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The Interfacial Elastic Packing Interactions of Galactosylceramides,
Sphingomyelins, and Phosphatidylcholines
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ABSTRACT The interfacial elastic packing interactions of different galactosylceramides (GalCers), sphingomyelins (SMs),
and phosphatidylcholines (PC) were compared by determining their elastic area compressibility moduli (C;1) as a function of
lateral packing pressure (7r) in a Langmuir-type film balance. To assess the relative contributions of the lipid headgroups as
well as those of the ceramide and diacylglycerol hydrocarbon regions, we synthesized various GalCer and SM species with
identical, homogeneous acyl residues and compared their behavior to that of PCs possessing similar hydrocarbon structures.
For PCs, this meant that the sn-1 acyl chain was long and saturated (e.g., palmitate) and the sn-2 chain composition was
varied to match that of GalCer or SM. When at equivalent 7r and in either the chain-disordered (liquid-expanded) or
chain-ordered (liquid-condensed) state, GalCer films were less elastic than either SM or PC films. When lipid headgroups
were identical (SM and PC), C; 1 values (at equivalent ir) for chain-disordered SMs, but not chain-ordered SMs, were 25-30%
higher than those of PCs. Typical values for fluid phase (liquid-expanded) GalCer at 30 mN/m and 240C were 158 (±7) mN/m,
whereas those of SM were 135 (±7) mN/m and those of PC were 123 (±2) mN/m. Pressure-induced transitions to
chain-ordered states (liquid-condensed) resulted in significant increases (two- to fourfold) in the "in-plane" compressibility for
all three lipid types. Typical C;1 values for chain-ordered GalCers at 30 mN/m and 240C were between 610 and 650 mN/m,
whereas those of SM and of PC were very similar and were between 265 and 300 mN/m. Under fluid phase conditions, the
T-C 1 behavior for each lipid type was insensitive to whether the acyl chain was saturated or monounsaturated. Measure-
ment of the C; ' values also provided an effective way to evaluate the two-dimensional phase transition region of SMs,
GalCers, and PCs. Modest heterogeneity in the acyl composition led to transitional broadening. Our findings provide useful
information regarding the in-plane elasticity of lipids that are difficult to investigate by alternative methods, i.e., micropipette
aspiration technique. The results also provide insight into the stability of sphingolipid-enriched, membrane microdomains that
are thought to play a role in the sorting and trafficking of proteins containing glycosylphosphatidylinositol anchors with cells.

INTRODUCTION

Interest in sphingolipids continues to grow because of
newly discovered roles in important cell biological pro-
cesses. Such roles include a requirement for sphingolipids in
target membranes for fusion to occur with envelope viruses
(Nieva et al., 1994), a major regulatory role in lipid signal
transduction events pertaining to cell apoptosis (Hannun,
1994), as well as proposed roles in the sorting and traffick-
ing of proteins bearing glycosylphosphatidylinositol (GPI)
anchors via the formation of sphingolipid-enriched, mem-
brane microdomains (Brown and Rose, 1992; Fiedler et al.,
1993). Hence, determining the physicochemical parameters
responsible for sphingolipids behaving differently from
other membrane lipids is likely to be valuable for under-
standing these processes at the molecular level.
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A particularly effective way to gain insight into the
elasticity of lipids in bilayer model membranes is by the
micropipette aspiration technique. This approach has pro-
vided information regarding various mechanical-elastic pa-
rameters of bilayers, including curvature or bending moduli
as well as lateral area dilation moduli, which often are
referred to as elastic moduli of area compressibility (e.g.,
Kwok and Evans, 1981; Evans and Needham, 1987, and
references therein). The micropipette aspiration technique
has provided valuable insights into the changes in the elastic
packing interactions that occur in phosphatidylcholine bi-
layers as acyl chain composition is varied or as cholesterol
is added (Needham et al., 1988; Needham and Nunn, 1990).
However, because this approach requires that the lipids
being studied form large, stable bilayer vesicles, its utility is
restricted with respect to lipid type and mixing composi-
tions. For these reasons, application to pure sphingolipids
has not been possible, although equimolar mixtures of
sphingomyelin and cholesterol have been investigated
(Needham and Nunn, 1990; McIntosh et al., 1992).
An alternative means of investigating the in-plane elastic

packing interactions of simple sphingolipids is by Langmuir
film balance techniques. An important advantage of study-
ing lipid-lipid interactions using the monolayer approach is
that the range of molecular areas known to occur in mem-
brane systems can be investigated systematically. In doing
so, subtle alterations in intermolecular behavior can be
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detected, while avoiding mesophasic structural changes that
often occur in bilayer model membrane systems as the lipid
phase state is changed. To date, investigators studying lipids
usually have focused on lipid force-area behavior but have
neglected to analyze the film balance data in terms of
interfacial compressibility. In cases where sphingolipid in-
terfacial compressibility values have been reported, they
have been limited to only a few discrete surface pressures
(Ali et al., 1991, 1993; Gronberg et al., 1991; Slotte et al.,
1993; Smaby et al., 1994; Bittman et al., 1994).

Here, we compare the in-plane elastic packing interac-
tions of different galactosylceramides (GalCers), sphingo-
myelins (SMs; ceramide-1-phosphocholine), and phosphati-
dylcholines (PCs) by determining their interfacial elastic
moduli of area compressibility as a function of lateral pack-
ing pressure. Our results provide insight into the influence
of the ceramide region of sphingolipids, the diacylglycerol
region of glycerol-based phospholipids, and the polar head-
group of these lipids on their interfacial elasticity. We also
use the interfacial elastic area compressibility moduli mea-
surements to monitor the two-dimensional phase transition
region of SMs, GalCers, and PCs. Assessment of the two-
dimensional phase transition behavior of these lipids is
important for quantitatively comparing their in-plane mix-
ing interactions with other lipids such as cholesterol (e.g.,
Ali et al., 1994a; Smaby et al., 1994). For certain SMs (e.g.,
bovine and egg SM), this is not trivial, because of their
subtle and broad phase transition behavior. Finally, this
study provides a foundation for future investigations using
interfacial elastic moduli of area compressibility measure-
ments to evaluate the elastic packing interactions within
various lipid mixtures (e.g., sterol-sphingolipid).

