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Abstract The structural and thermal properties of aqueous

 

dispersions of the totally synthetic cerebrosides, 

 

D

 

-erythro-
N-palmitoyl galactosyl- and glucosyl-C

 

18

 

-sphingosine (C16:0-
GalCer and C16:0-GluCer, respectively) have been studied
using differential scanning calorimetry (DSC) and X-ray dif-
fraction. Over the temperature range 0–100

 

8

 

C, both C16:0-
GalCer and C16:0-GluCer show complex thermal transi-
tions characteristic of polymorphic behavior of exclusively
bilayer phases. On heating, hydrated C16:0-GalCer under-
goes an exothermic bilayer–bilayer transition at 59

 

8

 

C to
produce a stable bilayer crystal form. X-ray diffraction at
70

 

8

 

C reveals a bilayer structure with an ordered hydrocar-
bon chain-packing arrangement. This ordered bilayer phase
undergoes an endothermic chain-melting transition at 85

 

8

 

C
to the bilayer liquid crystalline state. Similar behavior is ex-
hibited by hydrated C16:0-GluCer which undergoes the exo-
thermic transition at 49

 

8

 

C and a chain-melting transition at
87

 

8

 

C. The exothermic transitions observed on heating hy-
drated C16:0-GalCer and C16:0-GluCer are irreversible and
dependent upon previous chain melting, prior cooling rate,
and time of incubation at low temperatures.  Thus, the
structure and properties of totally synthetic C16:0-GalCer
and C16:0-GluCer with identical sphingosine (C18:1) and
fatty acid (C16:0) chains are quite similar, suggesting that
the precise isomeric structure of the linked sugar plays only
a minor role in regulating the properties of hydrated cere-
brosides. Further, these studies indicate that the complex
thermal behavior and bilayer phase formation exhibited by
these single-sugar cerebrosides are intrinsic properties and
not due to the heterogeneity of the sphingosine base found
in natural and partially synthetic cerebrosides.

 

—Saxena, K.,

 

R. I. Duclos, P. Zimmermann, R. R. Schmidt, and G. G.

 

Shipley.
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Glycosphingolipids, GSL, are complex lipids with a lipo-
philic component (ceramide composed of a long-chain
fatty acid amide-linked to a long-chain base, usually sphin-
gosine) and a hydrophilic sugar moiety attached via an

 

ether linkage to sphingosine. GSL are found in relatively
large amounts in the myelin sheath of central and periph-
eral nervous system. Glycosphingolipids can also act as
cell surface receptors for hormones, bacterial toxins and
viruses (1–3).

We have been interested in defining the structure and
properties of GSL of increasing oligosaccharide complex-
ity with a view to understanding both their structural role
in membranes and their functional role as receptors; an
example of the latter would include our studies of the
ganglioside G

 

M1

 

-cholera toxin complex (4–7). In this pa-
per, we focus on the properties of two “simple” monogly-
cosyl GSL, galacto- and gluco-cerebroside, GalCer and
GluCer, respectively.

The physical properties of both natural and partially
synthetic cerebrosides have been studied by X-ray diffrac-
tion, differential scanning calorimetry (DSC), and spec-
troscopic methods. For example, early X-ray diffraction
studies showed that bovine brain cerebrosides containing
predominantly long chain fatty acids (C24:0, C24:1, and
C18:0) undergo a chain-melting transition at a relatively
high temperature (8). Using DSC, Curatolo (9) studied
two subfractions of bovine brain cerebrosides, those con-
taining amide-linked 2-hydroxy fatty acids and amide-
linked nonhydroxylated fatty acids (HFA-CER and NFA-
CER, respectively). NFA-CER exhibits two low temperature
phases, a metastable phase converting exothermically to a

 

stable phase at 

 

,

 

50

 

8

 

C (

 

D

 

H 

 

5

 

 16–17 cal/g). In contrast,
HFA-CER displays no metastability and exhibits a revers-
ible transition at 

 

,

 

68

 

8

 

C (

 

D

 

H 

 

5

 

 7.3 cal/g). Interestingly,
Pascher and coworkers (10–12) have suggested that the
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function of 2-hydroxy fatty acids in GSL is to increase lat-
eral interactions in the bilayer plane via hydrogen bond-
ing, thus imparting greater bilayer stability.

