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ABSTRACT After deacylation of bovine brain sulfatide under mild alkaline conditions and reacylation using palmitoyl
chloride (Koshy and Boggs, 1983, Chem. Phys. Lipids. 34:41–53), the anionic glycosphingolipid N-palmitoyl galactosulfatide
(C16:0-GalSulf) has been synthesized. By differential scanning calorimetry (DSC), anhydrous C16:0-GalSulf exhibits an
endothermic transition, TM � 93°C (�H � 5.5 kcal/mol C16:0-GalSulf) on heating. With increasing hydration (50 mM sodium
phosphate buffer, pH 7.0; 50 mM NaCl), TM decreases, reaching a limiting value of 49°C (�H � 8.2 kcal/mol C16:0-GalSulf)
at 20 wt% buffer. X-ray diffraction data have been recorded over the hydration range 0–62% at temperatures below (20°C)
and above (60°C) TM. At 20°C, sharp wide-angle reflections at �1/4.4 Å�1, �1/4.1 Å�1, and �1/3.8 Å�1 indicate the presence
of an ordered-chain gel phase, whereas at 60°C a broad reflection at 1/4.5 Å�1 characteristic of a melted-chain phase is
observed. Lamellar diffraction patterns consistent with the presence of bilayer phases are observed at both temperatures. At
60°C, in the liquid-crystalline L� phase, the bilayer periodicity increases with hydration, in both water and 100 mM Na� buffer.
Interestingly, in the gel phase at 20°C, the bilayer periodicity (d � 64 Å) is insensitive to hydration (over the range 30–60 wt%)
with either water or buffer. The continuous swelling behavior exhibited by the L� bilayer phase of C16:0-GalSulf is typical of
lipids bearing a net negative charge and confirms that the presence of 100 mM Na� is insufficient to shield the charge
contributed by the sulfate group. In contrast, the lack of continuous swelling behavior of the bilayer gel phase of C16:0-
GalSulf is unusual and resembles that of Na� soaps. Thus, presumably, alterations in the surface charge characteristics of
the C16:0-GalSulf bilayer occur on hydrocarbon chain melting and lead to major changes in lipid hydration.

INTRODUCTION

Phospholipids, glycosphingolipids (GSLs), and cholesterol
are the major constituents of the lipid bilayer matrix in
which a variety of membrane proteins (enzymes, receptors,
channels, etc.) are arranged. In general, these lipids contrib-
ute to the structural organization and stability of the mem-
brane bilayer, but in addition, individual lipids have specific
functions. The latter include the second messenger signaling
properties resulting from the hydrolysis of phospholipids
such as phosphatidylcholine, phosphatidylinositol, and
sphingomyelin (Exton, 1994; Nishizuka, 1992; Berridge,
1993; Hannun, 1994). The functions of GSLs include their
role in cell-cell communication (Hakomori and Igarashi,
1995) and their activity as cell surface receptors for hor-
mones, bacterial toxins, and viruses (van den Berg et al.,
1992; Fishman et al., 1993; Harouse et al., 1991). Recently
it has been shown that GSLs (together with sphingomyelins
and cholesterol) concentrate in detergent-resistant domains
of the plasma membrane; these GSL-rich domains are
thought to be related to the membrane caveolae in which

some membrane receptors are located (Brown and London,
1998).

Even the simplest monoglycosyl GSLs (i.e., cerebro-
sides) are capable of binding complex ligands. For example,
cerebrosides (particularly galactocerebroside) can act as a
receptor for the human immunodeficiency virus 1 (HIV-1)
in CD4-negative cell lines derived from the nervous system
(Harouse et al., 1991). The sulfated galactocerebroside,
galactosulfatide, has also shown to bind HIV (van den Berg
et al., 1992). Furthermore, it has been well documented that
sulfatides can bind to specific components of the extracel-
lular matrix, such as laminin, von Willebrand factor, and
thrombospondin (Roberts, 1986; Ginsburg and Roberts,
1988); these sulfatide-matrix interactions occur with an
affinity equivalent to that characteristic of receptor-ligand
interactions and may play a role in cell adhesion processes.
More recently it has been shown that sulfatides (and other
sulfated GSLs) bind to selectins and could be involved in
cell-cell interactions (for example, see Suzuki et al., 1993).