MATERIALS AND METHODS

With the exception of 1-palmitoyl-2-nervonoyl PC (PNPC), all phospho-
lipids including egg and bovine SM were purchased from Avanti Polar
Lipids (Alabaster, Al). Stock solutions were prepared by dissolving lipids
in either petroleum ether/ethanol (95:5), hexane/ethanol (95:5), or hexane/
isopropanol/water (70:30:2.5). The petroleum ether was purified as de-
scribed earlier (Ali et al., 1991), the ethanol was distilled from zinc and
KOH, and the hexane and isopropanol were purchased from Burdick
Jackson Laboratories (Muskegon, MI).

Synthesis of I -palmitoyl-2-nervonoyl-PC
The anhydride derivative of nervonic acid (24:lAI5(c)), prepared by the
method of Selinger and Lapidot (1966), was reacted with 1-palmitoyl-2-
hydroxy-phosphatidylcholine (lyso-PC) (Avanti Polar Lipids) in the pres-
ence of the catalyst 4-pyrrolidino pyridine (molar ratio of lyso-PC:fatty
acid anhydride:catalyst, 1:5:1) in chloroform under nitrogen at 300C for 18
h to yield l-palmitoyl-2-nervonoyl-sn-glycero-3-phosphocholine (PNPC)
(Mason et al., 1981). After removing the catalyst by acid extraction using
CHC13/CH3OH/0.1 N HCI (6:3:2.2), the lower phase was collected and
dried. The crude PC product was then purified by flash column chroma-
tography (230-400 mesh silica gel) using a step-gradient consisting of
CHCl3/CH3OH (85:15) and CHC13/CH3OH/H2O (65:35:8). The pure prod-
uct, PNPC, was recrystallized and freed of silica gel as described below for
SM. The final stock concentration of PNPC, determined by dry weight on

a Cahn microbalance (model 4700) and by phosphate analysis (Bartlett,
1959), matched to within 4%.

Synthesis of homogeneously acylated SMs

Egg sphingomyelin (Avanti Polar Lipids) was deacylated by hydrolyzing
in methanolic HCl at 65-75°C for about 36 h (Cohen et al., 1984). The
reaction product, sphingosylphosphocholine (SPC, lyso- sphingomyelin),
was purified by flash column chromatography and recrystallized. Reacy-
lation of the lyso SM was achieved by reacting with the N-hydroxy
succinimide esters of desired fatty acids (Lapidot et al., 1967) in the
presence of the catalyst N-ethyl di-isopropylamine at 600C under nitrogen
for 4 h (Schwarzmann and Sandhoff, 1987). After lyophilization, the
reaction mixture was subjected to a Folch partition. The crude SM (Folch
lower phase) was purified by flash column chromatography on 230-400-
mesh silica gel using a step-gradient solvent system consisting of CHC13/
CH30H (85:15) and CHC13/CH3OH/H20 (55:45:10). After pooling and
drying the fractions containing pure SM by rotary evaporation, silica gel,
which co-eluted with the lipid, was removed by Folch partitioning. Re-
crystallization of the lipid was achieved by dissolving in a minimum
amount of hot CHC13/CH30H (4:1), precipitating with cold acetone
(-200C), and collecting the precipitated lipid by low-speed centrifugation
at 4°C. By following this procedure, we prepared N-oleoyl sphingosylphos-
phocholine (N-18: 1A9(c)) SPC or 18:1 SM), N-stearoyl sphingosylphospho-
choline (N-18:0 SPC or 18:0 SM), N-palmitoyl sphingosylphosphocholine
(N-16:0 SPC or 16:0 SM), and N-nervonoyl sphingosylphosphocholine
(N-24:1A151c)) SPC or 24:1 SM). Final stock concentrations determined by
dry weight on a Cahn microbalance (model 4700) and by phosphate
analysis (Bartlett, 1959), matched to within 4%.

Synthesis of homogeneously acylated GalCers
Bovine brain GalCer (Avanti Polar Lipids) was deacylated by alkaline
hydrolysis to obtain galactosylsphingoid (GalSpd or psychosine; deacy-
lated GalCer with naturally occurring sphingoid base composition, usually
sphingosine, 90%, and dihydrosphingosine, 10%) (Radin, 1974). Purifica-
tion of the galactosylsphingosine (GalSph) fraction was achieved by me-
dium pressure flash column chromatography on silica gel (230-400 mesh)
using step gradients consisting of CHC13/CH30H (85:15) and CH30H/iso-
CH3CH2CH20H/2.5 M NH40H (10:65:25). The absence of the dihydro
fraction of psychosine was confirmed by thin-layer chromatography using
CHC13/CH30H/H20/NH40H (70:30:4:1) as the solvent system (Radin,
1974). The N-hydroxy succinimide ester derivatives of desired fatty acids
were prepared (Lapidot et al., 1967) and then reacted with GalSph in the
presence of the catalyst N-ethyl di-isopropylamine at 60°C under nitrogen
for 4 h (Schwarzmann and Sandhoff, 1987) to obtain homogeneously
N-acylated GalSph. The reaction product (N-acylated GalSph) was purified
by flash column chromatography on 230-400-mesh silica gel column
using solvent system CHCl3:CH3OH:H20 (90:10:0.5). The final product
was freed from traces of silica gel and recrystallized by the same procedure
as described for SM derivatives. In this way, we prepared N-oleoyl galac-
tosylsphingosine (N-18:019(c) GalSph or 18:1 GalCer), N-stearoyl galacto-
sylsphingosine (N-18:0 GalSph or 18:0 GalCer), N-palmitoyl galactosyl-
sphingosine (N-16:0 GalSph or 16:0 GalCer), and N-nervonoyl
galactosylsphingosine (N-24: 1A15(c) GalSph or 24:1 GalCer). Concentra-
tions of stock solutions (dissolved in hexane:isopropanol:water, 70:30:2.5
v/v) were determined by dry weight using a Cahn microbalance (model
4700).