The properties of galactocerebrosides and their interac-
tions with other membrane lipids (particularly phosphati-
dylcholine and cholesterol) have been extensively studied
(13–27). Our own studies have focused on partially syn-
thetic 

 

d

 

-erythro galactocerebrosides containing specific
fatty acids of different chain length and chain unsatura-
tion. For example, DSC and X-ray diffraction studies of par-
tially synthetic N-palmitoyl-galactocerebroside also showed
evidence of interconversions between metastable and sta-
ble bilayer phases, in this case thought to be accompanied
by cerebroside hydration, prior to its high temperature,
high enthalpy chain-melting transition (82

 

8

 

C, 

 

D

 

H 

 

5

 

 17.5
Kcal/mol) to a bilayer L

 

a

 

 phase (15). The hydrated stable
form is stabilized by both a highly ordered chain-packing
mode and a lateral intermolecular hydrogen bonding net-
work involving the sphingosine backbone, the galactosyl
group, and interbilayer water molecules (15). Similar bi-
layer phases and polymorphic transitions were observed
for the longer chain homologues, C18:0- and C24:0-galac-
tocerebroside (20, 24). However, some kinetic and struc-
tural differences were observed for C24:0-galactocerebro-
side presumably due to chain length differences of the
fatty acid (C24) and sphingosine (C18) moieties (20). For
C18-galactocerebrosides, increasing chain 

 

cis

 

-unsaturation
causes a progressive decrease in both the chain-melting
transition temperature and its associated enthalpy (24). A
similar effect of chain unsaturation was observed for C16-
galactocerebrosides (28).

The properties of partially synthetic glucocerebrosides
(29), as well as glucocerebrosides isolated both from the
spleen of a patient with Gaucher’s disease (29) and from
rye leaves (30) have been studied by DSC and X-ray dif-
fraction techniques. The calorimetric investigation of hy-
drated, partially synthetic C16:0-glucocerebroside showed
an exothermic transition at 51

 

8

 

C, a weak endothermic
transition at 65

 

8

 

C, followed by a high temperature (87.5

 

8

 

C),
high enthalpy (17.1 kcal/mol) chain-melting transition
(29). A similar pattern of exothermic/endothermic transi-
tions, albeit at slightly lower temperatures (47 and 83

 

8

 

C),
was observed for the Gaucher’s glucocerebroside which
contains predominantly long-chain saturated fatty acids
(mainly C22:0 and C24:0). Using deuterium NMR, Skar-
june and Oldfield (31) showed that the polar sugar head
group of glucocerebroside extends away from the bilayer
to allow maximum interaction with the bulk water layer.
Rye glucocerebrosides, which contain predominantly
(

 

.

 

95%) hydroxy fatty acids also show complex thermotro-
pic phase behavior (30).

Naturally occurring cerebrosides, both GalCer and
GluCer, are heterogeneous with respect to both their
sphingosine component (chain length and 

 

D

 

4–5 

 

trans

 

 un-
saturation) and their N-linked fatty acid chain (chain
length, usually saturated long chain fatty acids, and hy-
droxylation). These cerebrosides show complex polymor-
phic phase behavior but it was thought that this complex-
ity could in part, at least, derive from their structural

 

heterogeneity. However, studies of chain-specific GalCer
and GluCer (synthesized by deacylation and reacylation of
naturally occurring cerebrosides) also showed a similar
pattern of exothermic and endothermic transitions illustra-
tive of polymorphic behavior (15, 29). The chain-melting
transition of the saturated chain C16:0-, C18:0-, and
C24:0-GalCer and C16:0-GluCer occurs at unusually high
temperatures (

 

.

 

80

 

8

 

C) and exhibits large transition en-
thalpies (17–18 Kcal/mol) compared to other membrane
lipids (e.g., phospholipids). A similar pattern of behavior
has also been reported for partially synthetic sulfatides,
i.e., sulfated galactocerebrosides (32–35).

With the availability of de novo synthetic protocols for
sphingosine-specific and chain-specific 

 

d

 

-erythro cerebro-
sides (36–40), we now present a comparative study of the
structure and properties of the C16:0 fatty acyl versions of
totally synthetic 

 

d

 

-erythro GalCer and GluCer containing
the specific C18:1 (

 

trans

 

 

 

D

 

4–5) sphingosine base; the two
sugars, 

 

d

 

-galactose and 

 

d

 

-glucose, differ only in the stereo-
chemistry of the hydroxyl group at C4 of the sugar ring. A
similar study of the two-sugar, lactosyl cerebroside also ob-
tained by de novo synthetic methods will be reported sep-
arately (K. Saxena, P. Zimmermann, R. R. Schmidt, and
G. G. Shipley, unpublished results).

MATERIALS AND METHODS

 

Cerebrosides

 

Totally synthetic 

 

N

 

-palmitoyl-galactosyl-

 

d

 

-erythro-sphingosine
(C16:0-GluCer) and 

 

N

 

-palmitoyl-glucosyl-

 

d

 

-erythro-sphingosine
(C16:0-GalCer) were synthesized starting from 

 

d

 

-galactose as de-
scribed previously (36–40).