Our overall goal has been to define the structure and
properties of different GSLs. Our studies have focused on 1)
natural GSLs with heterogeneous fatty acyl chains (Cura-
tolo et al., 1977; Ruocco and Shipley, 1986), 2) partially
synthetic GSLs with controlled fatty acid composition but
some variability in the sphingosine moiety (Ruocco et al.,
1981; Reed and Shipley, 1987, 1989; Haas and Shipley,
1995), and, most recently, 3) totally synthetic GSLs, pure
with respect to stereochemistry, chain, and sphingosine
composition (Shah et al., 1995; Saxena et al., 1999, 2000).
We hope to provide an assessment of the contributions of
acyl chain structure (chain length, unsaturation, hydroxyla-
tion), sphingosine structure (chain length, unsaturation, hy-
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droxylation), and, most importantly, oligosaccharide com-
plexity (number of sugars, charge characteristics) to GSL
structure, hydration, and properties.

For the single sugar cerebrosides, we have defined the
properties of several galactocerebrosides differing in chain
length and chain unsaturation (Ruocco et al., 1981; Reed
and Shipley, 1987, 1989; Haas and Shipley, 1995) and
compared the behavior of totally synthetic C16:0 galacto-
and glucocerebrosides (Saxena et al., 1999). We have
explored the structure and thermotropic and hydration
properties of C16:0-galactocerebroside (C16:0-GalCer,
N-palmitoyl galactocerebroside) (Ruocco et al., 1981;
Ruocco and Shipley, 1983), as well as its interactions with
phospholipids and cholesterol (Ruocco et al., 1981, 1983;
Ruocco and Shipley, 1984). To investigate the effect of a
charged sulfate group on cerebroside behavior, our initial
studies described the structure and thermotropic properties
of bovine brain sulfatide (Ruocco and Shipley, 1986). Dif-
ferential scanning calorimetry (DSC) and x-ray diffraction
showed that hydrated sulfatide dispersions undergo a com-
plex chain-melting transition over the range 32–47°C. The
low transition enthalpy and transition temperature of sul-
fatide compared to those of bovine brain cerebrosides (Cu-
ratolo, 1982) were attributed to the sulfate charge-mediated
disruption of the hydrogen bonding network at the sugar-
interface region of sulfatide (Ruocco and Shipley, 1986).
X-ray diffraction studies of the liquid-crystalline phase of
sulfatide at 75°C showed a bilayer structure over the hydra-
tion range16–50 wt % phosphate buffer (pH 7.4). The
intrabilayer separation between galactosyl-3-sulfate groups,
48 Å, remains unchanged as the sulfatide bilayers swell
continuously with the addition of phosphate buffer (Ruocco
and Shipley, 1986). Thus, in contrast to the limited hydra-
tion properties of bilayers of neutral GSLs (specifically,
cerebrosides; Reiss-Husson, 1967; Abrahamsson et al.,
1972; Ruocco et al., 1981; Lynch et al., 1992), bilayers of
sulfatide in their melted-chain liquid-crystalline L� phase
undergo continuous swelling due to the presence of the
charged sulfate group.

Boggs et al. (1984) have used DSC to study the phase
behavior of partially synthetic sulfatides containing differ-
ent fatty acids (palmitic, stearic, lignoceric, D-2-hydroxy
palmitic, and D-2-hydroxy stearic), in the presence of mono-
and divalent cations. Both the nonhydroxy fatty acid (NFA)
and hydroxy fatty acid (HFA) forms of sulfatide can occur
in two different gel states, a metastable state and a lower
entropy stable state. The phase behavior is more sensitive to
the type and concentration of cation present than is the case
with acidic phospholipids. The sensitivity of the transition
temperature (TM) to cation concentration is thought to re-
flect, in part, increased participation of the sulfatide in
intermolecular hydrogen bonding interactions as the nega-
tive charge of the sulfate group is shielded by the presence
of counterion (Boggs et al., 1984).