Analysis of lipid purity and fatty acyl composition

Lipid purity was analyzed by thin-layer chromatography and judged to be
>99% using the solvent systems described by Ali et al. (1991) and Smaby
et al. (1994). The acyl homogeneity of the synthesized lipids was deter-
mined by capillary gas-liquid chromatography after release and esterifica-
tion of the fatty acyl moieties. Quantitative release of the amide-linked acyl
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chains was achieved by hydrolyzing 0.5 mg of each lipid in 1 ml of
acetonitrile/0.5 M HCl (9:1; v/v) as described by Aveldafno and Horrocks
(1983). The released free fatty acids were trans-esterified by reacting with
methanolic-HCl reagent (Supelco, Bellefonte, PA) at 90°C for 1 h. After
extracting the fatty acid methyl esters with hexane, analysis was achieved
by gas-liquid chromatography (Hewlett-Packard 5840A) using a 0.25-,um
capillary column (J and W Scientific, Folsom, CA) as described by Cleary
et al. (1994). The analysis showed the acyl homogeneity of our synthetic
GalCer, SM, and PC derivatives to be >99%. The acyl composition of egg
SM consisted of 86% palmitate (16:0), 0.4% myristate (14:0), 4.8% stear-
ate (18:0), 1.1% arachidate (20:0), 2.5% behenate (22:0), 1.0% lignocerate
(24:0), and 4.2% nervonate (24:1l15). The acyl composition of bovine
brain SM consisted of 63% stearate (18:0), 2.4% palmitate (16:0), 6.6%
arachidate (20:0), 9.2% behenate (22:0), 6.1% lignocerate (24:0), and 13%
nervonate (24: 1'15). These acyl compositions varied somewhat from the
values shown in Avanti's catalog.

Langmuir film balance conditions

Water for the subphase buffer was purified by reverse osmosis, mixed-bed
deionization, adsorption on activated charcoal, and filtration through a
0.22-,um Durapore membrane (Millipore Corp., Bedford, MA). The sub-
phase buffer consisted of 10mM potassium phosphate, 100mM NaCl, and
0.2% sodium azide at a pH of 6.6. The buffer was filtered through a Diaflo
hollow-fiber filter with a 10 kDa cutoff (Amicon Corp., Danvers, MA) and
stored under argon until use.

Surface pressure-molecular area-surface potential (7r-A-AV) isotherms
were measured using a computer-controlled Langmuir-type film balance as
described previously (All et al., 1991, 1993). Data shown in the figures
represent averages of three to six isotherms. The pure lipids and lipid
mixtures were spread in 51.67-j,l aliquots. Films were compressed at a rate
ofc4 A2/molecule/min after an initial delay period of 4 min. The subphase
was maintained at 24 ± 1C.

Monolayer isothermal compressibility at a given surface pressure (-ir)
was calculated from fr-A data using

k1 = (-l/A,)(dA/drr)1,

where A, is the area per molecule at the indicated surface pressure and Xi-
is the corresponding surface pressure. For convenience, we analyzed our
data in terms of the reciprocal of isothermal compressibility, i.e., elastic
moduli of area compressibility (C- 1), because this facilitated comparisons
with measurements made in bilayer systems (e.g., Evans and Needham,
1987; Needham and Nunn, 1990; McIntosh et al., 1992) and discussed
later. We used a 100-point sliding window that utilized every fourth point
to calculate a C5-1 value before advancing the window one point. Each
71-C-' curve consisted of 200 Cs-1 values obtained at equally spaced
molecular areas covering the surface pressure range of 1 to 40 mN/m. We
plotted the Cs- 1 values on a log scale because two-dimensional lipid phase
transitions could be viewed more clearly than when plotted on a linear
scale.

RESULTS

The hydrocarbon structural motif in which sphingoid-based
and glycerol-based lipids are most similar occurs when at
least one acyl chain of the glycerol-based lipid is long and
saturated (e.g., palmitate or myristate) (Smaby et al., 1994).
This condition arises because the first three carbons in the
18-carbon sphingosine base of simple sphingolipids are
configurationally equivalent to the glycerol backbone of
glycerol-based phospholipids (for a review, see Hauser and
Poupart, 1992). As a result, the entire sphingosine base
chain in sphingolipids and the combined glycerol backbone
and sn-I chain of phospholipids are oriented similarly with

respect to the lamellar interface and define the long axis of
the respective molecules. Moreover, the sole acyl chain of a
sphingolipid and the sn-2 chain of a phospholipid are con-
figurationally similar and, for the most part, are oriented
parallel to the molecular long axis because of a sharp bend
that occurs at carbon 2 in these acyl chains (see Hamilton et
al., 1993, and references therein). Accordingly, we com-
pared the behavior of different N-acyl galactosyl sphin-
gosines (GalCers), N-acyl sphingosylphosphocholines
(SMs), and 1-palmitoyl-2-acyl phosphatidylcholines (PCs)
in which the "acyl" groups were matched. By doing so, we
were able to evaluate the degree to which headgroup effects
(GalCer versus SM) and hydrocarbon effects (SM versus
PC) modulate the in-plane, elastic packing interactions of
these lipids.
To begin, we compared N-oleoyl galactosyl sphingosine

(18: 1A9 GalCer), N-oleoyl sphingosylphosphocholine (18:
1A9 SM), and 1-palmitoyl-2-oleoyl phosphatidylcholine not
only because of their hydrocarbon configurational similar-
ities but also because of their known liquid-expanded (i.e.,
chain-disordered) behavior at all surface pressures below
film collapse (Smaby et al., 1983, and references therein;
Lund-Katz et al., 1988; Ali et al., 1991, 1994b; Smaby et al.,
1994). This permitted evaluation of the elastic moduli of
area compressibility (Cr 1) as a function of surface pressure
(w) at various liquid-expanded surface pressures, including
those reported to approximate the pressures found in bio-
logical membranes (30-35 mN/m) (Demel et al., 1975;
Evans and Waugh, 1977; Blume, 1979; Cevc and Marsh,
1987). Moreover, the C5 1 values could be determined un-
der conditions free of the influence of two-dimensional
phase transitions to more ordered states.

