer
spectra of 80:20 POPC/Cer-d31, but the amount of solid
was much lessthan in 75:25 POPC/Cer-d31. Because POPC
spectra of 80:20 POPC-d31/Cer and 75:25 POPC-d31/Cer
do not contain any solid component, the solid phase seen in
these two membranes is pure Cer.

AsseeninFig. 7 A, in addition to the solid phase, the Cer
spectrum also contains Ic and gel phases. This coexistence
of three phasesis observed at T = 25°C and 47°C in 80:20
POPC/Cer-d31 and 75:25 POPC/Cer-d31, hinting at athree-
phase area in the phase diagram. The proportion of solid
phase and the spectrum change slightly with time, indicat-
ing that the phase composition changes with time. The
observation of the three-phase area violates the Gibbs phase
rule for a two-component system in equilibrium, where a
three-phase region can only be a line. Together with the
time-dependent phase composition, we conclude that the
aqueous dispersions of 80:20 POPC/Cer and 75:25 POPC/
Cer are metastable. Some sphingolipids are known to ex-
hibit metastable behavior (Freire et a., 1980; Ruocco et al.,
1981; Curatolo, 1982). For example, a metastable bilayer
phase is observed in hydrated N-palmitoyl-sphingosine that
is interconvertible with a stable bilayer phase (Shah et dl.,
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1995). A dehydrated metastable crystal form that is intercon-
vertible with a hydrated stable crystal form is also reported for
hydrated cerebroside (Ruocco et al., 1981). These complex
behaviors are observed particularly at partid or intermediate
degrees of hydration (Maggio et al., 1985). We propose that
when Cer is present above a threshold concentration of ~20
mol % in the POPC membrane, the agueous POPC/Cer dis-
person must be trested as a three-component system, i.e,
water can no longer be treated as a “silent” third component.
To avoid these hydration complexities we have focused on the
phase diagram at low Cer concentrations, where solid Cer is
not in evidence. The phase diagram in Fig. 6 therefore repre-
sents completely hydrated POPC/Cer membranes.

The liquidus between 0 and 30°C was obtained using the
spectral subtraction method on membranes containing 10
and 15 mol % Cer. However, spectral subtraction is gener-
aly applied to a two-phase region bordered by boundaries
defining single-phase regions. The phase diagram in Fig. 6
implies that only one boundary (liquidus) can be well de-
fined. The phase composition at higher Cer concentrations
(Xeer = 0.2) is complicated, as mentioned earlier, due to the
presence of solid Cer. To apply spectral subtraction to this
system, we treated the solid Cer as “invisible” because it
does not mix with POPC. Thus, we define an effective Cer
concentration, X'cer = (Nger — Neersolich)/(Nrorc + Neer —
Neer(solid))» WhEre Neer (Npopc) IS the total number of moles of
Cer (POPC), and Neersoliqy 1S the number of moles of Cer in
the solid phase. Thus, presumably we havelc —Ic + gel —
gel in the X', phase diagram, and then the spectral sub-
traction method can be applied. The effective liquidus X’
and solidus X, can be obtained from the spectral subtrac-
tion equations. Because there is no solid at low Cer con-
centration, X;' in the X', phase diagram corresponds ex-
actly to the liquidus X; in the X, phase diagram (note, X .
= Neer/(Npope + Neer)), 1-6, X' = X In Fig. 6, X;" matches
well with those points obtained from direct examination of
spectra and the temperature-dependence of M, showing the
validity of our calculation. As mentioned earlier, due to the
complicated phase behavior at high Cer concentration, only
the liquidus is well defined. Thus we cannot derive the
solidus X, from the effective solidus Xy (which ranged
from 0.26 to 0.38).

The partial phase diagram of a POPC/Cer membrane
(Fig. 6) is similar to the dioleoylphosphatidylcholine/di-
pa mitoyl phosphatidylethanolamine (DOPC/DPPE) phase
diagram (Wu and McConnell, 1975) at low DPPE concen-
tration. DOPC/DPPE membranes display a horizontal soli-
dus line at low temperature and low DPPE concentration. A
second horizontal line is observed at much higher temper-
ature, corresponding to the boundary of L, + G,/L, + G,
in Fig. 6. Theliquidus curve, corresponding to the boundary
of L, + G,/L, in Fig. 6, is aso strongly dependent on the
concentration of DPPE. DOPC is analogous to POPC, as
both phospholipids have the same headgroup and both are
unsaturated lipids with transition temperatures below 0°C.

Biophysical Journal 82(6) 3089-3095
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Also, the case can be made that DPPE is analogous to Cer,
as both have small headgroups capabl e of forming hydrogen
bonds, similar chain length, and transition temperatures well
above room temperature. Thus, POPC/Cer and DOPC/
DPPE do share some common features: the counterparts in
each lipid mixture are similar in shape and the transition
temperatures of the components in each mixture are quite
far apart. If these factors are important determinants of
phase behavior, it is not surprising that POPC/Cer and
DOPC/DPPE display similar phase diagrams. The facts that
Cer is a sphingolipid and does not contain a phosphate
group are apparently less important to the lipid/lipid inter-
actions governing the topology of the phase diagram.