To compare directly the structural behavior of sulfatide
with the previously studied C16:0-galactocerebroside
(Ruocco et al., 1981; Saxena et al., 1999), we have synthe-
sized the corresponding sulfatide, N-palmitoyl-galactosyl-
3-sulfate (C16:0-GalSulf). In this paper we focus on the
structure and properties of C16:0-GalSulf as revealed by
DSC and x-ray diffraction. In particular, we have examined
the hydration characteristics of C16:0-GalSulf in different
phases.

MATERIALS AND METHODS

Synthesis

Commercial (Matreya, Pleasant Gap, PA) bovine brain sulfatides, which
were determined to be mostly the 24:1 fatty acyl analog of the sphing-4-
enine sphingosine base by fast atom bombardment mass spectrometry
(FABMS) (negative mode), were hydrolyzed in alkaline 90:10 MeOH/H2O
as reported previously (Koshy and Boggs, 1982). Before chromatography,
the free fatty acid by-product was mostly removed by the acetonitrile
precipitation method (Marchesini et al., 1987). Silica gel 60 chromatogra-
phy (60:25:4 CHCl3/MeOH/H2O) gave lysosulfatide that was homoge-
neous by thin-layer chromatography with both neutral (60:25:4 CHCl3/
MeOH/H2O) and basic (60:25:4 CHCl3/MeOH/aq NH4OH) conditions.
Visualization was by the charring method (Bitman and Wood, 1982), and
duplicate plates demonstrated the product to be ninhydrin positive. The
amorphous white solid melted above 100°C. The zwitterionic compound
had a negligible positive specific rotation in CHCl3/MeOH but a somewhat
higher positive rotation in CHCl3/MeOH/aq NH4OH. The 1H and 13C
NMR spectra of lysosulfatide were as reported (Taketomi et al., 1990). The
IR (KBr) spectrum was identical to previously reported spectra (Nonaka et
al., 1979; Koshy and Boggs, 1982). The FABMS (negative mode) spec-
trum showed the molecular ion at m/z 540 as previously reported (Take-
tomi et al., 1990).

The acylation of lysosulfatide to give semisynthetic sulfatide (N-palmi-
toyl-galactosylsphingosine I3-sulfate, C16:0-GalSulf) with palmitoyl chlo-
ride was performed by the reported method (Koshy and Boggs, 1983). The
crude product was first purified by the reported O-(diethylaminoethyl)cel-
lulose ion-exchange chromatography method to remove palmitic acid and
a small amount of an impurity that elutes just ahead of C16:0-GalSulf.
Silica gel chromatography (60:25:4 CHCl3/MeOH/aq NH4OH) followed
by micropore (0.5 �m polytetrafluoroethylene Teflon) filtration of the
product solution (95:5 CHCl3/MeOH) gave C16:0-GalSulf that was homo-
geneous by thin-layer chromatography under both neutral and basic con-
ditions and identical to previous preparations of semisynthetic C16:0-
GalSulf (Koshy and Boggs, 1983; Boggs et al., 1984, 1988a,b). The
C16:0-GalSulf was an amorphous white solid that had a sharp melting
point of 179–181°C. The specific rotation was [�]D

25 �5° (c 1.5, 60:25:4
CHCl3/MeOH/aq NH4OH). The 1H and 13C NMR spectra were as reported
for synthetic C16:0-GalSulf (Marinier et al., 1997) and the related analog
(Tanahashi et al., 1997). The IR (KBr) spectrum was identical to the
spectrum reported by Koshy and Boggs (1983). The FABMS (negative
mode) spectrum showed the molecular ion at m/z 778. The semisynthetic
C16:0-GalSulf gave an acceptable elemental analysis for the 16:0 fatty acyl
sphing-4-enine product as the ammonium salt monohydrate.

Differential scanning calorimetry

For anhydrous samples, lyophilized sulfatide (2–4 mg) was transferred
directly into preweighed stainless steel DSC pans and hermetically sealed.
For hydrated samples, appropriate volumes of buffer (50 mM sodium
phosphate, pH 7.0; 50 mM NaCl) were added to the pans with a microsy-
ringe before sealing. Heating and cooling scans over the temperature range
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0–70°C were performed on a Perkin-Elmer (Norwalk, CT) DSC-2 or
DSC-7 calorimeter. Heating and cooling rates ranged from 0.1 to 40°C.
Peak maxima were taken as the transition temperature (TM), and transition
enthalpies (�H) were determined from the area under the transition peak by
comparison with that of a known standard (gallium).