Fig. 1 shows plots of wr versus C'1 as well as traditional
ir-A isotherms. Because dioleoyl PC (di-18:1i9 PC) had
often been used in earlier film balance investigations as a
representative liquid-expanded PC (Demel et al., 1967;
Lund-Katz et al., 1988), we included this lipid as a control.
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FIGURE 1 (A) Surface pressure versus molecular area isotherms and (B)
surface pressure versus elastic moduli of area compressibility plots. Data
were collected and calculated as described in Materials and Methods for
18:l'9 GalCer ( ); 18:1L9 SM (- - -); 16:0, 18:lA9 PC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) (... ); and di-18:1S9 PC (dioleoyl-
sn-glycero-3-phosphocholine) (- - -).
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As shown in Fig. 1 A, although all of the lipids did display
liquid-expanded u-A isotherms, the observed molecular
packing density at equivalent surface pressures was 18:1'9
GalCer > 18:1'A9 SM > 16:0, 18:lA9 PC > di-18:1A9 PC.
Interestingly, the T-CsJ- behavior (at equivalent surface
pressures) showed just the opposite pattern in interfacial
elasticity (18: 1A9 GalCer < 18: 1l9 SM < 16:0, 18:l19 PC
= di-18: 1A9 PC), with the exception of the two PCs that
displayed virtually superimposible behavior (Fig. 1 B).
Hence, at 5 mN/m, C-1 values were 53 (± 1), 46 (± 1), and
40 (±1) mN/m for 18:1A9 GalCer, 18:1A9 SM, and 16:0,
18:19 PC (or di-18: 1i9 PC), respectively. However, upon
reaching the physiologically relevant surface pressure of 30
mN/m, C-1 values roughly tripled to 158 (±9), 132 (±3),
and 124 (±1) mN/m for 18:l19 GalCer, 18:1A9 SM, and
16:0, 18:l1'9 PC (or di-18:1A9 PC), respectively.
To determine the extent to which the interfacial elasticity

of GalCer, SM, and PC was affected by cis monounsatura-
tion of the acyl chains, we synthesized GalCer and SM that
had stearoyl instead of oleoyl acyl chains (see Materials and
Methods). Fig. 2 shows both the 'n-A and IT-Cs-l behavior
of these two sphingolipids as well as that of 1-palmitoyl-2-
stearoyl PC (16:0, 18:0 PC) and distearoyl PC (di-18:0 PC).
The 7r-A behavior of 18:0 GalCer was characteristic of a
highly chain-ordered, condensed lipid film (Ali et al., 1993,
1994b). Indeed, the C'1 value at a surface pressure of 5
mN/m was 225 (± 10) mN/m and was 648 (±8) mN/m at 30
mN/m (Fig. 2 B and Table 1). Replacing the galactose
headgroup in 18:0 GalCer with phosphocholine to produce
18:0 SM had a "liquefying" effect on the interfacial behav-
ior in that liquid-expanded behavior was evident at surface
pressures below 7 mN/m (Fig. 2 A). Interestingly, the
IT-C 1 behavior in the liquid-expanded region (1 < wi < 7
mN/m) ranged from 30 to 45 mN/m and was almost iden-
tical to values measured for 18:0i9 SM.
Above 7 mN/m, the IT-A behavior showed a sharp inflec-

tion indicative of the onset of a two-dimensional phase
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transition to a more chain-ordered, condensed state. Not
surprisingly, a sharp drop in C 1 values occurred at surface
pressures between 7 and 10 mN/m before reversing sign and
increasing to values more characteristic of a condensed
phase at higher surface pressures. The dramatic drop in C 1
values reflects discontinuities in lateral packing at phase
boundaries and accompanying lateral density fluctuations
that are known to occur when liquid-expanded and liquid-
condensed phases coexist (e.g., Phillips et al., 1975; Nagle
and Scott, 1978; Mouritsen et al., 1989). For this reason,
plots of IT-C 1 proved to be an informative way to recog-
nize the surface pressure range over which fluid (LE) and
condensed (LC) phases coexist.

Interestingly, 18:0 SM achieved Cf' values in the range
of 270 to 287 mN/m at surface pressures between 30 and 35
mN/m. These values were considerably lower than those
observed at similar surface pressures with 18:0 GalCer, but
were quite similar to those observed with I-palmitoyl-2-
stearoyl PC (16:0, 18:0 PC). The IT-A and IT-C)1 behavior
of 16:0, 18:0 PC suggested that its LE-LC transition was
just finishing between 1 and 6 mN/m before entering a
condensed state, a phase quite similar to that of 18:0 SM in
terms of in-plane elasticity (e.g., compare IT-C)1 behavior
above 20 mN/m in Fig. 2 B). We also determined the IT-C5 1
behavior of di-18:0 PC, which showed classic liquid-con-
densed IT-A behavior (Fig. 2 A) and no evidence of a LE-LC
phase transition between 1 and 40 mN/m (Phillips and
Chapman, 1968; Demel et al., 1972). At -r> 25 mN/m, the
C)1 values were very similar to those observed for 16:0,
18:0 PC, or 18:0 SM.
To determine whether the behavior of the stearoyl deriv-

atives of GalCer, SM, and PC was representative of how
acyl chain saturation affects in-plane elasticity, we investi-
gated the behavior of these same lipids after acylation with
palmitate. Fig. 3 shows plots of the w-C)l behavior as well
as Ir-A isotherms. Like 18:0 GalCer, the IT-A behavior of
16:0 GalCer showed no evidence of a two-dimensional
phase transition and was characteristic of an ordered, con-
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FIGURE 2 (A) Surface pressure versus molecular area isotherms and (B)
surface pressure versus elastic moduli of area compressibility plots. Data
were collected and calculated as described in Materials and Methods for
18:0 GalCer ( ); 18:0 SM (- - -);16:0, 18:0 PC (l-palmitoyl-2-
stearoyl-sn-glycero-3-phosphocholine) ( . .); di-18:0 PC (distearoyl-sn-
glycero-3-phosphocholine) (- * - - * * -); and bovine brain SM (- - * -).
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FIGURE 3 (A) Surface pressure versus molecular area isotherms and (B)
surface pressure versus elastic moduli of area compressibility plots. Data
were collected and calculated as described in Materials and Methods for
16:0 GalCer ( ); 16:0 SM (--- -); di-16:0 PC (DPPC) (... ); and egg
SM (- - -).
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densed lipid film at high as well as low surface pressures
(Ali et al., 1993, 1994b). Indeed, the C71 value at a surface
pressure of 5 mN/m was 279 (± 23) mN/m and exceeded
610 mN/m above surface pressures of 30 mN/m (Fig. 3 B
and Table 1). Replacing the galactose headgroup in 16:0
GalCer with phosphocholine to produce 16:0 SM also had a
"liquefying" effect on the interfacial behavior. This is clear
from the LE-LC phase transition that occurred in 16:0 SM
near 58 A2/molecule at 20 mN/m.
With respect to di-16:0 PC, our T-A isotherms were

