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Macro-Ripple Phase Formation in Bilayers Composed of
Galactosylceramide and Phosphatidyicholine

Rhoderick E. Brown, Wayne H. Anderson, and Vitthal S. Kulkarni
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912-3698 USA

ABSTRACT As determined by freeze fracture electron microscopy, increasing levels of bovine brain galactosylceramide
(GalCer) altered the surface structure of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayers by inducing a striking “macro-
ripple” phase in the larger, multilamellar lipid vesicles at GalCer mole fractions between 0.4 and 0.8. The term “macro-ripple”
phase was used to distinguish it from the P, ripple phase observed in saturated, symmetric-chain length phosphatidylcholines.
Whereas the P, ripple phase displays two types of corrugations, one with a wavelength of 12-15 nm and the other with a
wavelength of 25-35 nm, the macro-ripple phase occurring in GalCer/POPC dispersions was of one type with a wavelength
of 100-110 nm. Also, in contrast to the extended linear arrays of adjacent ripples observed in the P, ripple phase, the macro-
ripple phase of GalCer/POPC dispersions was interrupted frequently by packing defects resulting from double dislocations and
various disclinations and, thus, appeared to be continuously twisting and turning. Control experiments verified that the macro-
ripple phase was not an artifact of incomplete lipid mixing or demixing during preparation. Three different methods of lipid mixing
were compared: a spray method of rapid solvent evaporation, a sublimation method of solvent removal, and solvent removal
using a rotary evaporation apparatus. Control experiments also revealed that the macro-ripple phase was observed regardless
of whether lipid specimens were prepared by either ultra-rapid or manual plunge freezing methods as well as either in the
presence or absence of the cryo-protectant glycerol. The macro-ripple phase was always observed in mixtures that were fully
annealed by incubation above the main thermal transition of both POPC and bovine brain GalCer before rapid freezing. If the
GalCer mixed with POPC contained only nonhydroxy acyl chains or only 2-hydroxy acyl chains, then the occurrence of macro-

ripple phase decreased dramatically.

