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Differential scanning calorimetry (DSC) and X-ray diffraction have been used to study hydrated /V-
lignocerylgalactosylsphingosine (NLGS) bilayers. DSC of fully hydrated NLGS shows an endothermic
transition at 69-70°C, immediately followed by an exothermic transition at 72-73°C; further heating shows
a high-temperature (T, = 82°C), high-enthalpy (4 H = 15.3 kcal /mol NLGS) transition. Heating to 75°C,
cooling to 20°C and subsequent reheating shows no transitions at 69—-73°C; only the high-temperature
(82°C), high-enthalpy (15.3 kcal / mol) transition. Two exothermic transitions are observed on cooling; for
the upper transition its temperature (about 65°C) and enthalpy (about 6 kcal /mol NLGS) are essentially
independent of cooling rate, whereas the lower transition exhibits marked changes in both temperature
(30 - 60°C) and enthalpy (2.2 — 9.5 kcal /mol NLGS) as the cooling rate decreases from 40 to 0.625
Cdeg /min. On reheating, the enthalpy of the 69—70°C transition is dependent on the previous cooling rate.
The DSC data provide clear evidence of conversions between metastable and stable forms. X-ray diffraction
data recorded at 26, 75 and 93°C show clearly that NLGS bilayer phases are present at all temperatures.
The X-ray diffraction pattern at 75°C shows a bilayer periodicity d = 654 A, and a number of sharp
reflections in the wide-angle region indicative of a crystalline chain packing mode. This stable bilayer form
converts to a liquid-crystal bilayer phase; at 93°C, the bilayer periodicity d = 59.1 A, and a diffuse reflection
at 1/4.6 A~! is observed. The diffraction pattern at 22°C represents a combination of the stable and
metastable low-temperature bilayer forms. NLGS exhibits a complex pattern of thermotropic changes
related to conversions between metastable (gel), stable (crystalline) and liquid-crystalline bilayer phases. The
structure and thermotropic properties of NLGS are compared with those of hydrated N-palmitoylgalacto-
sylsphingosine reported previously (Ruocco, M.J., Atkinson, D., Small, D.M., Skarjune, R.P., Oldfield, E.
and Shipley, G.G. (1981) Biochemistry 20, 5957-5966).
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anolamine, phosphatidylserine, etc.) and sphin-
golipids (sphingomyelin, cerebrosides, ganglio-
sides, etc.), as well as cholesterol. It is further
complicated by chain length/unsaturation varia-
tions in the glycerol ester-linked and sphingosine
amide-linked fatty acids. In most cases, glyco-
sphingolipids such as cerebrosides and ganglio-
sides are present in membranes in relatively small
amounts [1], but they appear to be located exclu-
sively in the extracellular monolayer of the mem-
brane {2]. The sugar component of glycosphin-
golipids may be functionally important and either
endow the cell surface with recognition properties
or be involved in receptor-mediated process (for a
review, see Ref. 3). In contrast, some tissues con-
tain relatively large amounts of glycosphingoli-
pids, for example in man, central and peripheral
nerve myelin contains galactocerebroside as its
major polar lipid {4]. The structural and/ or func-
tional role of galactocerebroside in myelin has not
been determined. In addition, significant elevation
of glycosphingolipids can occur in various tissues
(brain, liver, spleen, etc.) as a result of inherited
absences or defects of enzymes involved in glyco-
sphingolipid degradation [5]. These pathological
glycosphingolipidoses (and the accumulating gly-
cosphingolipid) include gangliosidoses (G, and
G,,, gangliosides), Fabry’s disease (globosides),
metachromatic leukodystrophy (cerebroside
sulfate), Gaucher’s disease (glucocerebroside), and
Krabbe’s disease (galactocerebroside).

The glycerolipids have been studied in detail by
a variety of physical methods and a reasonably
complete description of their structure and prop-
erties is available. Until recently, relatively few
physical studies of sphingolipids (sphingomyelin
and glycosphingolipids) had been made. Recent
advances in the synthesis of sphingolipids of
specific N-acyl-chain composition should allow
more incisive studies of these membrane lipid
components. For example, natural and homoge-
neously acylated sphingomyelins have been shown
to form bilayer structures with thermotropic prop-
erties similar, but not identical, to the correspond-
ing phosphatidylcholine [6-10].