consistent with previous reports in that a distinct phase
transition from a liquid-expanded to liquid-condensed (LE-
LC) state was observed at 8.5 mN/m for dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (e.g., Phillips and Chap-
man, 1968; Muller-Landau and Cadenhead, 1979; Lund-
Katz et al., 1988; Smaby et al., 1994). As is shown in Fig.
3 B, C)1 values for di-16:0 PC and 16:0 SM were low at
liquid-expanded surface pressures and reflected the in-
creased elasticity expected when the hydrocarbon chain
packing is disordered, i.e., liquid expanded. Even so, sudden
and dramatic decreases in C)1 values occurred in both
di-16:0 PC and 16:0 SM films at the onset of the two-
dimensional phase transition. With increasing iT, C)1 val-
ues eventually reversed sign and increased to values more
characteristic of the condensed phase. However, as with the
stearoyl derivatives, the in-plane elasticity of condensed
phase 16:0 SM or di-16:0 PC was greater than that of 16:0
GalCer.

Because palmitate accounts for 86% of the acyl residues
in egg SM, its physicochemical properties have often been
compared with those of di-16:0 PC (e.g., Lund-Katz et al.,
1988; Smaby et al., 1994). In fact, the w-A isotherms of egg
SM and N-palmitoyl SM reportedly are quite similar (Lund-
Katz et al., 1988). Hence, we decided to determine whether
W-C)l plots would reveal differences between 16:0 SM and
egg SM because 4% of egg SM's acyl chains are nervonoyl
residues (see Materials and Methods). Fig. 3 shows both the
'n-A and uT-C)1 behavior for 16:0 SM and egg SM. As
reported previously (Smaby et al., 1994), egg SM displays
a LE-LC transition with an onset pressure of 18 mN/m.
However, in comparing the u-A behavior of egg SM and
16:0 SM (Fig. 3 A), we found that the two-dimensional
phase transition of 16:0 SM was "sharper" than that of egg
SM. Interestingly, plots of the w--C 1 behavior of these two
lipids accentuated this somewhat subtle difference and pro-
vided insight into its occurrence. Fig. 3 B shows that the
LE-LC phase transition region of egg SM is broader than
that of 16:0 SM. Egg SM had a LE-LC transition that
spanned about 17 mN/m, with onset occurring near 17
mN/m, attaining minimum C)1 near 24 mN/m, and ending
near 34 mN/m. In contrast, 16:0 SM's LE-LC transition
spanned about 11 mN/m, with onset occurring near 17
mN/m, attaining minimum C)1 near 22 mN/m, and ending
near 28 mN/m (Fig. 3 B). To determine whether this was a
general phenomenon that extended to other SMs as well, we
compared the behavior of 18:0 SM and bovine brain SM,

(see Materials and Methods). Although significant differ-
ences in the 7r-A behavior of 18:0 SM and bovine brain SM
had been reported by Yedgar et al. (1982), we found their
bovine brain SM data to be unrealistic with respect to the
known behavior of other SMs (Lund-Katz et al., 1988;
Gronberg et al., 1991; Smaby et al., 1994). Our ir-A data for
bovine brain SM and 18:0 SM are shown in Fig. 2 A.
The Tr-C)1 behavior again proved useful for evaluating

two-dimensional phase behavior of bovine brain SM and
18:0 SM (Fig. 2 B). The 7r-C)1 plot for bovine brain SM
revealed its LE-LC transition to be quite broad, with onset
occurring near 12 mN/m, attaining minimum C)1 near 16
mN/m, and ending near 34 mN/m. In contrast, 18:0 SM's
LE-LC transition was "sharper" and much narrower (in a
pressure sense) in that it spanned about 10.5 mN/m, with
onset occurring near 6.5 mN/m, attaining minimum C)1
near 10 mN/m, and ending near 17 mN/m (Fig. 2 B). Hence,
it was clear that acyl chain inhomogeneity in the SMs had
dramatic effects on film elasticity (e.g., compare C) l values
at 30 mN/m in Table 1).
To gain further insight into the effect on nervonoyl acyl

residues on interfacial hydrocarbon ordering and elasticity,
we investigated the 7r-C)1 behavior of N-nervonoyl galac-
tosylsphingosine (24: 1A15 GalCer), N-nervonoyl sphingo-
sylphosphocholine (24:1A15 SM), I-palmitoyl-2-nervonoyl
PC (16:0, 24:l'A15 PC), and dinervonoyl PC (di-24:1'lA5 PC).
The nervonoyl species of GalCer and SM were of particular
interest because, as pointed out above, they are the predom-
inant unsaturated species found in bovine brain GalCer as
well as in bovine and egg SM. Furthermore, in certain
mammalian cell membranes, the nervonoyl species can ac-
count for up to 55% of the total SM present (Barenholz and
Thompson, 1980). Although this laboratory and another had
previously reported the 'r-A behavior of 24:1A15 GalCer
(Ali et al., 1993, 1994b; Johnston and Chapman, 1988) and
dinervonoyl-sn-glycero-3-phosphocholine (Smaby et al.,
1994), no such data were available for either 24:1A15 SM or

16:0, 24:lA15 PC. Fig. 4 shows both the ir-A as well as

Tr-Cs1 behavior for all four lipids. Unlike their "oleoyl"
counterparts, the "nervonoyl" species all showed evidence
of two-dimensional phase transitions. However, compared
to 24: IAl5 GalCer's broad, metastable LE-LC transition that
began near 65 A2/molecule at 10 mN/m, 24:1iAl5 SM's
transition was much less distinct, with onset occurring near
60 A2/molecule at 32 mN/m. Hence, changing the head-
group from galactose to phosphocholine "liquefied" sphin-
golipid behavior in an isothermal sense. In contrast, keeping
the phosphocholine headgroup fixed while altering the hy-
drocarbon structure to I-palmitoyl-2-nervonoyl glycerol re-

sulted in distinct but relatively modest changes in two-
dimensional behavior relative to 24: 1A15 SM's behavior.
The LE-to-LC transition of 16:0, 24:1A15 PC also began
near 60 A2/molecule but at a slightly lower surface pressure
(28 mN/m). For comparison, we also included the u-A
isotherm of dinervonoyl PC (di-24: 1A15 PC), which we

which contains 63% stearate and 13% nervonate residues
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TABLE I Lipid interfacial elastic moduli of area compressibility