 

Differential scanning calorimetry

 

Aliquots (1–4 mg) of C16:0-GalCer or C16:0-GluCer were
transferred directly into preweighed stainless steel DSC pans.
Doubly distilled water was added to the pans from a microsyringe
to achieve the required hydration. Heating and cooling scans
over the temperature range 0–100

 

8

 

C were performed either on a
Perkin-Elmer (Norwalk, CT) DSC-2 or DSC-7 calorimeter. Heating
and cooling rates ranged from 0.1 to 40

 

8

 

C. Peak maxima (or min-
ima) were taken as the transition temperatures. The transition
enthalpy was 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 anhydrous C16:0-GalCer or C16:0-GluCer into thin-
walled capillary tubes (internal diameter 1 mm) followed by
gravimetric addition of distilled deionized water. Samples were
covered with parafilm, centrifuged at room temperature for
about 2 min, and then flame-sealed. Equilibrated homogeneous
dispersions were prepared by a cycle of centrifugation–sample in-
version–centrifugation at a temperature above the previously de-
termined transition temperature. Nickel-filtered CuK

 

a

 

 X-radia-
tion from an Elliot GX-6 rotating anode generator (Elliot
Automation, Borehamwood, U.K.) was focused by a toroidal mir-
ror camera. X-ray diffraction patterns were recorded on photo-
graphic film and diffracted intensities were measured using a
scanning microdensitometer ( Joyce-Loebl, Gateshead, U.K.).
The sample temperature was maintained (

 

6

 

1

 

8

 

C) with an auto-
matically controlled ethylene glycol/water circulating bath.
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RESULTS

 

Hydrated synthetic C16:0-GalCer

 

Differential scanning calorimetry.

 

The calorimetric behav-
ior of fully hydrated (70 wt % water) C16:0-GalCer is
shown in 

 

Fig. 1

 

. The initial heating scan (heating rate,
5

 

8

 

C/min) after sample equilibration by heating and cool-
ing several times above and below the main, chain-melting
transition temperature (see below) is shown in Fig. 1a. Hy-
drated C16:0-GalCer undergoes a broad (54–64

 

8

 

C), low-
enthalpy exothermic transition centered at 59

 

8

 

C. Further
heating results in the high temperature, high enthalpy en-
dothermic transition at 85

 

8

 

C (

 

D

 

H 

 

5

 

 17.9 kcal/mol C16:0-
GalCer) characteristic of chain melting. Upon cooling
from 90

 

8

 

C, hydrated C16:0-GalCer exhibits significant hys-
teresis or supercooling; a sharp exotherm is observed at
62

 

8

 

C followed by a lower enthalpy exotherm at 56

 

8

 

C (Fig.
1b). The total enthalpy under this complex exotherm is
8.6 kcal/mol. After cooling to 20

 

8

 

C, immediate re-heating
results in a heating scan identical to that shown in Fig. 1a.

The nature of the exothermic transition at 59

 

8

 

C of
C16:0-GalCer observed in the heating scan (Fig. 1a) was
further investigated. The occurrence of this exothermic
transition is dependent upon whether the sample is heated
beyond or below the chain-melting transition tempera-
ture (

 

Fig. 2

 

). After initial heating and cooling scans (Figs.
2a and 2b), when hydrated C16:0-GalCer is heated to 70

 

8

 

C
(i.e., below the 85

 

8

 

C transition), the exothermic transition
at 59

 

8

 

C is present (Fig. 2c). On cooling, no transition is
observed over the temperature range 70–30

 

8

 

C (Fig. 2d).
Upon immediate reheating, the broad exothermic transi-
tion at 59

 

8

 

C does not reappear (Fig. 2e); however, the
85

 

8

 

C chain-melting transition is present with an enthalpy
identical to that observed initially (see Figs. 2e and 2a).
Subsequent cooling (Fig. 2f) and reheating to 90

 

8

 

C (data
not shown) show behavior identical to that shown in Figs.
2b and 2a, respectively. These calorimetric data provide
strong evidence for the presence of a metastable state, the
conversion of which to a more stable state is accompanied

by the exothermic transition observed in the heating
scans. Thus, the exothermic transition is irreversible in na-
ture, its occurrence requiring prior heating above the
chain-melting transition temperature.

The behavior of the exothermic transition in the heat-
ing scans was also studied as a function of prior cooling
rate (

 

Fig. 3

 

). Hydrated C16:0-GalCer was cooled at various
cooling rates and immediate heating scans at 5

 

8

 

C/min
were recorded. Fig. 3A shows the behavior of exothermic
transition in the heating scans. At prior fast cooling rates,
360 to 5

 

8

 

C/min, a broad exotherm is observed in the heat-
ing scans recorded immediately (Fig. 3A, scans a–f). How-
ever, at slow cooling rates (

 

<

 

2.5

 

8

 