For cerebrosides, their structure and properties
have been studied by X-ray diffraction [11-15],
calorimetric [15-20] and spectroscopic [21-24]
methods .Notably X-ray diffraction [12] and single

crystal [25] studies of synthetic cerebrosides by
Pascher and colleagues have shown that cerebro-
side molecules pack in a bilayer arrangement, with
the galactosyl groups aligned almost parallel to
the membrane interface. A variety of hydrogen-
bond donor and acceptor groups ( *NH, -OH,
~C=0) facilitate the formation of an extensive
lateral hydrogen-bonded network involving the
galactose and sphingosine moieties in the interfa-
cial region. Our own studies have focused on the
structure and properties of N-palmitoylgalacto-
sylsphingosine (NPGS, galactocerebroside) and its
interaction with phosphatidylcholine and choles-
terol [15,26-28]. Hydrated NPGS exhibits com-
plex polymorphic behavior, interconversions be-
tween stable and metastable bilayer structures,
and a high-temperature (82°C), high-enthalpy
(17.5 kcal/mol) bilayer-crystal to liquid-crystal
transition [15]. This complex behavior has been
attributed to variations in the hydrocarbon chain
packing mode, the lateral H-bond interactions,
and alterations in the hydration layer at the
cerebroside bilayer interface [15]. Calorimetric
studies suggest that glucocerebrosides exhibit simi-
lar thermotropic behavior, including low-temper-
ature metastability [18]. Interestingly, the presence
of 2-hydroxy fatty acid-containing cerebrosides
seems to inhibit the low-temperature transition
between metastable and stable forms [20].

It is well known that, in contrast to phospholi-
pids, glycosphingolipids, including cerebrosides,
have a significant amount of long-chain fatty acids
(over 20 carbon atoms), in particular lignoceric
(C,4.0) and nervonic (C,,.,) acids, N-acylated to
the sphingosine base. It seems plausible that these
long-chain membrane lipids may: (i) facilitate
lateral phase separation of lipids, i.e., ‘lipid patch-
ing’; (ii) prevent lipid desorption from the bilayer,
L.e., ‘anchoring’, (iii) allow interaction between the
two lipid monolayers of a membrane, i.e., ‘com-
munication’. Since our earlier studies of cerebro-
sides have focused on the shorter-chain N-
palmitoyl derivative [15,26-28], we now describe
our initial studies of the structure and properties
of N-lignocerylgalactosylsphingosine (NLGS;
galactocerebroside) using X-ray diffraction and
calorimetric methods. Future studies will define its
interactions with other lipids such as phosphati-
dylcholine and cholesterol, and perhaps in turn



allow the presence of long-chain glycosphingoli-
pids in cell membranes to be rationalized.

Materials and Methods

Samples

NLGS was synthesized starting from pig brain
cerebroside according to methods described by
Skarjune and Oldfield [22], based on the original
isolation, deacylation and reacylation procedures
of Radin [29-31]. It is estimated that NLGS con-
tains approx. 5% of the dihydrosphingosine de-
rivative. By thin-layer chromatography, NLGS
gave a single spot in the solvent system chloro-
form/methanol / water (65:25:4, v/v) and was
used without further purification.

Differential scanning calorimetry

Hydrated multilamellar samples were prepared
by weighing NLGS into stainless-steel pans, fol-
lowed by the introduction of distilled water with a
microsyringe to make approx. 70 wt% water dis-
persions. The pans were hermetically sealed and
cycled between temperatures below and above the
NLGS transition temperature (82°C, see below)
to ensure equilibration. Heating and cooling scans
were performed on a Perkin-Elmer (Norwalk, CT)
DSC-2 with heating and cooling rates ranging
from 0.625 to 80 Cdeg/min. Transition tempera-
tures were determined by the position of the tran-
sition peak. Transition enthalpies were calculated
by measuring the area under the peak with a
planimeter, and comparison with those of a known
gallium standard.