HI = 5 mN/m II = 30 mN/m

Phase Molecular Cs1 Phase Molecular Cs 1
Lipid state* area (A2) (mN/M) state* area (A2) (mN/m)

16:0 SM L 71.0 ± 1.2 47.5 ± 0.5 M 47.2 ± 0.7 196.0 ± 6.1
18:0 SM L 68.3 ± 0.4 43.3 ± 0.9 C 45.3 ± 0.3 268.9 ± 4.3
18:1 SM L 79.0 ± 0.7 47.2 ± 2.0 L 58.7 ± 1.0 134.5 ± 7.3
24:1 SM L 81.1 ± 0.7 50.5 ± 1.1 M 59.7 ± 0.9 104.9 ± 5.5
ESM L 71.1 ± 0.4 47.8 ± 0.4 M 48.3 ± 0.1 98.3 ± 5.0
BSM L 75.0 ± 0.5 48.8 ± 0.7 M 50.0 ± 0.4 100.1 ± 1.2

16:0 GalCer C 42.5 ± 1.0 279.4 ± 23 C 40.3 ± 1.0 611.1 ± 17
18:0 GalCer C 42.7 + 0.4 225.1 + 9.6 C 40.2 ± 0.3 647.7 ± 8.3
18:1 GalCer L 71.9 ± 1.3 53.7 ± 1.1 L 55.8 ± 0.6 158.7 ± 6.6
24:1 GalCer L 72.4 ± 1.4 47.7 ± 3.0 C 38.0 ± 0.7 341.7 ± 53

16:0, 16:0 PC L 78.1 ± 1.2 32.3 ± 0.4 C 46.2 ± 0.7 264.5 ± 3.5
16:0, 18:0 PC M 53.5 ± 1.1 59.7 ± 10 C 46.3 ± 0.9 278.8 ± 6.8
18:0, 18:0 PC C 53.8 ± 0.4 184.8 ± 13 C 48.6 ± 0.3 299.3 ± 10
16:0, 18:1 PC L 88.3 ± 0.6 39.6 ± 0.7 L 62.2 ± 0.8 122.9 ± 1.9
16:0, 24:1 PC L 90.0 ± 0.5 39.2 ± 0.9 M 61.0 ± 0.3 48.7 ± 15
18:1, 18:1 PC L 92.7 ± 1.1 40.5 ± 1.1 L 65.6 ± 1.1 116.6 ± 3.8
24:1, 24:1 PC L 84.5 ± 0.6 33.4 ± 0.7 C 48.6 ± 0.4 231.0 ± 5.0

*Phase state denoted by L is liquid expanded (chain disordered); C is condensed (chain ordered); M is mixed phase state consisting of both liquid and
condensed phases. All measurements were carried out at 24°C.

The r-Cs 1 behavior of 24:1A15 GalCer, 24:1A,15 SM,
16:0, 24:1A15 PC, and di-24:1Al5 PC showed behavior con-
sistent with the occurrence of LE-LC phase transitions for
each lipid. As can be seen in Fig. 4 B, sharp drops in C-s
values occurred at surface pressures and molecular areas
where the 7r-A behavior showed inflections indicative of the
onset of a two-dimensional phase transition. With increas-
ing ir (Fig. 4 B), CS1 values eventually reversed sign and
increased to values more characteristic of the condensed
phase. This can be seen clearly for 16:0, 24: lA5 PC. In the
cases of 24:1A615 GalCer and di-24:1Al5 PC (to a slight
extent), the "surface pressure overshoot" observed in the
LE-LC transition region (see w-A plots; Fig. 4 A) is clearly
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FIGURE 4 (A) Surface pressure versus molecular area isotherms and (B)
surface pressure versus elastic moduli of area compressibility plots. Data
were collected and calculated as described in Materials and Methods for
24: lA5 GalCer ( ); 24:1'5 SM (--- ); 16:0, 24:1A15 PC (PNPC)
(. ); and di-24:1Al5 PC (dinervonoyl-sn-glycero-3-phosphocholine)

evident in the i-Cs 1 behavior (Fig. 4 B) and confirms the
metastable behavior that we previously observed (Ali et al.,
1993; Smaby et al., 1994). In the case of 24: lA5 SM (Fig.
4 B), there is evidence from the drop in C l1 values that the
LE-LC transition begins near 30 mN/m but is not complete
by 40 mN/m. Hence, the occurrence of a two-dimensional
phase transition in the 24: 1A15, but not the 18:19 deriva-
tives, indicates that lengthening the monounsaturated acyl
chain does have an ordering effect on all three lipid types,
most likely because of increased van der Waals attractive
forces.

DISCUSSION

It is clear that measurements of the interfacial elastic area
compressibility moduli (C 1) provide valuable insights into
the in-plane elastic packing interactions of sphingolipids
that are difficult, if not impossible, to obtain by alternative
methods. In one such method, the micropipette aspiration
technique (which was briefly described in the Introduction),
measurements of the membrane area dilation in response to
incremental changes in surface tension permit analysis of
bulk compressibility moduli for lipid bilayers (e.g., Evans
and Needham, 1987). However, because this approach is
only amenable to lipids (or lipid mixtures) that form stable,
single-walled, bilayer vesicles, it cannot be used to study
many lipids, including certain sphingolipids. For instance,
Needham and Nunn (1990) and McIntosh et al. (1992) were
able to measure the bulk compressibility moduli of bovine
brain SM and 24:0 SM only if these lipids were mixed with
an optimal amount of cholesterol. Hence, to date, no com-
prehensive measurements of this type have been reported
for pure SMs or GalCers.
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An alternative method that provides limited insight into
the elasticity of bilayers involves the reversible extraction of
water from multilamellar lipid/water phases by osmotic
stress (Parsegian et al., 1979). Although this method is well
known for providing information about the hydration forces
that occur at the bilayer surface, what is less appreciated is
the fact that the same osmotic stress that pushes multila-
mellar bilayers together also acts to deform them laterally,
resulting in a decrease in molecular cross-sectional area,
which causes the bilayers to thicken. Although this method
has been used in the past to evaluate the lateral compres-
sibility of different lipids dispersed as multilamellar suspen-
sions (Lis et al., 1982), it is now generally acknowledged to
be fairly insensitive for the reasons detailed by Rand et al.
(1988) and by Rand and Parsegian (1992).