X-ray diffraction

Hydrated samples for x-ray diffraction were prepared by weighing anhy-
drous C16:0-GalSulf into thin-walled capillary tubes (internal diameter 1
mm), followed by gravimetric addition of distilled, deionized water or
buffer (50 mM sodium phosphate, pH 7.0; 50 mM NaCl). Sample tubes
were covered with parafilm, centrifuged at room temperature for �2 min,
then flame-sealed. The dispersions were homogenized through the cycle
centrifugation–sample inversion–centrifugation at a temperature above the
transition temperature. X-ray diffraction patterns were recorded with pho-
tographic film, using nickel-filtered CuK� x-rays from an Elliot GX-6
rotating anode generator (Elliot Automation, Borehamwood, UK). X-rays
were focused into a point source with either toroidal mirror (Elliot, 1965)
or double mirror (Franks, 1958) optics. Temperature-dependent x-ray
diffraction data were also recorded with a position-sensitive linear detector
(Tennelec, Oak Ridge, TN) and associated electronics (Tracor Northern,
Middleton, WI). Nickel-filtered CuK� x-rays from a microfocus generator
(Jarrel-Ash, Waltham, MA) were line focused with a single mirror and
collimated with the slit optical system of a Luzzati-Baro camera (ETS

Beaudoin, Paris, France).

RESULTS

Differential scanning calorimetry

The calorimetric behavior of C16:0-GalSulf in 79.6 wt%
buffer (50 mM sodium phosphate buffer, pH 7.0; 50 mM
NaCl) is shown in Fig. 1. After equilibration by repeated
heating and cooling cycles, the initial heating scan at 5°C/
min shows an endothermic transition with a peak maximum
at 48.7°C (Fig. 1 a); a very broad transition is also observed
at 30–45°C. The combined enthalpy of the broad pretran-
sition and the sharp transition is 8.0 kcal/mol C16:0-Gal-
Sulf. On cooling from 60°C at 5°C/min, C16:0-GalSulf
exhibits essentially reversible behavior, with little or no
supercooling (cf. Fig. 1, a and b). The total enthalpy asso-
ciated with the cooling transitions is 8.1 kcal/mol C16:0-
GalSulf. As shown in Fig. 1 c, the DSC heating scan
(5°C/min) performed immediately after completion of the
cooling scan is essentially identical to that shown in Fig.
1 a. Further heating and cooling scans at 5°C/min exhibit
behavior identical to that shown in Fig. 1. Thus hydrated
C16:0-GalSulf exhibits reversible thermotropic behavior.

DSC heating scans (5°C/min) of C16:0-GalSulf as a
function of hydration are shown in Fig. 2. On heating,
anhydrous C16:0-GalSulf undergoes a sharp endothermic
transition at 93°C, �H � 5.4 kcal/mol (Fig. 2 a). With
increasing hydration, the transition shifts progressively to
lower temperatures. At 7.9 wt% buffer, C16:0-GalSulf
shows a broad transition with a peak maximum at 68°C
(Fig. 2 b); at 19.3 wt% buffer, a broad (25–65°C) complex
transition with peak maxima at 48°C and 54°C is observed
(Fig. 2 c). Above 19 wt% buffer, the transition temperature

remains constant at 49°C (Fig. 2, d–f); a broad low-temper-
ature transition precedes the major endothermic transition at
all hydrations (see Fig. 2. b–f). The effect of hydration on
the transition temperatures, enthalpies, and entropies of
hydrated C16:0-GalSulf is shown in Fig. 3. Between 0 and
19 wt% buffer the transition temperature decreases from
93°C to its limiting value, 49°C; over the same hydration
range, the transition enthalpy �H increases from 5.4 to 8
kcal/mol, and the transition entropy �S increases from 58 to
165 cal/mol/°C.