C/min), no exotherm is
observed in the subsequent heating scans (Fig. 3A, scans g
and h). Thus, when C16:0-GalCer is cooled from melted-
chain state at a very slow rate, there is sufficient time to
permit the kinetically slow process of nucleation and
growth of the stable form to occur. Apparently, the slowest
cooling rates permit complete conversion to the stable
form and no exothermic transition is observed in the
heating scan (Figs. 3A, scans g and h). At the faster cool-
ing rates, C16:0-GalCer crystallizes into the metastable
form but insufficient time exists for the complete conver-
sion of the metastable to the stable state. Therefore, in the
next heating scan an exotherm (indicating the conversion
of the metastable to stable form) is seen; the faster the
prior cooling rate the less conversion to the stable form.
The residual metastable form is subsequently converted to
the stable form at 59

 

8

 

C on subsequent heating (Fig. 3A,
Fig. 1. DSC of hydrated (70 wt %) C16:0-GalCer. (a) Initial heat-
ing scan, 58C/min; (b) cooling scan, 58C/min.

Fig. 2. DSC of hydrated (70 wt %) C16:0-GalCer. (a) Initial heat-
ing scan; (b) immediate cooling scan; (c) subsequent heating scan
to 708C immediately following cooling scan (b); (d) cooling scan
from 708C; (e) and (f) subsequent heating and cooling scans, re-
spectively. Heating/cooling rates; 58C/min. Lettered arrows indi-
cate temperatures at which X-ray diffraction experiments were per-
formed (see Fig. 4).
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scans f–a). The relationship between the exothermic en-
thalpy of the heating scan and the prior cooling rate is il-
lustrated in Fig. 3B. The transition enthalpy increases with
increasing cooling rate, the maximum enthalpy (4.9 kcal/
mol C16:0-GalCer) being observed when the sample is
quenched at 360

 

8

 

C/min from 90 to 30

 

8

 

C.
The complexity of the cooling curves at various cooling

rates is depicted in Fig. 3C. At cooling rates 10

 

8

 

C/min or
faster, only a single exotherm is observed. At slower cool-
ing rates, this exotherm is resolved into a sharp peak with
a small shoulder on the lower temperature side. An obvi-
ous explanation for the two-peak exotherm at slower cool-
ing rates would be the initial formation of the metastable
form from the melted-chain L

 

a

 

 phase (sharp peak in Fig.
3C, scans d–g), followed by a slow conversion of the meta-
stable form into the stable form (low temperature shoul-
der in Fig. 3C, scans d–g). Although not obvious from the
unscaled data shown in Fig. 3C, the maximum enthalpy
associated with the two cooling exotherms (12.5 kcal/mol
C16:0-GalCer) is observed at the slowest cooling rate
(1.25

 

8

 

C/min). At faster cooling rates (

 

.

 

20

 

8

 

C/min), the
enthalpy of the cooling exotherms becomes more or less
constant (approx. 6.5 kcal/mol). We have also observed
that low temperature incubation (

 

2

 

20

 

8C) for prolonged
periods of time results in the disappearance of the exo-
thermic transition in the next heating scan; presumably,

low temperature incubation also allows the slow conver-
sion of any residual metastable form C16:0-GalCer into its
stable form (data not shown).

X-ray diffraction. To elucidate the structural changes
associated with the different transitions of hydrated C16:0-
GalCer, X-ray diffraction patterns were recorded at differ-
ent temperatures (see lettered arrows in Fig. 2). The dif-
fraction pattern at 208C shows six low-angle reflections
indexing on a lamellar geometry corresponding to a bi-
layer periodicity, d 5 56.7 Å (Fig. 4A). The wide angle re-
gion is characterized by a sharp reflection at 1/4.5 Å21, a
slightly broader reflection at 1/3.9 Å21, and a very weak
reflection at 1/5.0 Å21.

When hydrated C16:0-GalCer, is heated to 708C (above
the exothermic transition, but below the high enthalpy
endothermic transition), the diffraction pattern shown in
Fig. 4B is observed. Eleven lamellar reflections are ob-
served in the low angle region corresponding to a bilayer
periodicity, d 5 55.2 Å. Several sharp reflections are ob-
served in the wide angle region, the most prominent of
which are at 1/4.2 Å21 and 1/4.7 Å21. This diffraction pat-
tern is indicative of a highly ordered bilayer phase with
crystalline hydrocarbon chain packing. On cooling to
208C, the diffraction pattern recorded at this temperature
(data not shown) is identical to that observed at 708C (Fig.
4B). As expected (see Fig. 2), heating C16:0-GalCer back