X-ray diffraction

Hydrated multilamellar samples were prepared
by weighing NLGS into thin-walled (internal di-
ameter = 1 mm) glass capillaries (Charles Supper
Co., Natick, MA). Distilled water was added with
a microsyringe to make a 70 wt% water dispersion
of NLGS. For equilibration, the samples were
centrifuged at room temperature to ensure that
the NLGS and water had reached the bottom of
the capillary, the capillary was flame sealed, and
the sample was centrifuged approximately six times
through the capillary at a temperature above that
of the major phase transition (82°C, see below).
The X-ray diffraction experiments were carried
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out with nickel-filtered CuK, X-radiation (A=
1.5418 A) from an Elliot GX-6 rotating anode
X-ray generator (Elliot Automation, Bore-
hamwood, U.K.) and focused by a toroidal mirror
optical camera. The samples were kept at constant
temperature by a circulating ethylene glycol / water
bath. For relatively fast cooling (about 2 Cdeg/
min) the circulating solvent maintaining the high
temperature was rapidly switched to an identical
solvent maintained at a lower temperature. The
sample temperature measured by a thermocouple
adjacent to the sample was monitored continu-
ously during this cooling period. The diffraction
patterns were recorded on Kodak No-Screen X-ray
film.

Results

Differential scanning calorimetry

The calorimetric behavior of hydrated (70 wt%
water) NLGS is summarized in Fig. 1. Fig. 1A
shows the initial heating run at 5 Cdeg/min fol-
lowing the equilibration procedure described in
Materials and Methods. Three calorimetric transi-
tions are observed on heating. The initial transi-
tion is endothermic and is centered at 69°C. The
transition enthalpy is difficult to measure and is
variable, due in part at least to the exotherm
which follows. At 5 Cdeg/min a mean value of
about 4 kcal/mol NLGS is obtained. This endo-
therm is followed immediately by an exothermic
transition at 72°C, again with an enthalpy that is
difficult to measure and is variable (4 H = 2 kcal /
mol NLGS). The third transition is endothermic
and represents the main phase transition of hy-
drated NLGS. This cooperative transition is
centered at 82°C, with a transition enthalpy, AH
of 15.3 kcal/mol NLGS. On cooling at 5 Cdeg/
min, significant supercooling is observed (Fig. 1B).
The initial exotherm occurs at 67°C, followed by
a smaller peak at 65°C. The combined transition,
transition I (onset 69°C to completion 58°C), has
a total enthalpy AH =6.0 kcal/mol NLGS. A
second exothermic transition, transition II, occurs
at 45°C with a transition enthalpy A H = 8.1 kcal/
mol NLGS (Fig. 1b). Fig. 1C shows the DSC
heating scan (5 Cdeg/ min) performed im-
mediately after completion of the cooling scan.
Basically the same pattern of behavior is observed
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Fig. 1. DSC of hydrated (70 wt% H,0) NLGS. (A) Heating

curve, 5 Cdeg/min. (B) Cooling curve, 5 Cdeg/min. (C) Im-
mediate re-heating curve, 5 Cdeg/min.

as in the initial heating run, with the initial endo-
therm at about 70°C being followed immediately
by the exotherm at about 73°C and finally, the
high-enthalpy transition at 82°C. Some variability
in the transition temperatures and enthalpies is
observed for the low-temperature endotherm and
exotherm at 69-70 and 72-73°C, respectively.
The high-temperature endothermic transition is
identical in both temperature (82°C) and enthalpy
(AH =15.3 kcal/mol NLGS) to that observed in
the initial heating scan (Fig. 1A). Repeated heat-
ing and cooling at 5 Cdeg/min shows behavior
essentially identical to that shown in Fig. 1.
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Fig. 2. DSC of hydrated (70 wt% H,0) NLGS. (A) Heating
curve to 77°C, 5 Cdeg/min. (B) Cooling curve, 5 Cdeg/min;
following equilibration at 77°C for 1 h. (C) Immediate re-
heating curve, 5 Cdeg/min. (D) Cooling curve, 5 Cdeg/min.
(E) Immediate re-heating curve, 5 Cdeg/min.