INTRODUCTION

Recent developments using lipid self-assemblies as tem-
plates to produce rugged, stable nano- and microstructures by
metallization techniques have stimulated interest in lipid
morphology (Schnur, 1993). As a result, much attention has
been focused on the hollow bilayer tubules formed by di-
acetylenic phospholipids and on the cochleate bilayer cyl-
inders formed by certain monoglycosylated sphingolipids.
To gain insight into the hydration parameters affecting gly-
colipid microstructural morphology, the morphology of pure
bovine brain galactosylceramide (GalCer) and its subfrac-
tions containing either 2-hydroxylated (HFA-GalCer) or
nonhydroxylated acyl chains (NFA-GalCer) (see Fig. 1) has
been investigated in aqueous and different nonaqueous sol-
vents (Archibald and Yager, 1992; Schoen et al., 1993).
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Aside from their potential applications within the molecular
engineering field, monoglycosylated sphingolipids like
GalCer are of biomedical importance because of the essential
structural roles they play in specialized biological mem-
branes like myelin, brush border membranes of kidney and
intestinal epithelial cells, and granular epidermis. These
membranes possess unique functional properties due, in
large part, to the structural stability provided by the presence
of simple glycosphingolipids like GalCer. Proper membrane
function requires that these glycosphingolipids not only be
present, but that their relative content be optimized. In fact,
myelin function is impaired if GalCer content is too low, as
is the case in Pelizaeius-Merzbacher’s disease (Witter et al.,
1980) or if GalCer content grossly exceeds optimum levels,
as is the case in globoid cell leukodystrophy (e.g., Suzuki and
Suzuki, 1989). Optimal GalCer content in myelin is also
thought to be a key factor in the unusually low proton per-
meability of myelin lipid bilayers (Diaz and Monreal, 1994).
The molecular basis for these essential structural roles is
poorly understood. Other recently discovered functional
roles for GalCer have important implications in virology.
This sphingolipid can serve as a cell surface receptor for the
gp120 glycoprotein of type 1 HIV in CD4~ cells (Harouse
etal., 1991; Bhat et al., 1991). Also, GalCer and other sphin-
golipids recently have been shown to be essential compo-
nents in target membranes for the low pH-induced fusion
activity of Semliki Forest virus to occur (Nieva et al., 1994),
These findings have sparked new interest in understanding
the parameters governing GalCer’s accessibility at the mem-
brane surface.
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A number of investigators have noted that GalCer has
rather unusual physical properties compared with glycerol-
based phospholipids (for reviews, see Maggio, 1994;
Curatolo, 1987; Thompson and Tillack, 1985). These un-
usual properties have been attributed, at least in part, to
GalCer’s ability to form intermolecular hydrogen bonds
(e.g., Bunow and Levin (1980) and Pink et al. (1988)). Al-
though the basic structural motif of GalCer is that of a la-
mellar bilayer assembly (e.g., Pascher and Sundell, 1977;
Ruocco et al., 1981; Reed and Shipley, 1987; Pascher et al.,
1992), this monoglycosylated sphingolipid has the capacity
to form extraordinarily stable lamellar crystalline phases near
physiological temperature (Bunow, 1979; Curatolo, 1982;
Curatolo and Jungalwala, 1985; Lee et al., 1986). Other
metastable, gel-like phases also have been reported in bovine
brain GalCer, providing the possibility for the coexistence of
multiple lateral domains enriched in various GalCer species
(Jackson et al., 1988). Interestingly, manipulations of
GalCer’s acyl chain length (e.g., palmitate (16:0), stearate
(18:0), or lignocerate (24:0)) produce little change in the high
enthalpy, lamellar crystal-to-liquid crystal phase transition
temperature that occurs near 80°C (Ruocco et al., 1983;
Curatolo and Jungalwala, 1985; Reed and Shipley, 1987,
1989). The presence of 2-hydroxy acyl chains in naturally
occurring GalCer (40-50 mole%) is thought to prevent for-
mation of the lamellar crystal phase at physiologic tempera-
tures by interfering with the dehydration event necessary to
achieve it (Curatolo, 1987). Not surprisingly, the mixing be-
havior of phosphatidylcholines with naturally occurring Gal-
Cer or with its NFA- and HFA-subfractions is complex as
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revealed by Raman spectroscopic (Bunow and Levin, 1980),
by calorimetric (Ruocco et al., 1983; Curatolo, 1986; Bunow
and Levin, 1988; Johnston and Chapman, 1988; Gardam and
Silvius, 1989), by fluorescence (Rintoul and Welti, 1989), by
monolayer (Ali et al.,, 1991), and by NMR techniques
(Neuringer et al., 1979; Morrow et al., 1992; Lu et al.,
1993). What is not clear is whether the complexity of the
mixing is reflected in the surface morphology of GalCer/
phosphatidylcholine bilayers.

Here we show by freeze fracture electron microscopy that
increasing GalCer content induces dramatic changes in the
surface structure of PC bilayers, including formation of a
composition-dependent macro-ripple phase. The physical
characteristics of this macro-ripple phase are compared with
those of the ripple structure that occurs in the P phase of
saturated-chain phosphatidylcholines. Furthermore, we
show that the macro-ripple phase formation depends on Gal-
Cer, with both 2-hydroxy and nonhydroxy acyl chains being
present in the POPC mixtures.