X-ray diffraction

X-ray diffraction patterns of C16:0-GalSulf at different hy-
drations in both buffer (50 mM sodium phosphate, pH 7.0;
50 mM NaCl) and water were recorded at temperatures
below and above the appropriate transition temperature. For
anhydrous C16:0-GalSulf at 20°C, six lamellar reflections

FIGURE 1 Reversible DSC behavior of hydrated C16:0-GalSulf (79.6
wt% buffer; 50 mM sodium phosphate, pH 7.0; 50 mM NaCl). (a) Initial
heating scan after equilibration. (b) Cooling scan. (c) Heating scan, imme-
diately after cooling. Heating/cooling rates, 5°C/min.
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corresponding to a periodicity d � 58 Å were observed
together with a single, strong wide-angle reflection of
1/4.19 Å�1 (data not shown). At 95°C, above the transition
temperature at 92.7°C, strong first- and second-order lamel-
lar reflections are observed, corresponding to a reduced
bilayer periodicity, d � 43.6 Å (data not shown); a diffuse
wide-angle reflection of 1/4.5 Å�1 is characteristic of dis-
ordered hydrocarbon chain packing (Luzzati, 1968).

Representative x-ray diffraction patterns of hydrated
C16:0-GalSulf in buffer and water are shown in Figs. 4 and
5, respectively. X-ray diffraction patterns are shown in Fig.
4 for C16:0-GalSulf at 31 wt% buffer. At 20°C, six low-
angle lamellar reflections are observed, corresponding to a
bilayer periodicity d � 63.8 Å (Fig. 4 A). Interestingly,
three reflections at 1/4.36, 1/4.10, and 1/3.80 Å�1 are ob-
served in the wide-angle region (see Fig. 4 A, inset) indic-
ative of an ordered chain packing mode in the low-temper-
ature gel phase. At 60°C, above the transition temperature,
six lamellar reflections, corresponding to a bilayer period-
icity d � 62.1 Å, are observed (Fig. 4 B); the broad
wide-angle reflection at 1/4.5 Å�1 (Fig. 4 B, inset) is
indicative of chain melting. X-ray diffraction data (not

shown) were also recorded from C16:0-GalSulf at 15, 45,
and 62 wt% buffer.

As an example of the hydration behavior of C16:0-Gal-
Sulf in water, x-ray diffraction patterns for C16:0-GalSulf at
60 wt% water are shown in Fig. 5. At 20°C, below the
transition temperature at 49°C, six low-angle lamellar re-
flections are observed, corresponding to a bilayer periodic-
ity d � 63.7 Å (Fig. 5 A). The wide-angle region shows
three reflections at 1/4.39, 1/4.10, and 1/3.80 Å�1 (see Fig.
5 A, inset). Despite the difference in hydration level, this
diffraction pattern is essentially identical to that of C16:0-
GalSulf at 31 wt% buffer described above. At 60°C, above
the chain-melting transition, four lamellar reflections corre-
sponding to a significantly increased bilayer periodicity,
d � 95.4 Å, are observed (Fig. 5 B); a diffuse wide-angle
reflection at 1/4.5 Å�1 (Fig. 5 B, inset) is indicative of chain
melting. The significant increase in bilayer periodicity ob-
served above the chain-melting transition indicates that
C16:0-GalSulf hydrates much more readily in the liquid-
crystal bilayer phase than in the low-temperature bilayer gel
phase.

X-ray diffraction patterns of C16:0-GalSulf at 60 wt%
water were also recorded as a function of temperature with
a linear position-sensitive detector (Fig. 6). Below 48°C, the
low-angle region shows a strong first-order reflection and
weaker third- and fourth-order lamellar reflections corre-
sponding to a bilayer periodicity d � 63 Å; the second-order

FIGURE 2 Differential scanning calorimetry of C16:0-GalSulf as a
function of hydration (buffer; 50 mM sodium phosphate, pH 7.0; 50 mM
NaCl). (a) 0.0. (b) 7.9. (c) 19.3. (d) 34.7. (e) 56.5. (f) 79.6 wt% buffer.
Heating rate, 5°C/min.