The reversibility of the complex endotherm-ex-
otherm behavior at about 69-73°C was examined
as shown in Fig. 2. Hydrated NLGS was heated at
5 Cdeg/ min through both the initial endotherm at
about 70°C and the exotherm at about 72°C and
held at 77°C for 1 h (Fig. 2A). The subsequent
cooling run following the 1 h incubation at 77°C
shows no evidence of a thermal transition in the
range 77 to 20°C (Fig. 2B). The following heating
scan (Fig. 2C) confirms the irreversibility of the
endothermic and exothermic behavior at about
70°C and 72°C, respectively. No transitions are



observed in this temperature range and only the
high-temperature (82°C), high-enthalpy (AH =
15.3 kcal / mol NPGS) transition is observed (Fig.
2C). Heating through the high-temperature transi-
tion appears to be necessary for the subsequent
characteristic exothermic behavior on cooling (Fig.
2D; see also Fig. 1B) performed immediately after
the heating scan. The enthalpies associated with
these transitions on cooling are 6.0 kcal/mol
NLGS for the complex exotherm at about 66°C
and 8.1 kcal/mol NLGS for the exotherm at
about 45°C. Following this cooling run, im-
mediate reheating at 5 Cdeg/min shows the reap-
pearance of the endotherm at 69°C and the ex-
otherm at 72°C, in addition to the high-tempera-
ture (82°C), high-enthalpy transition (Fig. 2E).
Thus, the data presented in Fig. 2 indicate the
following: (i) the endotherm-exotherm behavior at
69-73°C represents the endothermic conversion
at about 70°C from a low-temperature NLGS
form to a different form; this phase is thermody-
namically unstable and immediately undergoes ex-
othermic conversion at about 72°C to the stable
form of NLGS; (ii) this phase of NLGS which
undergoes the high-temperature (82°C), high-en-
thalpy (AH = 15.3 kcal/mol NLGS) transition is
the stable form of NLGS in the temperature range
0-82°C, and all other low-temperature phases are
metastable with respect to it; and (iii) only on
cooling hydrated NLGS from the phase present at
T > 82°C are the two transition exotherms (I and
I1) observed at about 65-67°C and about 45°C,
resulting in the formation of the low-temperature
NLGS phases (see below).

In order to derive more information about the
phases formed on cooling and their stability, the
complex exothermic transitions observed on cool-
ing were studied as a function of cooling rate (Fig.
3A-G). At the fastest cooling rate recorded, 40
Cdeg/min, two exothermic transitions are ob-
served at 57°C and 26°C. With decreasing cool-
ing rate in the range 40 to 0.625 Cdeg/min, the
low-temperature exotherm (transition II) occurs at
progressively higher temperatures (26 to 58°C)
and with progressively higher enthalpy (2.2 to 9.5
kcal/ mol NLGS). The high-temperature ex-
otherm (transition I) is much less dependent on
cooling rate, increasing in temperature from 57 to
68°C (note also the resolution of the smaller peak
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Fig. 3. DSC cooling curves of hydrated (70 wt% H,0) NLGS
at different cooling rates (40, 20, 10, 5, 2.5, 1.25 and 0.625
Cdeg/min, A-G). DSC heating curves (H-N, 5 Cdeg/min)
immediately following cooling at 40, 20, 10, 5, 2.5, 1.25 and
0.625 Cdeg/min).

at about 65°C at lower cooling rates) with ap-
parently a slight decrease in observed transition
enthalpy (6.1 to 4.7 kcal/mol NLGS). This ap-
parent decrease in enthalpy of transition 1 at the
lowest cooling rate (0.625 Cdeg/ min) is probably
due to the lower signal-to-noise ratio and/or
problems resolving the overlapped transitions I
and II observed at this cooling rate (see Fig. 3G).
The changes in transition temperature and en-
thalpy with cooling rate for the two exothermic
transitions (I and II) are plotted in Fig. 4A and B,
respectively. Following the cooling scan at 40
Cdeg/min showing a low-transition enthalpy for
the exotherm at 26°C, the subsequent heating
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scan at 5 Cdeg/min exhibits a broad exotherm
centered at about 42°C prior to the 70°C (endo-
therm), 72°C (exotherm) and 82°C (endotherm)
transitions (Fig. 3H). A similar exotherm at 42°C
is observed following cooling at 20 and 10 Cdeg/
min (Fig. 31 and J). At cooling rates no greater
than 5 Cdeg/min, where the enthalpy associated
with the low-transition exotherm (II) increases
markedly (see Fig. 4B), no exothermic behavior is
detectable at about 42°C on the subsequent heat-
ing run (Fig. 3K-N). In addition, the enthalpies
associated with the endotherm and exotherm at 69
and 72°C decrease with decreasing prior cooling
rate (Fig. 3H-N). After the lowest cooling rate
(0.625 Cdeg/ min; see Fig. 3G), most of the NLGS
has converted to the stable form (7, = 82°C) with
only a small amount being present in the metasta-
ble phase exhibiting the endotherm-exotherm be-
havior at 69-72°C in the subsequent heating scan
(see Fig. 3N). The approximate enthalpy (see com-
ment above) of the transition endotherm (69°C) is
plotted as a function of prior cooling rate in Fig.
4B. Clearly, the cooling rate ‘independent’ ex-
otherm represents conversion of the high-tempera-
ture form to a metastable form, whereas the cool-
ing-rate-dependent exotherms are associated with
the formation of the stable phase of NLGS. At the
lowest cooling rates the sum of transition enthal-
pies of exotherms I and II (plotted in Fig. 4B)
reaches a value close to that of the 82°C endo-
therm observed on heating (i.e., 15.3 kcal/mol
NLGS).