MATERIALS AND METHODS

1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and bovine brain GalCer
containing both nonhydroxy (=~60%) and 2-hydroxy (~40%) fatty acyl
chains were obtained from Avanti Polar Lipids (Alabaster, AL). GalCer
containing either 99% nonhydroxy fatty acyl chains (NFA) or 99%
2-hydroxy acyl chains (HFA) was purchased from Sigma Chemical Co. (St.
Louis, MO). The fatty acyl composition of all three GalCer fractions has
been reported previously (Johnson and Brown, 1992). GalCer possesses an
abundance of lignoceroyl (24:0), nervonoyl (24:141%¢)) 2-hydroxy lignoc-
eroyl (2-OH 24:0), 2-hydroxy behenoy! (2-OH 22:0), and 2-hydroxy ner-
vonoyl (2-OH 24:1415¢)) acyl residues coupled via an amide linkage to an
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FIGURE 1 Structural configuration of phosphatidylcholine and galactosylceramide. (A) 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC). (B) GalCer
containing a lignoceroyl (C 24:0) acyl chain representing a commonly occurring NFA-GalCer found in bovine brain. (C) GalCer containing a cerebronoyl
(2-OH 24:0) acyl chain representing a commonly occurring HFA-GalCer found in bovine brain.
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18-carbon sphingoid base (Fig. 1). Lipid purity was over 99% as determined
by thin layer chromatography using CHCl,/CH,OH/-H,0 (50:21:3) fol-
lowed by charring with chromic-sulfuric acid spray or by fluorescence il-
lumination after spraying with primulin. No breakdown of either POPC or
GalCer was detectable after hydration and dispersion by the procedures
described below.

Preparation of lipid dispersions

Lipid mixtures were prepared by three different methods. In the first method,
GalCer and POPC were co-dissolved in CHCl,/CH,OH and the solvent was
removed by rotary evaporation. Remaining traces of solvent were evapo-
rated by subjecting samples to reduced pressure (using a vacuum pump) for
2 h. Because demixing of different lipids can occur if solvent evaporation
is slow (e.g., Thompson et al., 1985), we also made use of two other methods
designed to prevent artifactual demixing of lipids. In one, a spray method
was used that provides near instantaneous removal of the majority of solvent
(see Thompson et al., 1985). In our case, we used an Iwata airbrush (model
HP-SB; Medea Trading Co., Portland, OR) with nitrogen as the propellant
to produce an aerosol of the lipid/solvent mix. The acrosol was sprayed onto
a clean glass plate that was then subjected to reduced pressure (using
a vacuum pump) for 2 h. Alternatively, lipid mixing was ensured using a
variation of the sublimation method developed by Lin and Huang (1988).
Briefly, the lipids were mixed from their stock solutions of CHCl,/CH,0H,
and the solvent was removed under a stream of nitrogen. The lipid film was
redissolved by vortexing in 0.2 ml of 2-methyl-2- propanol and warmed with
tap water (~50°C) to achieve a clear solution. Then the sample was frozen
rapidly by submerging in isopropanol cooled by dry ice. Lyophilization of
the solid 2-methyl-2-propanol resulted in a dry lipid mix.

In all cases, samples were hydrated with buffer comprised of 10 mM
HEPES (pH 7.2) containing 150 mM NaCl, 1.0 mM Na,EDTA, and 0.02%
NaN,. Immediately after adding buffer, samples were heated to 90°C and
were vortexed vigorously for 1 min. Three more cycles of heating and
vortexing followed, and then samples were heated for an additional 5 min.
The heating step was performed to assure mixing above the phasé transition
temperature of both lipids. Then samples were allowed to sit overnight at
room temperature before EM analysis.

Freeze-fracture electron microscopy

Small aliquots of lipid dispersions were placed on gold alloy specimen
holders at room temperature and then frozen by plunging into either liquid
Freon 22 or liquid propane cooled by liquid nitrogen. In later studies,
samples were frozen using the Controlled Environment Vitrification System
(CEVS), in which samples were maintained under a humidified atmosphere
to minimize the possibility of evaporative artifacts and then plunged into
liquid propane to achieve ultra-rapid freezing (Bellare et al., 1988). In this
case, a copper sandwich sample holder was used. Replicas were produced
as described previously (Brown and Hyland, 1992) by fracturing specimens
at —110°C in a Balzers BAF300 freeze-fracture apparatus equipped with a
electron guns for Pt/C shadowcasting (45° angle) and for depositing carbon
support films. Replicas were floated onto distilled water, retrieved on un-
treated 200-mesh copper grids, and cleaned with CHC1,/CH,OH (2:1) to
remove residual lipid before being examined in a JEOL 100-S transmission
electron microscope.