Fig. 3. (A) DSC of hydrated (70 wt %) C16:0-GalCer. Heating scans at 58C/min showing the exotherm at 598C immediately after cooling
at different cooling rates; (a) 360, (b) 80, (c) 40, (d) 20, (e) 10, (f ) 5, (g) 2.5, and (h) 1.258C /min. (B) Effect of cooling rate on the en-
thalpy of the exothermic transition of hydrated (70 wt %) C16:0-GalCer. (C) DSC cooling scans of hydrated (70 wt %) C16:0-GalCer as a
function of cooling rate; (a) 80, (b) 40, (c) 20, (d) 10, (e) 5, (f ) 2.5, and (g) 1.258C/min
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to 708C leads to no change in the diffraction pattern (data
not shown). Upon further heating to 908C, i.e., beyond
the 858C endothermic transition, a diffraction pattern
characteristic of a liquid–crystalline bilayer phase is ob-
served (Fig. 4C). The low angle region shows four lamel-
lar reflections corresponding to a bilayer periodicity, d 5
50.2 Å. A broad, diffuse reflection centered at 1/4.6 Å21

characteristic of the disordered hydrocarbon chain pack-
ing in the melted-chain state is observed. Thus, above the
chain-melting transition hydrated C16:0-GalCer forms a
bilayer La phase.

After cooling from 90 to 708C, hydrated C16:0-GalCer
gives a diffraction pattern (Fig. 4D) characteristic of coex-
isting bilayer phases, the La phase and the stable crystal-
line phase. The wide-angle region shows two sharp reflec-
tions at 1/4.7 Å21 and 1/4.2 Å21, as well as a broad and
not clearly defined reflection at approx. 1/4.6 Å21 indica-
tive of the presence of the La phase. Further cooling to
208C results in a diffraction pattern (not shown) similar to
that of the stable crystalline form (see Fig. 4B). Presum-
ably the slow cooling rate in the X-ray sample holder and
the 2- to 5-h exposure time is sufficient to allow conver-
sion of the initially formed metastable phase to the stable
crystalline bilayer phase.

The diffraction pattern of anhydrous C16:0-GalCer
(data not shown) is very similar to that of hydrated C16:0-

GalCer at 208C (see Fig. 4A). The low-angle region shows
three reflections corresponding to a bilayer periodicity,
d 5 56.2 Å; two wide-angle reflections at 1/4.5 and 1/3.8
Å21 are observed.

Hydrated synthetic C16:0-GluCer
Differential scanning calorimetry. The thermotropic be-

havior of hydrated C16:0-GluCer is similar to that of
hydrated C16:0-GalCer. The first heating scan (58C/min)
after equilibration shows two transitions, a broad (range
44–568C), low enthalpy (DH 5 1.4 kcal/mol) exothermic
transition at 488C followed by a high enthalpy (DH 5 14.9
kcal/mol) endothermic transition at 878C (Fig. 5a). Upon
cooling from 958C, two overlapping exothermic transi-
tions are observed at 67 and 618C (Fig. 5b). The total en-
thalpy associated with the two exotherms is 10.2 kcal/mol.

As with hydrated C16:0-GalCer, the occurrence of the
exothermic transition of C16:0-GluCer in the heating run
is dependent on whether the sample has been heated be-
yond the chain-melting transition (Fig. 6). The initial heat-
ing and cooling scans (Fig. 6, a and b) are identical to those
described above (Fig. 5). The next heating scan to 708C
(Fig. 6c) shows the exotherm at 488C; however, on cooling
from 70 to 08C, no exothermic transitions are observed
(compare Figs. 6d and 6b). The subsequent heating scan
(Fig. 6e) shows no evidence of the 488C exotherm, only

Fig. 4. X-ray diffraction patterns of hydrated (70 wt %) C16:0-GalCer recorded at different temperatures.
(A) 208C, metastable form, (B) 708C, stable form, (C) 908C, liquid–crystalline form, and (D) 708C after cool-
ing from 908C; coexisting phases.
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the high enthalpy chain-melting transition at 878C is ob-
served. Subsequent cooling (Fig. 6f) and heating (Fig. 6g)
scans are identical to those recorded previously (Fig. 6, b
and a, respectively). Thus, once the stable phase has been
formed, reappearance of the metastable form requires
conversion to the melted chain phase and subsequent
cooling.

To probe further the behavior of the 488C exotherm,
heating scans (58C/min) were recorded immediately after
cooling at different cooling rates (Fig. 7A). After prior
cooling at rates <1.258C/min (Fig. 7A, scans f and g), no
detectable exothermic transition at 488C was observed in
the heating scan. At faster prior cooling rates the exo-
therm at 488C is present (Fig. 7A, scans a–e). In addition,
the enthalpy of the endothermic, chain-melting transition
at 878C is independent of the previous cooling rate (Fig.
7A). The cooling scans themselves are shown in Fig. 7B.
At cooling rates >108C/min only a single exothermic
transition is observed upon cooling (Fig. 7B, scans a–c).
At slower cooling rates two exotherms are observed. How-
ever, unlike the cooling exotherms of hydrated C16:0-Gal-
Cer in which the shoulder appears on the low tempera-
ture side of the exotherm, for C16:0-GluCer the shoulder
appears on the high temperature side (compare Figs. 7B
and 3C). The total enthalpy of the cooling exotherm(s)
increases with a decrease in the cooling rate (Fig. 7C). At
the slowest cooling rate (0.638C/min), the exothermic en-
thalpy (14.5 kcal/mol C16:0-GluCer) is essentially identi-
cal to that of the endothermic chain-melting transition
observed on heating (14.9 kcal/mol).