This is not to imply that the monolayer approach is
without limitations. For instance, we find that accurate
experimental measurement of C, 1 is possible up to surface
pressures of approximately 35 mN/m, depending somewhat
on the lipid under study. C-1 values at higher pressures
cannot be obtained directly from the data and must be
extrapolated by fitting the force-area isotherms to a mono-
layer equation of state (Smaby and Brockman, 1991; Feng
et al., 1994). This inherent limitation appears to be related to
intrinsic experimental factors such as trough composition
and design.

Aside from these experimental limitations, another unre-
solved issue relates to the proper way to quantitatively
compare monolayer and bilayer data. This issue has re-
mained a subject of controversy for over 20 years. Many but
not all investigators have concluded that monolayer surface
pressures in the 30-35 mN/m range produce conditions
similar to those found in each half of the bilayer (e.g.,
Demel et al., 1975; Evans and Waugh, 1977; Blume, 1979;
Cevc and Marsh, 1987). Hence, we believe that the lipid
C-1 values determined at 30 mN/m should provide a rea-
sonable approximation of how lipid structural manipula-
tions affects their elastic packing interactions in bilayers
(Table 1). Unfortunately, none of the lipids investigated
here have been studied by micropipette aspiration tech-
niques. The only similar case for which we can compare
monolayer data with micropipette aspiration bilayer data
involves 16:0, 18:lA9 PC and 18:0, 18:lA9 PC data. Our
monolayer C-1 value of 16:0, 18:lA9 PC at 30 mN/m
(240C) is 123 (+2) mN/m, whereas the unstressed bilayer
value for 18:0, 18:1A9 PC at 15°C is 200 (±13) mN/m
(Evans and Needham, 1987). However, it should be pointed
out that the elastic moduli obtained for bilayers by micropi-
pette aspiration actually include not only an area dilation
parameter but also an elastic bending or curvature parame-
ter. This latter parameter dominates when low tensions (2-3
X 10-3 mN/m) are applied, whereas the area dilation pa-
rameter dominates when applied tensions are increased by
another 2 to 3 orders of magnitude. The net effect is that the
"high tension" bilayer measurements contain not only the
area dilation modulus but also a small contribution from the

This latter contribution does not enter into the monolayer
data. In any case, it is clear that more work will be needed
to assess exactly how useful monolayer compressibility data
will be for defining the equilibrium parameters that relate
fluid monolayers and bilayers.

What the interfacial elastic moduli of area
compressibility measurements reveal about the
in-plane interactions of GalCers, SMs, and PCs
Based on our results, we can make the following generali-
zations about the relative behavior of GalCer, SM, and PC.
When at equivalent 7r in either the chain-disordered (liquid-
expanded) or chain-ordered (liquid-condensed) states, Gal-
Cer films are less elastic than either SM or PC films. This
conclusion is based on the data presented here as well as
previous data reported for GalCer derivatives (Ali et al.,
1993). The higher packing density of GalCer compared to
SM is especially interesting because the ceramide structures
of the derivatives have been "matched" in the present study.
Hence, it is clear that the galactose headgroup diminishes
the elasticity among GalCer molecules more so than the
phosphocholine headgroup does among SM molecules. In-
deed, differing hydrated bulk volume and average orienta-
tion of these two headgroups are likely contributors to these
differences in molecular packing elasticity (e.g., Ali et al.,
1993, and Discussion therein). The smaller, less hydrated
headgroup of GalCer would permit closer intermolecular
approach than is possible with the larger, more hydrated
phosphorylcholine headgroup and, in doing so, might en-
hance the potential for intermolecular hydrogen bonding,
especially in the chain-ordered, condensed state (Bunow
and Levin, 1980; Pink et al., 1988).

Interestingly, when the headgroups are identical (SM and
PC), the C 1 values (at equivalent surface pressures) for
chain-disordered SMs, but not chain-ordered SMs, are 25-
30% higher than those for PCs. This generalization is based
on comparison of SMs and PCs that were "matched" with
respect to hydrocarbon structural configuration such as

16:0, 18:1A9 PC and 18:1A9 SM, 16:0, 24: l15 PC and
24: ll5 SM, as well as di-16:0 PC and 16:0 SM (see Smaby
et al., 1994; Hamilton et al., 1993, and references within).
The higher C l1 values of the SMs compared to the PCs (at
equivalent 7r in the liquid-expanded range) are likely to be
a reflection of the specific chemical groups characteristic of
the ceramide and diacylglycerol regions, respectively. In
particular, the presence of amide linkages and hydroxyl
groups in simple sphingolipids provides the capacity to be
both hydrogen bond donors and acceptors, whereas the
presence of ester linkages in glycerolipids provides only
hydrogen bond accepting capability (for reviews, see Baren-
holz and Thompson, 1980; Thompson and Tillack, 1985).
The structural ramifications for sphingomyelin may be re-
striction of the average orientation of the phosphorylcholine
headgroup (and thereby affect the packing elasticity). Other

bending or curvature modulus (Evans and Rawicz, 1990).
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lar hydrogen bonds (Barenholz and Thompson, 1980) and
detected measurable effects on headgroup conformation by
NMR (Bruzik, 1988).