RESULTS

Early morphological studies clearly demonstrated the simi-
larity between the abnormal cellular inclusions characteristic
of globoid cell leukodystrophy and negatively stained brain
GalCer (Yunis and Lee, 1970). Subsequent studies of
GalCer/dipalmitoyl phosphatidylcholine (DPPC) aqueous
dispersions at a few mixing ratios indicated that elevation of
GalCer levels does alter the average morphological size of
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PC liposomes (Curatolo and Neuringer, 1986; Maggio et al.,
1988). These negative-stain EM studies provided no indi-
cation as to whether GalCer affects the surface structure of
PC lipid dispersions.

To determine the effect of increasing GalCer content on
the surface structure of POPC, we investigated using the
freeze fracture electron microscopic technique (Figs. 2 and
3). Freeze-fracture EM is well suited for visualizing the sur-
face features in lipid dispersions (for review, see Sternberg,
1992). In the absence of GalCer, the POPC liposomes dis-
played relatively smooth surfaces, which are typical of the
liquid crystalline state (Fig. 2 A). However, at GalCer mole
fractions of 0.1 and 0.2, the surface structure of larger li-
posomes showed irregularities consisting of shallow depres-
sions and connected “blister-like” protrusions (Fig. 2 B). At
GalCer mole fractions of 0.3 and 0.4, the surface structures
of the large liposomes began to show occasional regions with
tubular undulations (Fig. 2 C). At GalCer mole fractions
above 0.4 but below 0.8, the occasional and random undu-
lations transformed into a striking and symmetric ripple
phase (Figs. 2 D and 3 A-C). Edge fractures revealed that the
ripples in adjacent lamellae appeared to be in register and
persisted through many concentric, bilayer stacks (Fig. 6 A).
Careful examination of many micrographs revealed that the
macro-ripple phase was confined to the larger, multilamellar
vesicles of the hydrated dispersions and generally was not
seen when the vesicle diameter diminished to less than 1000
nm. Although the number of smaller vesicles far exceeded
the larger rippled vesicles, the total lipid mass committed to
macro-tippling appeared to exceed that in the smaller non-
rippled vesicles because of the large size and high lamellarity
in the macro-rippled vesicles. Because GalCer mole fractions
exceeding 0.3 promoted aggregation of the lipid dispersions,
we were unable to assess accurately the exact percentage of
lipid involved in macro-rippling. Figs. 2 D and 3 A-C do
provide some indication of the variation in surface morphol-
ogy observed in different size vesicles. Note that differences
in the surface texture among large and small vesicles also has
been reported for bovine brain sphingomyelin dispersions
incubated at temperatures where both liquid crystalline and
gel phase coexist (Dobereiner et al., 1993). Interestingly, all
traces of the ripple phase vanished when POPC was absent,
and only GalCer was present regardless of vesicle size (Fig.
3 D). Pure GalCer surfaces appeared smooth, often exhib-
iting tightly packed, concentric bilayer stacks in cross section
(Fig. 3 D, lower left).

Several control experiments were performed to verify the
results shown in the electron micrographs. To determine
whether the observed ripple phase was the result of in-
complete mixing before hydration of the lipid dispersions,
we compared the spray method of solvent evaporation
(Thompson et al., 1985), the sublimation method of solvent
removal (Lin and Huang, 1988), and conventional solvent
removal by rotary evaporation (see Materials and Methods
for details). The importance of sample preparation on the
observed mixing behavior was clearly pointed out in freeze
fracture studies involving ganglioside mixing with POPC
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FIGURE 2 Effect of increasing GalCer content on the surface morphology of aqueous GalCer/POPC dispersions. The bar in the lower right corner of
each panel represents 400 nm. The GalCer mole fractions in the GalCer/POPC dispersions are zero in A, 0.2 in B, 0.4 in C, and 0.5 in D. Samples were
quick-frozen from room temperature (~22°C) by plunging into liquid propane after preparing as described in Materials and Methods.