Although overnight incubation at 08C does not result in
the disappearance of the exothermic transition, after pro-
longed (180 h), low-temperature (2208C) storage of C16:0-
GluCer, no exothermic transition is observed in the initial
heating scan, only the chain-melting transition at 878C oc-
curs (data not shown). Thus, slow conversion of the meta-
stable form to the stable form does occur as a conse-
quence of long term, low temperature equilibration.

X-ray diffraction. X-ray diffraction patterns of hydrated
C16:0-GluCer were recorded at different temperatures
(see lettered arrows in Fig. 6). The diffraction pattern at

208C (Fig. 8A) was recorded after the sample was equili-
brated by temperature cycling above and below the chain-
melting transition (878C). The low-angle reflections index
according to a bilayer periodicity, d 5 52.3Å. Several reflec-
tions are observed in the wide-angle region, the most
prominent occurring at 1/4.5, 1/4.2, and 1/3.7 Å21.

Heating to 708C, beyond the exothermic transition, re-
sults in changes in the diffraction pattern as shown in Fig.
8B. A series of lamellar reflections correspond to a bilayer
periodicity, d 5 53.9Å is observed. Again, several reflec-
tions are observed in the wide-angle region, the strongest
being at 1/4.44 and 1/4.14 Å21; weaker reflections at 1/
5.6 and 1/5.0 Å21 are also observed.

After cooling to 208C, a diffraction pattern (data not
shown) essentially identical to that shown in Fig. 8B is ob-
tained. In the wide-angle region, the two most prominent
reflections occur at 1/4.43 and 1/4.06 Å21, with a weaker
reflection at 1/3.9 Å21. The small differences in the wide-
angle reflections at the two temperatures (70 and 208C)
are probably due to temperature-induced lattice expan-
sion/contraction effects.

The X-ray diffraction pattern of hydrated C16:0-GluCer
recorded at 958C, above the chain-melting transition, is
shown in Fig. 8C. Four lamellar reflections corresponding

Fig. 5. DSC of hydrated (70 wt %) C16:0-GluCer. (a) Initial heat-
ing scan, 58C/min; (b) cooling scan, 58C/min.

Fig. 6. DSC of hydrated (70 wt %) C16:0-GluCer. (a) Initial heat-
ing scan; (b) immediate cooling scan; (c) subsequent heating scan
to 708C immediately following cooling scan (b); (d) cooling scan
from 708C; (d), (e) and (f ) subsequent heating, cooling and re-
heating scans, respectively. Heating/cooling rates; 58C /min. Let-
tered arrows indicate temperatures at which X-ray diffraction ex-
periments were performed (see Fig. 8).
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to a bilayer periodicity, d 5 50.8 Å are observed in the low-
angle region. The diffuse broad wide-angle reflection at
1/4.6 Å21 confirms the presence of the melted chain La

bilayer phase. On cooling to 208C, a diffraction pattern
(Fig. 8D) similar to that of the stable phase (Fig. 8C) is ob-
served. Again, the long X-ray exposure time presumably
permits extensive conversion to the stable phase.

DISCUSSION

While the physical properties of isolated and partially
synthetic galacto- and gluco-cerebrosides have been the
subject of several investigations, the availability of totally
synthetic cerebrosides (chemically pure with respect to
stereochemistry, fatty acid, and sphingosine composition)
and other more complex GSL offers the opportunity for
further studies. Here, we have compared the behavior of
synthetic C16:0 galacto- and gluco-cerebrosides at full hy-
dration. The DSC data clearly show that the thermotropic
properties of the two cerebrosides are quite similar. After
equilibration by temperature cycling about the chain-
melting transition, both cerebrosides show a low temper-
ature exothermic transition and a high temperature,
high enthalpy endothermic transition (Figs. 1 and 5).
The high temperature transitions occur at 85 and 87 8C
for C16:0-GalCer and C16:0-GluCer, respectively, although

the transition enthalpy for the glucosyl compound is sig-
nificantly smaller (14.9 versus 17.9 kcal/mol). The X-ray
diffraction data (Figs. 4 and 8) confirm that in both cases
this high temperature, high enthalpy transition is due to
hydrocarbon chain melting. More specifically, a stable bi-
layer phase with the fatty acyl and sphingosyl chains ar-
ranged in a highly ordered crystalline packing mode
(Figs. 4B and 8B) converts to liquid crystalline bilayer
phase, L a, with melted hydrocarbon chains (Figs. 4C
and 8C). For both cerebrosides, chain melting is accom-
panied by a decrease in bilayer periodicity (3–5 Å). The
bilayer periodicities in the L a phase are essentially iden-
tical, 50.2 and 50.8Å, suggesting that, in this phase at
least, the isomeric form of the hexose, galactose or glu-
cose, is not a significant determinant of bilayer structure,
bilayer hydration, or interbilayer attractive or repulsive
forces.