FIGURE 3 (A) Effect of hydration on the transition temperature TM (A),
transition enthalpy �H (B), and transition entropy �S (B) of C16:0-
GalSulf. Aqueous dispersions of C16:0-GalSulf were prepared in buffer
(50 mM sodium phosphate buffer, pH 7.0; 50 mM NaCl).
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reflection is absent (see also Fig. 5 A). At 48°C, the diffrac-
tion pattern changes. The diffraction pattern of the 63-Å
bilayer phase is still present, albeit weaker, together with
two additional reflections at �95 and �48 Å. Above 48°C,
three lamellar reflections indexing to a bilayer periodicity
d � 95 Å are observed. Thus the data shown in Fig. 6
demonstrate clearly that C16:0-GalSulf at 60 wt% water

undergoes a bilayer transition at �48°C, in good agreement
with the DSC studies of C16:0-GalSulf in buffer (see
Figs. 1–3).

The bilayer periodicity d of C16:0-GalSulf is plotted as a
function of hydration (both as buffer and water) in Fig. 7. At
60°C, C16:0-GalSulf bilayers exhibit the continuous swell-
ing behavior characteristic of charged lipids, with the bi-

FIGURE 4 X-ray diffraction pat-
terns of hydrated (31 wt%) C16:0-Gal-
Sulf in buffer (50 mM sodium phos-
phate, pH 7.0; 50 mM NaCl) recorded
with a Franks camera at (A) 20°C (be-
low the chain-melting transition) and
(B) 60°C (above the chain-melting
transition). Corresponding x-ray dif-
fraction patterns recorded with a toroi-
dal camera are shown as insets (left,
20°C; right, 60°C).

FIGURE 5 X-ray diffraction pat-
terns of hydrated (60 wt% water)
C16:0-GalSulf, recorded with a Franks
camera at (A) 20°C (below the chain-
melting transition) and (B) 60°C
(above the chain-melting transition).
Corresponding x-ray diffraction pat-
terns recorded with a toroidal camera
are shown as insets (left, 20°C; right,
60°C).
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layer periodicity increasing from 43.6 to 106.0 Å over the
hydration range 0–62 wt% water/buffer. In contrast, at
20°C, a small increase (58.0 to 63.9 Å) in the bilayer
periodicity d occurs between 0 and 15 wt% buffer, but at all
higher hydrations (water or buffer) the bilayer periodicity of
C16:0-GalSulf is essentially invariant (d � 64 Å). Thus the
hydration/swelling characteristics of C16:0-GalSulf are dif-
ferent for the melted-chain L� bilayer phase (continuous
swelling) and the bilayer gel phase (limited hydration).

Interestingly, for both the gel and L� bilayer phases the
swelling data for C16:0-GalSulf in buffer and water fall on
the same lines (see Fig. 7). Apparently, the molarity of the
buffer salts (50 mM sodium phosphate and 50 mM NaCl) is
insufficient to affect the swelling properties of the NH4

�

salt of C16:0-GalSulf in either of the bilayer phases.

DISCUSSION

As shown by DSC (see Figs. 1 and 2), aqueous dispersions
of C16:0-GalSulf undergo a reversible gel3 liquid-crystal
chain-melting transition. Over the hydration range 0–19
wt% buffer the transition temperature decreases linearly
from 93°C to 49°C (Fig. 3 A). The transition enthalpy and
entropy increase over this hydration range, reaching limit-
ing values of 8 kcal/mol and 165 cal/mol/°C, respectively, at
�19 wt% buffer (Fig. 3 B). It is worth noting that bovine
brain sulfatide, despite a more complex fatty acid compo-
sition containing mainly longer chain fatty acids (particu-
larly C24:0), has its major chain-melting transition at 47°C
and a weaker transition at 35°C. Presumably in this case the
chain-melting behavior reflects a balancing of the contribu-
tions of increased chain length and sulfatide molecular
heterogeneity. In their systematic studies of sulfatides of
different chain length in the range 16:0 to 24:0, Boggs and
co-workers (Koshy and Boggs, 1983; Boggs et al., 1984)
have shown that the chain-melting transition temperature
increases with increasing chain length. For C16:0 sulfatide,
Koshy and Boggs (1983) report a transition temperature
TM � 50°C (�H � 8.5 kcal/mol), in good agreement with
the thermodynamic parameters reported here.