(Thompson et al., 1985) and in differential scanning calo-
rimetric studies of binary mixtures of PC molecular species
(Lin and Huang, 1988). Our results showed that both the
spray method and the sublimation method of solvent removal
produced dispersions with fairly uniform surface character-
istics, including the striking ripple phase within the appro-

priate GalCer/POPC mole fractional range. In contrast,
samples prepared by conventional rotary evaporation
showed more variation in their surface characteristics (data
not shown). The chief advantage of the sublimation method
over the spray method of solvent removal was in sample
recovery. We found that with the spray method sample
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FIGURE 3 Effect of increasing GalCer content on the surface morphology of aqueous GalCer/POPC dispersions. The bar in the lower right corner
represents 700 nm in A and C and represents 400 nm in B and D. The GalCer mole fractions in the GalCer/POPC dispersions are 0.6 in A, 0.7 in B, 0.8
in C, and 1.0 in D. Samples were quick-frozen from room temperature (~22°C) by plunging into liquid propane after preparing as described in Materials

and Methods.

recovery varied according to a number of factors, including
propellant pressure, distance of sprayer from the glass plate,
and lipid composition. These factors combined to make re-
covery of samples quite variable. In contrast, the sublimation
method of solvent removal permitted recovery of virtually all
of the sample with less manual manipulation.

To determine whether freezing rate affected macro-ripple
phase formation, we compared samples prepared by manual
plunge freezing into either liquid Freon or liquid propane and
ultra-rapid plunge freezing into liquid propane using the
CEVS (see Materials and Methods for details). In every in-
stance, macro-ripple phase was observed in the large vesicles
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when GalCer mole fractions were between 0.4 and 0.8. Thus,
it was clear that the ripple phase in bovine brain GalCer/
POPC mixtures was not an artifact due to sample unmixing
caused by “slow” freezing. Ripple-phase formation also oc-
curred regardless of whether the cryo-protectant glycerol was
present during sample freezing. We found this result to be
interesting because of glycerol’s known ability to promote
transbilayer interdigitation in lamellar assemblies of certain
phospholipids (e.g., McDaniel et al., (1983)). Although glyc-
erol had no apparent effect on whether macro-ripple phase
formed, the presence of this cryo-protectant did result in pure
GalCer having a faceted, plate-like appearance rather than
the smooth surfaces that occurred in glycerol’s absence (Fig.
3 D vs. 4 A). The only experimental condition that resulted
in no ripple-phase formation at Xg,,.,, between 0.4 and 0.8
was hydrating and vortexing the dispersions at room tem-
perature and omitting the warming step. In this instance,
multilamellar aggregates formed that resembled clusters of
partially fused liposomes with diameters between 120 and
150 nm (Fig. 4 B).

Effect of GalCer acyl structure on the
macro-ripple phase

To determine the role that GalCer’s 2-hydroxy acyl chains
play in determining surface structure, we studied POPC mix-
tures containing various amounts of two different GalCer
subfractions, one containing only 2-hydroxy acyl chains and
the other containing only nonhydroxy acyl chains. Despite
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investigating a broad range of NFA-GalCer/POPC and HFA-
GalCer/-POPC, very little macro-ripple phase was seen. Fig.
S5, A and B show replicas of POPC dispersions containing
either 70 mol% NFA-GalCer or 60 mol% HFA-GalCer, re-
spectively. Instead of extended surface areas showing macro-
ripple phase, dispersions containing high levels of NFA-
GalCer (Fig. 5 A) showed occasional tubule-like structures
among larger plate-like assemblies. The tubular structures
had a diameter of about 30 nm. Curiously, samples contain-
ing large amounts of NFA-GalCer proved difficult to fracture
effectively. Repeated attempts revealed that specimen frac-
turing was restricted largely to cruxic boundaries between
large ice crystals. Whether this behavior is a consequence of
transbilayer interdigitation of acyl chains and the extremely
tight lateral packing of NFA-GalCer will require further
study. Although deep etching may provide a way to reveal
more sample surface, the image shown in Fig. 5 A was rep-
resentative of what we observed under the fracturing con-
ditions to which all samples were subjected. In contrast,
POPC mixtures containing HFA-GalCer resembled partially
fused or aggregated liposomes with diameters varying from
300 to 600 nm and distributed in random clusters throughout
the ice with little evidence of macro-ripple phase (Fig. 5 B).