In contrast to the chain-melting transitions, the low en-
thalpy exotherms on heating occur at significantly differ-
ent temperatures, 598C for C16:0-GalCer and 488C for
C16:0-GluCer (Figs. 1 and 5). We have confirmed that in
both cases this transition is irreversible (Figs. 2 and 6).
Cooling from a temperature intermediate between the
exotherm and the chain-melting transition (e.g., 708C)
shows no exotherm on either the cooling or next heating
scan. Under these conditions, the bilayer phase present is
stable from 08C (and probably lower) up to the respective

Fig. 7. (A) DSC of hydrated (70 wt %) C16:0-GluCer. Heating scans at 58C /min showing the exotherm at 488C immediately after cooling
at different cooling rates; (a) 40, (b) 20, (c) 10, (d) 5, (e) 2.5, (f ) 1.25, and (g) 0.638C /min. (B) DSC cooling scans of hydrated (70 wt %)
C16:0-GluCer as a function of cooling rate; (a) 40, (b) 20, (c) 10, (d) 5, (e) 2.5, (f ) 1.25, and (g) 0.638C/min. (C) Transition enthalpy of the
complex exothermic transition as a function of cooling rate.
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chain-melting temperature (85 or 87 8C). Clearly, the exo-
thermic transition represents the conversion of a metasta-
ble phase to a stable phase. For both C16:0-GalCer and
C16:0-GluCer the X-ray diffraction data show convincingly
that both the metastable and stable phases have bilayer
packing arrangements (Fig. 4, A and B; Fig. 6, A and B).
The bilayer periodicities of the stable phase of C16:0-Gal-
Cer and C16:0-GluCer are quite similar 54–55Å, and the
wide-angle reflections argue for ordered chain packing ar-
rangements for the two cerebrosides (Figs. 4B and 8B).
Thus, the stable bilayer phases of C16:0-GalCer and C16:0-
GluCer appear to be quite similar and, as evidenced by
the numerous wide-angle reflections, both adopt a highly
ordered “crystalline” chain-packing arrangement. In con-
trast, the structures of the metastable phases appear to dif-
fer somewhat. Notably, the bilayer periodicity of C16:0-
GluCer is approximately 5Å less than that of its galactosyl
counterpart (Figs. 4A and 8A) and in addition, the wide-
angle patterns differ, suggesting differences in the chain-
packing modes for the two cerebrosides (Figs. 4A and
8A). However, the X-ray diffraction patterns of both “hy-
drated” C16:0-GalCer and C16:0-GluCer in the metasta-
ble state strongly resemble those of the corresponding
anhydrous forms (data not shown). This observation
leads to the conclusion that on cooling from the melted-
chain bilayer La phase, both chain crystallization and

cerebroside dehydration occur initially. Presumably the
slow conversion to the stable phase requires both rehy-
dration of the polar interface, as well as modifications to
the chain packing.

The cooling data for C16:0-GalCer and C16:0-GluCer
shown in Figs. 3 and 7, respectively, provide kinetic data
relevant to the stepwise (presumably) conversion of the
melted-chain La bilayer phase to the metastable bilayer
phase, followed by conversion to the stable bilayer phase.
First, it is clear that even at the slowest cooling rate a sig-
nificant supercooling effect (>158C) exists for both cere-
brosides before chain “crystallization” occurs (Fig. 3C,
scan g; Fig. 7B, scan g). For C16:0-GalCer it would appear
that at the faster cooling rates conversion to the meta-
stable phase occurs (major peak in Fig. 3C), whereas re-
latively little of the stable phase can form. Note that on
the subsequent heating scan, exothermic conversion to the
stable phase at 598C occurs extensively, the maximum en-
thalpy for this transition being observed after the fastest
cooling rate (see Fig. 3, A and B). Similar, but not identi-
cal (see below), behavior is observed for C16:0-GluCer
(Fig. 7, A and B).