X-ray diffraction
In order to elucidate the structural changes of
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hydrated NLGS, X-ray diffraction patterns were
recorded at different temperatures and following
different equilibration conditions. The lettered
arrows in Fig. 1 correspond to temperatures at
which the X-ray diffraction patterns shown in Fig.
5 were recorded. Fig. 5 shows the initial X-ray
diffraction pattern obtained at 26°C following
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Fig. 4. (A) Transition temperatures of the exotherms observed
on cooling hydrated (70 wt% H,0) NLGS plotted as a func-
tion of cooling rate: W, transition I; O, shoulder on transition
1; @, transition II. (B) Transition enthalpies of the exotherms
observed on cooling hydrated (70 wt% H,0) NLGS; W, transi-
tion I; @, transition II; ¢, transitions I and II. The enthalpy of
the endothermic transition at about 70°C on heating (transi-
tion III), following cooling at different rates, is also plotted, a.
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Fig. 5. X-ray diffraction patterns of hydrated (70 wt% H,0) NLGS. (A) 26°C, following cooling from about 90°C at about 2
Cdeg/min (see text); (B) 75°C; (C) 93°C. Sample to film distance = 63.02 mm.

conventional equilibration conditions and a cool-
ing rate of about 2 Cdeg/min from the high
temperature phase (about 90°C) to 26°C (see
Materials and Methods). A series of lamellar
reflections (2 =1 to 7) are observed at low diffrac-
tion angles, corresponding to a bilayer periodicity
(NLGS bilayer plus intercalated water), d=65.7
+ 1.1 A. At higher diffraction angles, a number of
diffraction lines are observed in the angular range
1/10 to 1/3 A~ with the two strongest reflec-
tions appearing at 1/4.22 A~! and 1/3.81 A~!
(arrowed, Fig. 5A). Additional weaker reflections
are observed at 1/4.95, 1/5.03, 1/5.39, 1/8.08
and 1/9.43 A~ The hydrated NLGS sample was
then heated to 75°C, corresponding to a tempera-
ture above the initial endothermic and exothermic
transitions (see Fig. 1A). The diffraction pattern
(Fig. 5B) shows only minor changes in the posi-
tions and intensities of the low-angle reflections
h=1-8, with d=654+13 A. However, some
changes in the wide-angle diffraction pattern are
detectable, strong reflections being present at
1,/4.1,1/4.22 and 1,/4.75 A~ (arrowed, Fig. 5B;
cf. Fig. 5A and 5B). Further heating to 93°C
(above the high-temperature, high-enthalpy transi-
tion) results in the diffraction pattern shown in
Fig. 5C. A series of lamellar reflections are
observed in the low-angle region corresponding to
a bilayer periodicity d = 59.1 A and a broad dif-
fuse reflection at about 1,/4.6 A~} (arrowed, Fig.
5C) is observed in the wide-angle region.