Characterization of the macro-ripple phase

The macro-ripple phase associated with bovine brain GalCer/
POPC mixtures differed in many ways from the well studied
ripple phase associated with the P, phase of saturated-chain

FIGURE 4 Effect of glycerol and incubation temperature on surface morphology. The bar in the lower right corner of A represents 300 nm and in B, 200
nm. (A) Pure GalCer dispersions that have been quick-frozen in the presence of glycerol (compare with Fig. 3 D in which no glycerol is present). (B) Mixtures
containing 0.5 mole fraction of GalCer. The incubation step at 90°C was omitted before quick-freezing from room temperature, and no macro-ripple phase

was observed.
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FIGURE 5 Effect of NFA-GalCer and HFA-GalCer on surface morphology. The bar in the lower right corner of A represents 200 nm and in B, 200 nm.
(A) Aqueous mixtures containing 0.7 mole fraction of NFA-GalCer in POPC. Note the occasional tubule-like structures. (B) Aqueous mixtures containing
0.6 mole fraction of HFA-GalCer in POPC.

phosphatidylcholines, which is shown in Fig. 6 B (e.g., GalCer/POPC dispersions displayed only one type of cor-
Janiak et al., 1976; Tillack et al., 1982; Hicks et al., 1987). rugation or ripple, a symmetric macro-ripple with a wave-

FIGURE 6 Comparison of macro-ripple in GalCer/POPC dispersions and the Py ripple phase of DMPC. The bar in the lower right comer of A represents
300 nm and in B, 150 nm. (A) High magnification view of the macro-ripple phase in GalCer/POPC dispersions containing 0.8 mole fraction GalCer. (B)
P, ripple phase that occurs in DMPC dispersions quick-frozen from room temperature (~22°C).
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length of 100-110 nm. The depth (amplitude) of the macro-
ripple, as determined from occasional perpendicular cross
sections, was ~30 (*5) nm. In contrast, the P phase is
known to exhibit two different ripple structures, sometimes
referred to as A corrugations and A/2 corrugations
(Sackmann et al., 1980; Riippel and Sackmann, 1983;
Zasadzinski and Schneider, 1987; Hicks et al., 1987; Yao
et al., 1991; Vinson et al., 1991). A/2 corrugations have an
asymmetric modulation with a 12-15 nm wavelength,
whereas, A corrugations possess a symmetric modulation
with spacing periodicities of 22-26 nm. The amplitudes of
the A and A/2 ripples of PC are 9 and 4.5 nm, respectively
(Zasadzinski and Schneider, 1987). Detailed examination of
A corrugations has led to various structural models including
the “W” model (Sackmann et al., 1980; Zasadzinski and
Schneider, 1987) in which a small peak is located in the
center of a deep trough. In a recent variation of the “W”
model, Vinson et al. (1991) suggested a more symmetric
variation in which there is not only a small peak located in
the center of a deep trough, but also a small trough located
at the apex of each large peak. Hence, the physical dimen-
sions of the macro-ripple phase in GalCer/POPC mixtures
are significantly different from those associated with the P,
phase of saturated-chain PCs.

Fig. 6 A also illustrates the different types of defects that
lead to changes in the surface profiles of GalCer/POPC mix-
tures. Extended linear arrays of adjacent ripples are rare and
are often interrupted by various defects such as double dis-
locations, pairs of disclinations, and + 1/2 disclinations (e.g.,
Sackmann et al., 1980). Also, grain boundaries are not ob-
served. The net effect of these defects is to produce a nearly
continually twisting and turning of the macro-ripple. This
situation contrasts that of the P, phase of saturated-chain
phosphatidylcholines in which strikingly fewer defects in-
terrupt the two ripple phases (Fig. 6 B). The P phase con-
tains large regions characterized by long linear arrays of ad-
jacent ripples aligned parallel to one another with only
occasional +1/2 disclinations and 60° bends (Kleman, 1978;
Riippel and Sackmann, 1983; Zasadzinski and Schneider,
1987; Vinson et al., 1991). Long linear grain boundaries also
are occasionally observed.