For both cerebrosides at very slow cooling rates, exother-
mic conversion to the stable phase is kinetically permitted
and complete conversion to the stable form occurs prior to
the next heating scan where no exothermic transition is ob-

Fig. 8. X-ray diffraction patterns of hydrated (70 wt %) C16:0-GluCer recorded at different temperatures.
(A) 208C, metastable form, (B) 708C, stable form, (C) 958C, liquid–crystalline form, and (D) 208C after cool-
ing from 958C; coexisting phases.
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served (Fig. 3A, scans g and h; Fig. 7A, scans f and g). In ad-
dition, for C16:0-GluCer at the slowest cooling rate, the en-
thalpy associated with the cooling exotherms is essentially
identical to that of the chain-melting transition on heating
(Fig. 7C); similar observations have been made for C16:0-
GalCer (data not shown). At intermediate cooling rates
(e.g., 58C/min), two transitions are observed. For C16:0-
GalCer the upper transition would appear to correspond to
conversion to the metastable phase; the lower transition (a
shoulder in Fig. 3C), increasing in enthalpy with decreasing
cooling rate, presumably reflects formation of the stable
phase. The reverse appears to be true for C16:0-GluCer,
with the high temperature shoulder becoming more pro-
nounced at slower cooling rates, eventually becoming a sin-
gle, high enthalpy (15 kcal/mol) transition (Fig. 7, B and
C). For C16:0-GalCer a stepwise pathway may occur, i.e.,
initial formation of the metastable phase at the higher
temperature exotherm followed by exothermic conver-
sion, at least partially, to the stable form at the lower tem-
perature exotherm. Complete conversion occurs either
via the exothermic transition on subsequent heating or as
a result of low temperature incubation. C16:0-GluCer, on
the other hand, appears to form the stable phase at the
higher temperature exotherm, with conversion of any re-
sidual La phase to the metastable phase at the lower tem-
perature exotherm. As for C16:0-GalCer, conversion of
the metastable phase of C16:0-GluCer to the stable phase
occurs exothermically either via the exothermic transition
on subsequent heating or as a result of low temperature
incubation.

In terms of structure, C16:0-GalCer and C16:0-GluCer
exhibit essentially identical structures in both their L a and
stable bilayer phases (see above). While their metastable
bilayer phases differ somewhat in both bilayer periodicity
and chain packing, both appear to have an ordered, “crys-
talline” chain packing arrangement rather than the hex-
agonal chain packing characteristic of bilayer gel phases
of, for example, phospholipids. Thus, the exotherm ob-
served on heating represents a metastable–stable transi-
tion accompanied by i) a change in the chain packing
mode, and ii) bilayer hydration. The stable bilayer phase
formed also has a highly ordered, but different, “crystal-
line” chain packing mode. The stable “crystalline-chain”,
bilayer phases of both C16:0-GalCer and C16:0-GluCer un-
dergo a chain-melting transition to their bilayer L a phases
with a significantly higher enthalpy (15–18 kcal/mol)
than observed in bilayer gel–bilayer La transitions of most
phospholipids (approx. 7 kcal/mol). A summary compar-
ing the bilayer parameters of the three phases (metastable
(A), stable (B), and liquid crystal (C)) of C16:0-GalCer
and C16:0-GluCer is shown in Fig. 9.

It is worth noting that in extensive studies of synthetic
glyco-glycerolipids, Hinz and colleagues (41–44) and,
more recently, McElhaney and colleagues (45–50) also
find that synthetic galacto- and glucoglycerolipids exhibit
structural and thermodynamic properties similar to the
cerebrosides. For example, at “low” temperatures, these
glycoglycerolipids exhibit conversions between metasta-
ble and stable bilayer phases, a behavior similar to that of

the cerebrosides described here. At temperatures above
the chain-melting transition, these glycero-based lipids
tend to form the La bilayer phase, but at higher tempera-
tures they also form non-bilayer (hexagonal, cubic, etc.)
phases. As the synthetic cerebrosides exhibit chain-melt-
ing transitions higher than 808C we have been unable to
demonstrate non-bilayer phase formation; the La phase
appears to be stable at least up to 958C. Although the
sugar groups present in both the sphingosine-based and
glycerol-based glycolipids contribute to the thermotropic
properties described above, we should point out that the
low temperature polymorphic behavior of the two cere-
brosides described here is essentially mimicked by the be-
havior of synthetic C16:0 d -erythro ceramide lacking a
sugar moiety (51); for example, compare our Figs. 2 and
6 with Fig. 3 from Shah et al. (51). This suggests that,
while interfacial hydrogen bonding interactions via the
sugar residues remain important, changes in hydrocar-
bon chain packing presumably contribute significantly to
the similar polymorphic effects observed for both cera-
mides and cerebrosides.

In summary, the two totally synthetic cerebrosides (C16:0-
GalCer and C16:0-GluCer) examined in this paper show
complex thermal behavior with interconversions between
metastable and stable bilayer “crystalline” chain phases.
However, it should be noted that the behavior of the two
totally synthetic cerebrosides described here is quite
similar to that of the corresponding partially synthetic
C16:0 cerebrosides described previously (15, 29). Thus,
minor variations in the structure of the sphingosine
chain (chain length, D4–5 unsaturation, etc.) appear to
have relatively little effect on the thermotropic properties
of these cerebrosides.

Fig. 9. Schematic representation of the temperature-dependent
structural changes of (A) C16:0-GalCer, and (B) C16:0-GluCer.
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