These thermodynamic parameters differ markedly from
those exhibited by the corresponding C16:0 galactocerebro-
side, C16:0-GalCer. C16:0-GalCer exhibits a chain melting
transition at 82°C (Ruocco et al., 1981) with corresponding
changes in transition enthalpy (�H � 17.5 kcal/mol) and
entropy (�S � 213 cal/mol/°C. Thus the introduction of the
sulfate group at the 3-position of galactose leads to major
reductions in the transition temperature (82 3 49°C), tran-
sition enthalpy (17.53 8 kcal/mol), and transition entropy
(213 3 165 cal/mol/°C). In our earlier studies we have
argued that high-temperature, high-enthalpy transition of
C16:0-GalCer was due to the presence of both an ordered
“crystalline chain” packing arrangement and an extensive
intermolecular lateral hydrogen bonding network in its low-
temperature bilayer phase (Ruocco et al., 1981). The x-ray
diffraction pattern from this bilayer phase of C16:0-GalCer
is characterized by multiple strong reflections in the wide-
angle region (see figure 9b of Ruocco et al., 1981), indic-
ative of “crystalline” chain and molecular packing. In con-
trast, the incorporation of the charged sulfate group in
C16:0-GalSulf apparently precludes formation of this
highly structured bilayer gel phase, as evidenced by a much
simpler wide-angle diffraction pattern (see Figs. 4 A and 5
A). Presumably the charge characteristics of the sulfate

FIGURE 6 X-ray diffraction patterns, recorded with a linear position-
sensitive detector, of hydrated (60 wt% water) C16:0-GalSulf at various
temperatures.

FIGURE 7 Bilayer periodicity (d) for C16:0-GalSulf/buffer and C16:0-
GalSulf/water as a function of hydration (wt% water/buffer) at 20°C (F,
buffer; E, water) and 60°C (f, buffer; �, water) for hydrated samples and
95°C for anhydrous C16:0-GalSulf. Buffer: 50 mM sodium phosphate, pH
7.0; 50 mM NaCl.
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group lead to lateral charge-charge repulsion effects at the
galactose sugar-interface region, thus prohibiting the forma-
tion of the highly ordered bilayer phase characteristic of
C16:0-GalCer (Ruocco et al., 1981). Thus apparently the
gel phase of C16:0-GalSulf is less ordered than that of
C16:0-GalCer. In contrast, the lateral packing in the melted-
chain L� bilayer phase is presumably similar for C16:0-
GalSulf and C16:0-GalCer, at least as evidenced by the
similar broad diffraction at �1/4.5 Å�1 (compare Figs. 4 B
and 5 B with figure 9c of Ruocco et al., 1981). Presumably,
the less ordered intermolecular and chain packing of the gel
phase of C16:0-GalSulf compared to C16:0-GalCer results
in a less stable gel phase that undergoes its transition to its
L� bilayer phase at a lower temperature and with a lower
transition enthalpy and entropy.

In terms of structure, two key observations have been
made, and they are summarized in Fig. 7. First, while the
bilayer L� phase at 60°C exhibits classical continuous
swelling, the bilayer gel phase at 20°C shows only limited
hydration behavior (see Fig. 7). Second, C16:0-GalSulf
exhibits identical swelling when hydrated with either buffer
or water; this is valid for both the bilayer gel and bilayer L�

phases (see Fig. 7). Introduction of the fully ionized sulfate
group (Abramson et al., 1967) allows C16:0-GalSulf, in
contrast to C16:0-GalCer (Ruocco et al., 1981; Saxena et
al., 1999), to exhibit continuous bilayer swelling in the L�

phase, as all of the available water is incorporated between
adjacent bilayers (see Fig. 7). Our previous studies of bo-
vine brain sulfatide showed similar swelling behavior in its
melted-chain bilayer phase (Ruocco and Shipley, 1986).
This hydration behavior is observed for most anionic lipids
and is attributable to charge-induced repulsion of bilayers.
For example, charge-induced bilayer swelling has been ob-
served for simple single-chain lipids (e.g., Na� and K�

soaps; Luzzati et al., 1960) as well as the more complex
anionic phospholipids (such as phosphatidylserine; Hauser
et al., 1982). In most cases, the presence of a net charge at
the bilayer surface results in continuous swelling behavior
in both the melted-chain L� phase and in the low-tempera-
ture bilayer gel phase. Notable exceptions to this rule appear
to be the inability of C16:0-GalSulf (see above) and the
Na�, but not K�, soaps (Luzzati et al., 1960; Vincent and
Skoulios, 1966) to swell significantly in their respective
bilayer gel phases. While a detailed molecular explanation
for the different swelling behaviors in the gel and L� bilayer
phases of C16:0-GalSulf remains unclear, presumably the
increased interfacial molecular area and resultant altered
surface charge density that occurs on chain melting allow
full expression of the interbilayer charge repulsion effects.
However, in the low-temperature gel phase the galactosyl
sulfate conformation and the interfacial packing (perhaps
involving more extensive intermolecular H-bonding) must
lead to a shielding of the sulfate negative charge and, at
most, limited swelling results. Thus the limited hydration
behavior of the charged C16:0-GalSulf in its gel phase is

quite similar to that of the uncharged C16:0-GalCer
(Ruocco et al., 1981; Saxena et al., 1999).

Although we have emphasized the importance of the
electrostatic charge repulsion force in producing bilayer
swelling, other interbilayer forces can contribute to net
bilayer repulsion. For example, the repulsive fluctuation
force (Evans and Parsegian, 1986; Evans, 1991) may en-
hance bilayer repulsion, particularly in liquid-crystalline L�

phases. In the case of C16:0-GalSulf, the fully ionized state
of sulfatide at pH 7 and its bilayer interfacial area per
molecule of �60 Å2 result in a high surface charge density;
thus the electrostatic repulsive term is likely to be dominant
in bilayer swelling. More puzzling is the failure of the
bilayer gel phase of C16:0-GalSulf to undergo significant
swelling. Since the interfacial area is smaller in the bilayer
gel phase (�44 Å2), the surface charge density is presum-
ably higher in this phase than the L� phase. While the
nonelectrostatic repulsive fluctuation force is likely to be
smaller in the gel phase, thus favoring nonswelling behav-
ior, the electrostatic term in most cases appears to dominate.
In a recent study, Kulkarni et al. (1999) showed that the
nonswelling bovine brain GalCer gel phase could be in-
duced to swell by incorporation of �17mol % of a charged
dipalmitoylphosphatidylglycerol into the bilayer. Thus in-
creasing the surface charge density above a critical value
leads to net bilayer electrostatic repulsion. In this context, it
is not clear why the presumably higher surface charge
density associated with the fully charged gel phase is insuf-
ficient to allow bilayer swelling of C16:0-GalSulf. Perhaps
for the bovine brain GalCer gel phase the addition of di-
palmitoylphosphatidylglycerol contributes both an electro-
static repulsive force and, at the same time, disrupts both
lateral intrabilayer and interbilayer attractive forces.
Clearly, this would not be the case for C16:0-GalSulf. We
also note that a much earlier study showed that a sulfated
algal glycolipid, sulfoquinovosyl diglyceride, demonstrated
temperature-dependent swelling behavior: limited swelling
in its gel phase and continuous swelling in the L� phase
(Shipley et al., 1973).

In summary, the presence of the charged sulfate group at
the 3-position of the galactose group of C16:0-GalSulf leads
to a significant reduction in the chain-melting temperature,
enthalpy, and entropy compared to C16:0-GalCer. Predict-
ably, the charged sulfatide exhibits continuous swelling in
its bilayer L� phase; somewhat surprisingly, the charge-
mediated bilayer repulsion effects are muted in the bilayer
gel phase (Fig. 7). Thus C16:0-GalSulf exhibits a chain-
melting transition at 49°C, a transition at which major
changes in both hydrocarbon chain packing and interbilayer
hydration occur.

The NMR analyses were performed with the assistance of J. M. Vural. The
mass spectral analyses were performed by S. Maleknia and C. E. Costello
at the Department of Chemistry at the Massachusetts Institute of Technol-
ogy (supported by National Institutes of Health grant RR00317).
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