In a separate experiment, hydrated NLGS was
heated to 75°C and its X-ray diffraction pattern
was recorded (Fig. 6A). The lettered arrows in Fig.
2 correspond to temperatures at which the X-ray
diffraction pattern in Fig. 6 were recorded. This
diffraction pattern is identical to that at 75°C
described above (Fig. 5B). The sample was then

A 75°C

B | 21C

Fig. 6. X-ray diffraction patterns of hydrated (70 wt% H ,0)
NLGS. (A) At 75°C, following heating. (B) At 21°C, following,
cooling from 75°C, see (A). Sample to film distance = 63.02
mm.
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cooled to 21°C (for the equivalent DSC experi-
ment, see Fig. 2) and the diffraction pattern was
recorded (Fig. 6B). No significant changes occur
in the low-angle region (d=65.0+1.3 A) and
strong reflections are present at 1,/3.90, 1/4.19
and 1/4.77 in the wide-angle region. Compared to
the diffraction pattern at 75°C, only relatively
small changes occur in the wide-angle region, the
most significant being a shift in the reflection at
1,410 A~ at 74°C to 1/3.90 A~! at 21°C
(arrowed, Fig. 6).

Attempts to record the X-ray diffraction pat-
tern of hydrated NLGS exclusively in the metasta-
ble low-temperature phase either at about 20 or
55°C have not been successful due to difficulties

“crystal”

|

82°C

in achieving the fast cooling rate (over 10 Cdeg/
min) required to limit formation of the stable
phase (see Fig. 3) and/or to the rather long
acquisition time required to record the diffraction
pattern (during which conversion of the metasta-
ble phase to the stable phase occurs). In most
cases, a diffraction pattern similar to that shown
in Fig. 5A is observed.

Discussion
Thermotropic properties of hydrated NLGS
On heating, hydrated NLGS exhibits a complex

pattern of thermotropic behavior. Three transi-
tions are observed on heating; two variable-en-
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Fig. 7. Schematic representation of the bilayer structures and thermotropic behavior of hydrated NLGS. The stable ‘crystal’ bilayer
phase is represented with zig-zag chains, indicating a highly ordered chain-packing mode (see text). The gel bilayer phase is
represented with straight chains, indicating the rotationally disordered, hexagonally packed chain packing mode (see text). The
precise tilt with respect to bilayer normal is not known and the molecules are shown in an untilted form. The liquid crystal bilayer
phase is represented with wavy chains indicative of the melted chain conformation and the presence of gauche isomers along the
chains,. Since the presence of the liquid crystal bilayer intermediate between the gel and crystal bilayer forms (bottom) has not been

‘trapped’, no molecular information on its structure is available.



thalpy transitions at 69°C (endotherm) and 72°C
(exotherm), followed by an invariable transition
(A H =15.3 kcal /mol NLGS) at 82°C. This com-
plexity is due to the presence of metastable and
stable low-temperature forms and is strongly
influenced by the prior thermal treatment of
NLGS. It is simpler to consider first the behavior
of hydrated NLGS on cooling from the high-tem-
perature phase (for a summary, see Fig. 7). Above
the high-temperature (82°C), high-enthalpy (AH
= 15.3 kcal/mol NLGS) transition, the X-ray dif-
fraction data confirm that NLGS forms a hydrated
lamellar phase, of bilayer periodicity 59.1 A. The
hydrocarbon chains are clearly in the melted con-
figuration, as revealed by the broad reflection at
1,/4.6 A~ This X-ray diffraction pattern resem-
bles that of other hydrated liquid-crystalline
bilayers (L,) formed by phospholipids, glyco-
lipids, etc.