DISCUSSION

This study provides insight into the ultrastructural changes
that increasing levels of GalCer impart to phosphatidylcho-
line model membranes. GalCer not only alters the size and
shape of PC model membranes (Curatolo and Neuringer,
1986; Maggio et al., 1988) but also dramatically changes the
surface structure of PC bilayers. Our freeze-fracture electron
micrographs show that the most striking alteration in surface
structure takes the form of a macro-ripple phase that forms
in the large multilamellar vesicles of the dispersions. What
is intriguing about the macro-ripple phase characterized in
the present investigation is that it is a compositionally rather
than thermally induced phase structure occurring in hydrated
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mixtures of a PC and GalCer possessing physiologicaliy rel-
evant hydrocarbon structures.

The molecular arrangement of lipids necessary for macro-
ripple phase formation is not clear at the present time. The
complexity of the mixtures in terms of acyl chain and head-
group heterogeneity makes molecular modeling unrealistic.
Nevertheless, there are physical parameters characteristic of
this mixed lipid system that probably contribute to macro-
ripple phase formation. The mere presence of the macro-
ripple phase does indicate nonideal mixing of the lipids and
is consistent with immiscibility in the lipid mixture. This is
not surprising given existing literature reports. Our interfa-
cial studies of bovine brain GalCer and POPC mixed mono-
layers showed evidence of multiple transitions in force-area
isotherms recorded at GalCer mole fractions between 0.4 and
0.8 (Ali et al., 1991). In the case of GalCer/POPC bilayer
mixtures (Curatolo, 1986), differential scanning calorimetric
studies provide evidence for the existence of substantial
amounts of gel phase (highly enriched in GalCer) coexisiting
with liquid-crystalline phase (relatively devoid of GalCer)
under conditions where we observe the macro-ripple phase.
Application of the lever rule to Curatolo’s phase diagram at
equimolar bovine brain GalCer and POPC and at room tem-
perature (20°C) shows that the liquid-crystalline phase ac-
counts for almost 40% of the total lipid but is comprised of
about 95% POPC and only 5% GalCer. The gel phase ac-
counts for 60% of the total lipid but contains about 15%
POPC and 85% GalCer. Complex phase diagrams also have
been reported for various GalCer subfractions and deriva-
tives in mixtures with other PCs (e.g., Ruocco et al., 1983;
Maggio et al., 1985; Johnston and Chapman, 1988; Rintoul
and Welti, 1989; Gardam and Silvius, 1989), and it is clear
that NFA-GalCer and HFA-GalCer do not mix in exactly the
same way with egg PC (Bunow and Levin, 1988). In recent
NMR studies, N-18:0 and N-24:0 GalCer derivatives dis-
played significant behavioral differences in SOPC bilayers
(Morrow et al., 1992; Lu et al., 1993).