Another intriguing aspect of liquid-expanded SMs is that
their w-C-1 behavior is insensitive to whether the acyl
chain is saturated or monounsaturated, as is indicated by
their superimposible IT-C'1 plots. This was also found to be
the case for liquid-expanded GalCers when we compared
the w-Cr1 plots of 18:1i9 GalCer with data calculated for
earlier 10:0 GalCer results (Ali et al., 1993). This feature
was not limited to sphingolipids. The liquid-expanded por-

tions of DPPC isotherms also displayed superimposible
rC1 l plots with 16:0, 18:1A9 PC. However, even more

surprisingly, we found that the w-CE1 behavior of 16:0,
18: 1'9 PC was very similar to that of di-18: 1A9 PC. Hence,
in terms of altering in-plane elastic packing interactions,
introduction of a cis double bond into the middle of the sn- 1
chain had no measurable effect on a PC that was already
disordered (i.e., liquid-expanded) by virtue of cis unsatura-
tion in the sn-2 chain (e.g. 16:0, 18:l19 PC). The fact that
di-18:1A9 PC and 16:0, 18:l19 PC display very similar
w-C)1 behavior is consistent with recent NMR results
(Holte et al., 1995, and references therein). In these studies,
Gawrisch and co-workers found that, at a given absolute
temperature, the introduction of cis unsaturation into the
sn-2 chains leads the adjacent sn-I chains to become more

disordered, despite the fact that highly unsaturated chains
themselves are thought to be quite ordered structures
(Applegate and Glomset, 1991). Hence, the gain in order
brought about by increasing the cis double bond content of
the sn-2 chain is somewhat but not entirely compensated by
the decrease in order that occurs in the saturated sn-I chain.

Interestingly, at equivalent surface pressures, chain-or-
dered SMs have C) 1 values very similar to those of PCs if
they are "matched" with respect to hydrocarbon structure
(e.g., 16:0 SM and di-16:0 PC; 18:0 SM and 16:0, 18:0 PC).
The absolute values of C) 1 for chain-ordered lipids must be
viewed with reservation because of the kinetic parameters
associated with the formation of "true equilibrium" chain-
ordered states (Phillips and Hauser, 1974). Nonetheless,
because all of the lipids investigated in this study were

treated in the same manner, it is reasonable to assume that
the relative changes do provide useful insights.
The change in elasticity brought about by a two-dimen-

sional phase transition produces C) l values that are two- to
fourfold higher in the chain-ordered (condensed) state than
in the chain-disordered (liquid-expanded) state. Interest-
ingly, a similar change in elastic compliance is predicted by
certain statistical mechanical models based on mean-field,
Ising-model, and Landau theory as the bilayer state goes

from liquid to solid phase (Marcelja, 1974; Jahnig, 1981;
also reviews by Caille et al., 1980; Nagle, 1980), as well as

by Monte Carlo simulations involving the 10-state Pink
model (Zuckermann et al., 1993) .

It is clear that even modest heterogeneity in the acyl
composition leads to two-dimensional transitional broaden-

Csl values were observed at 30 mN/m for 18:0 SM and
16:0 SM, which are the major species of bovine brain and
egg SM, respectively. We believe that 24:1 SM, which
accounts for 13% of the bovine SM and for 4% of the egg
SM, is the primary reason for the broader transitional be-
havior of bovine and egg SM. Aside from being a "contam-
inant," 24:1 SM shows a two-dimensional phase transition
with an onset near 30 mN/m and 60 A2/molecule (Fig. 5 B).
Hence, broadening of the transition regions of bovine and
egg SM to higher surface pressures is not surprising. Indeed,
our calorimetric scans of egg SM reveal its thermotropic
melting behavior to be relatively broad, with onset and
completion temperatures spanning over 15°C (unpublished
observation). Other researchers also have noted broad ther-
motropic transitional behavior in bovine brain SM (e.g.,
Dobereiner et al., 1993).

Recognizing when fluid LE phase coexists with chain-
ordered LC phase can be challenging because of the some-
times subtle and broad phase transition behavior of certain
SMs. Whereas transition onset is generally (but not always)
evident from 7r-A isotherms (see 24:1 SM), determining the
transition completion pressure usually is more difficult.
Examining the lipid wr-C 1 behavior provides an effective
way to approximate the transition onset and completion
pressures. Knowing the transition behavior of SMs (and
other lipids) is useful for accurately defining their mixing
interactions with other lipids such as cholesterol (Ali et al.,
1994a; Smaby et al., 1994). Failure to recognize these
"transition effects" occasionally has led to misinterpretation
of cholesterol's area condensation of SMs compared with
PCs in earlier studies (see Smaby et al., 1994, Discussion).

Implications

The normal physiological mode by which mammalian cells
adjust the physical properties of their membranes in re-
sponse to external stimuli is by changing lipid composition.
The two most common ways by which cells alter their lipid
composition are by modifying lipid molecular structure or
by adjusting cholesterol content. In this study, we have
shown how structural modifications of sphingolipids affect
their in-plane elastic packing interactions. It is interesting to
note that the structural motifs typical for naturally occurring
GalCers and SMs involve high levels of saturated acyl
chains, whereas the typical structure for PC is one in which
the sn-I chain is saturated but the sn-2 chain is unsaturated.
As a consequence, naturally occurring GalCers and SMs
often are in more rigid, less elastic, chain-ordered states at
physiological temperature compared to naturally occurring
PCs, which generally are in less rigid, more elastic, chain-
disordered states. These fundamental differences in hydro-
carbon structure are likely to have important consequences
with respect to the lateral organization of these lipids in
biological membranes. Indeed, in recent cell biological
studies, sphingolipid-enriched microdomains have been
proposed to play roles in the concentrating and sorting of
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proteins bearing GPI anchors (Brown and Rose, 1992).
These sphingolipid-enriched domains along with GPI-an-
chored proteins and certain kinases of the Src family colo-
calize in a low-density, insoluble fraction upon detergent
treatment of cell membranes (e.g., Brown, 1993). The
sphingolipid microdomains have been shown to be enriched
in sphingomyelin, glycosylceramides, and cholesterol
(Brown and Rose, 1992). Based on our results, it appears
quite plausible that the resistance to detergent solubilization
exhibited by sphingolipid-enriched microdomains is largely
a reflection of their rigid, relatively inelastic packing state
compared to "typical" PC species, i.e., sn-l chain saturated
and sn-2 chain unsaturated. In future reports, we will de-
scribe the effect of changing cholesterol content on the
elastic properties of the sphingolipids studied here.
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