There have been some studies on other phospholipid/Cer
mixtures. The gel-fluid transition of dielaidoylphosphati-
dylethanolamine (DEPE)/Cer detected by DSC displays
several components (low-T,,, and high-T,,, components) un-
der the endotherm peak (Veiga et al., 1999). Together with
IR dataindicating that Cer melts at higher temperatures than
the phospholipid, they concluded that the low-T,, compo-
nent corresponds to the transition of domains rich in phos-
pholipid and the high-T,,, component corresponds to the
transition of Cer-rich domains, consistent with our observa-
tions on POPC/Cer. DSC studies of DPPC/Cer yield similar
observations (Carrer et al., 1999). Moreover, like POPC/Cer
membranes, DPPC/Cer displays gel-gel immiscibility, but
miscibility in the Ic phase.

What isthe driving force behind Cer-enriched gel domain
formation? Some suggest that a hydrophobic mismatch be-
tween Cer and PC is the major contribution (Holopainen et
a., 1997), while others point out that Cer’s lack of a bulky
headgroup is of prime importance (Huang et a., 1999). In
the POPC/Cer system the chain lengths of POPC and Cer
are similar, so hydrophobic mismatch is not important.
Since we observed Cer-enriched gel phase domains, this
implies that hydrophobic mismatch cannot be the sole driv-
ing force of domain formation. Cer’s headgroup is small and
also has an unusually low hydration capacity compared to
phospholipids. these factors are likely to enhance Cer's
propensity for gel phase packing.

The order parameter profiles are shown in Fig. 8 for the
liquid crystalline phase of POPC/Cer. S is defined as
Sep = Y23 c0s?0p — 1), where 6 denotes the instanta-
neous angle between the C—D bond and the direction of the
bilayer normal, and the brackets denote orientational aver-
aging on the NMR time scale (typically ~10 ws). For acyl
chains in the al-trans configuration, |S-p| = 0.5; |Sep| <
0.5 if the chain is disordered due to trans-gauche confor-
mational isomerizations. Thus, S-, provides a measurement
of the degree of orientational order along the lipid acyl
chain. In the POPC-d31/Cer and POPC/Cer-d31 dispersions
studied, the order parameter distribution aong the acyl
chain decreases gradually near the headgroup region (bilay-
er surface) and decreases relatively fast close to the methyl
terminal (bilayer interior). Thisisthetypical order profile of

Biophysical Journal 82(6) 3089-3095

Hsueh et al.

0.25F

0.20 -

> eom CO
> ol CO
>eom CO
>om CO
>om 1
>om CO
e R CO
>o RCO
> @ o0
>e BO
e K
»e BCO

IScp!

0.05 - i

0.00 =__1 | | | ] ] | ]
2 4 6 8 10 12 14 16

Carbon number

FIGURE 8 Smoothed order parameter profiles |Sop| at 57°C from A,
pure POPC-d31; @, 90:10 POPC-d31/Cer; O, 90:10 POPC/Cer-d31; M,
85:15 POPC-d31/Cer; [, 85:15 POPC/Cer-d31.

the laméllar Ic phase. Adding increasing concentrations of
Cer to the membrane causes significant and progressive
increases to the order parameters of POPC-d31 at all carbon
positions aong the palmitoyl chain, as shown in Fig. 8.
Also, Fig. 8 compares the order profiles of Cer-d3linthelc
phase with those of POPC-d31. The |S-p| of the labeled Cer,
for example, 90:10 POPC/Cer-d31, is larger than that of
labeled POPC, namely 90:10 POPC-d31/Cer, for all carbon
positions, indicating that in the Ic phase the acyl chain is
more ordered in Cer than in POPC. This might be attributed
to the small headgroup of the Cer molecule, which allows
for closer chain interactions compared to the POPC mole-
cules. Importantly, the possibility of liquid-liquid phase
separation has been disproved by the partial phase diagram.

CONCLUSIONS

Summarizing the direct evidence obtained from 2H-NMR
concerning the influence of 0—20 mol % Cer on POPC
membranes: 1) at low temperatures, POPC/Cer membranes
display gel-gel immiscibility; 2) the POPC/Cer gel phase
melts at a higher temperature than the POPC gel phase; 3)
gel/liquid-crystalline phase coexistence occurs over a wide
range of temperature and composition. This implies that
Cer-rich gel domains and Cer-poor Ic domains are present in
the membrane; 4) in the Ic phase POPC and Cer mix well,
and Cer increases the order in POPC hilayers. Order param-
eter profiles reveal that Cer chains are more ordered than
POPC chains even though both lipids are in the Ic phase.
Model membranes containing concentrations of Cer >20
mol % present great challenges experimentally due to the
appearance of a metastable solid Cer phase.



Influence of Ceramide on POPC

Whileit is, of course, risky to apply conclusions reached
from studying well-defined model membranes directly to
cell membranes, it is possible that acid sphingomyelinase
activation could produce high local concentrations of cer-
amide in membranes in vivo. If the membrane remains in
thelc state the effect of Cer would likely be to order the acyl
chains, thereby thickening the membrane and changing the
curvature energy. If the localized Cer production exceeds
the capacity of the Ic membrane to accommodate Cer, it is
probable that membrane properties would change dramati-
cally dueto the formation of gel-like or crystalline domains.

Of particular interest is the influence of cholesterol on the
physica properties of membranes containing Cer. How will
the liquid-ordered phase that is present in cholesterol-enriched
PC membranes be modified by the addition of Cer? Our
preliminary results (Y.-W. Hsueh, unpublished results) indi-
cate that low concentrations of Cer dispersed in a 60:40 POPC/
cholesterol model membrane are, except at very low temper-
atures, in an ordered Ic state, while higher concentrations of
Cer form solid domains. Certainly the hypothesisthat the effect
of Cer on membrane physical properties is intimately con-
nected with its biological actions deserves further examination.
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