The lateral phase separation that occurs under the condi-
tions where macro-ripple phase is observed is likely to be
linked to GalCer’s tendency to modulate curvature in PC
bilayers. Indeed, the “intrinsic or spontaneous curvature” of
different lipids has dramatic effects on shape changes that
occur in mixed-composition membranes and is thought to be
coupled to lipid phase separation (e.g., Sackmann, 1994;
Siefert, 1993). Curvature-linked lipid phase separation is
thought to affect both the lateral organization of lipids within
a given bilayer leaflet as well as the transbilayer distributions
of lipid mixtures. A consequence for GalCer/POPC mixtures
could be the formation of a metastable structure with long-
range order such as the macro-ripple phase, which reflects
GalCer’s tendency to form lipid tubules and cochleate my-
elinic cylinders. Indeed, structures of this nature have been
reported when GalCer’s environment is altered (Archibald
and Yager, 1992; Schoen et al., 1993; Schnur, 1993) Re-
cently, we have noted such morphology for certain NFA-
GalCer molecular species in aqueous environments (our un-
published observations).
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Although the complex mixing behavior that occurs in
GalCer/POPC mixtures may be influenced by transbilayer
acyl interdigitation of the sphingolipid (e.g., Melhourn et al.,,
1988), there is no compelling evidence at the present time to
invoke transbilayer acyl chain interdigitation as being nec-
essary for macro-ripple phase formation. Otherwise, exten-
sive macro-ripple phase would also be expected in the HFA-
GalCer/POPC and/or the NFA-GalCer/POPC mixtures. As
noted above, the macro-ripple phase occurs extensively only
when GalCer containing both 2-hydroxy and nonhydroxy
acyl chains is present in the POPC. Typically, approximately
equal amounts of NFA-GalCer and HFA-GalCer are present
in bovine brain GalCer, and both the NFA-GalCer and HFA-
GalCer are known to have mostly long acyl chains resulting
in a large chain-length asymmetry (e.g., Johnson and Brown,
1992). Also, in agreement with our freeze-fracture micro-
graphs of NFA-GalCer/POPC dispersions, Ruocco et al.
(1983) reported no evidence of a ripple phase being present
in hydrated dispersions of N-16:0 GalSpd/-DPPC mixtures,
although a bilayer structural motif was maintained at all mix-
ing ratios. Hence, other parameters must also play roles. One
reasonable candidate appears to be the physico-chemical
properties of the lipid polar region itself. In fact, many theo-
ries describing Py, ripple phase formation invoke not only the
projected area mismatch of the hydrated polar headgroups
and the hydrocarbon chains but also have suggested involve-
ment of an order-disorder transition of lipid polar headgroups
(Doniach, 1979; Pearce and Scott, 1982; Cevc, 1991). What
is observed experimentally with saturated, chain-length sym-
metric PCs is that the molecules ripple in the P, phase and
tilt in the L, phase.

With respect to GalCer, x-ray studies have revealed that
N-24:0 GalSpd, N-18:0 GalSpd, and N-16:0 GalSpd are tilted
about 21° from the bilayer normal position when in the ex-
traordinarily stable liquid crystal bilayer phase (e.g., Reed
and Shipley, 1987). However, the crystal phase of N-(2-OH)-
18:0 GalSpd is tilted approximately 49° from the bilayer
normal position (Pascher and Sundell, 1977). The added
chain tilt most likely accommodates the expanded molecular
area necessitated by the hydrogen-bonding network in which
the HFA-GalCer headgroup and the 2-OH acyl group are
involved (Bunow and Levin, 1980). This finding is consistent
with the known influence that the lipid polar region’s physi-
cochemical properties has on the P, ripple phase. For in-
stance, demethylation of the PC headgroup eliminates the
ripple phase. Mixtures of DMPC and DMPE bearing a
monomethyl-substituted headgroup (DMPE-CH;) show no
evidence of a ripple phase when DMPE-CH, mole fraction
exceeds 0.15 (Zasadzinski and Schneider, 1987).

In summary, it appears that complex interactions related to the
structural parameters described above contribute to macro-ripple
phase formation in bovine brain GalCer/POPC mixtures. More
work with individual molecular species of GalCer that contain
either nonhydroxy or 2-hydroxy acyl chains and with various PC
molecular species is presently underway to define more clearly
the essential structural elements controlling macro-ripple for-
mation. Whether biological membrane preparations enriched in
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sphingolipids show evidence of rippling or other distinctive sur-
face structural features is not resolved at present. Preliminary
examination of sphingolipid-enriched membrane preparations
from MDCK cells, i.e., caveolae (Sargiacomo et al., 1993), does
show evidence of surface striations (our unpublished observa-
tions). However, more study will be needed to determine
whether the sphingolipid or protein components are responsible
for the surface striations.
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