On cooling, the L, phase of hydrated NLGS
exhibits significant supercooling; even at the lowest
cooling rate (0.625 Cdeg/min) the onset of the
first exothermic transition (I) does not occur until
70° C. Neither the temperature nor the enthalpy of
this exothermic transition 1is significantly
influenced by the cooling rate, except perhaps at
the lowest cooling rates (Fig. 4). The enthalpy of
this transition is about 6 kcal /mol NLGS, a value
less than half that exhibited at the 82°C transition
on heating. This transition enthalpy is similar to
that exhibited by hydrated phospholipid bilayers
undergoing bilayer liquid crystal to bilayer gel
(L, = Lg) transitions, where the gel phase (Lg or
Lg.) has the hydrocarbon chains packed in an
hexagonal arrangement (for examples, see Refs.
6,8-11,32-37). Attempts to record the X-ray dif-
fraction pattern of only this phase of NLGS have
not been successful (see Results). However, the
diffraction pattern recorded in the presence of the
stable phase suggests that the bilayer periodicity
does not differ greatly from that of the stable
phase, i.e., about 65 A. Thus, on cooling NLGS
from the L, phase we suggest that the initial
phase formed is a bilayer gel structure (L or Ly.)
with hexagonally packed chains (see Fig. 7). The
presence of a strong, rather broad reflection at
1,422 A~! at 26°C is consistent with the pres-
ence of a gel phase at this temperature (see Fig.
5A).
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On further cooling, hydrated NLGS exhibits a
second exothermic transition (II) with a transition
temperature and enthalpy that is markedly depen-
dent on cooling rate. At the lowest cooling rate
most of the intermediate bilayer gel phase (Lg)
converts to a different low-temperature phase.
With progressively higher cooling rates, less of the
NLGS is converted and this remains as the L,
phase at low temperatures. Thus, depending on
the cooling rate, differing amounts of the two
phases will be present at low temperatures. The
two co-existing phases present at low temperatures
following cooling exhibit different thermotropic
behavior (see Fig. 7). The ‘unconverted’ metasta-
ble gel form of NLGS exhibits the endothermic
transition at about 69°C followed by the exo-
thermic transition at about 72°C, representing the
conversion of the metastable gel phase to the
stable low-temperature form, the latter being iden-
tical to that produced by exothermic transition 11
on cooling. Again, based on enthalpy arguments
we believe that the metastable L, bilayer phase
undergoes an endothermic hydrocarbon chain
melting transition at 69°C to produce a melted
chain L, bilayer phase. This phase is also metasta-
ble at this temperature and immediately converts
exothermically at 72°C to the stable, high-melting
(82°C) NLGS phase.

Using the protocol shown in Fig. 2 we have
converted all the NLGS into the stable form and
thus we have been able to record the X-ray dif-
fraction pattern of only the stable form. Clearly,
the stable, low-temperature phase of hydrated
NLGS is a lamellar structure with a bilayer peri-
odicity of 65.4 A. The presence of numerous sharp
reflections in the wide-angle region show that this
is not a simple gel phase with hexagonally packed
chains. Rather, the diffraction pattern indicates
the presence of a bilayer phase in which the hy-
drocarbon chains have adopted one of the specific
crystalline chain-packing arrangements defined by
either a simple or a complex sub-cell [38-40). We
refer to this as a stable ‘crystal’ bilayer (see Fig.
7). This crystal bilayer phase represents the stable
form of hydrated NLGS over the temperature
range 0-82°C.

At 82°C, the stable crystal bilayer form of
NLGS converts to the melted-chain L, bilayer
phase (see Fig. 7). The large enthalpy is a result of
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the energy requirements to melt hydrocarbon
chains packed in a crystalline lattice.

Comparison with other glycosphingolipids

(a) Structural considerations. From the crystal
structure analysis of 2-D-hydroxystearoylgalacto-
syldihydrosphingosine [25], a bilayer length of 61
A is calculated for this C,4 cerebroside. Assuming
the molecular conformation is similar for NPGS,
C,, cerebroside, and remembering that the
sphingosine chain is invariant, a bilayer molecular
length of 61-2.5 A =585 A is calculated. The
observed bilayer periodicity of the stable E phase
of NPGS is 54.5 A [15]. If, as we suspect [15,26],
this phase is not extensively hydrated, the water
layer thickness may be negligible. With this as-
sumption we calculate a molecular tilt angle of
21° with respect to the bilayer normal for NPGS.
For the stable phase of NLGS the wide-angle
diffraction pattern is similar to that of NPGS
described above [15] and thus a similar bilayer
structural arrangement is expected. Assuming that
the tilt angle is identical to that of NPGS, i.e., 21°,
and that the water layer thickness is negligible, the
bilayer periodicity of NLGS, 65.0 A, can be used
to calculate the bilayer molecular length of 69.6 A.
This is in good agreement with the bilayer length
(68.5 A) calculated assuming partial chain inter-
digitation, the C,, chain on one side of the bilayer
being apposed with the sphingosine chain on the
other side of the bilayer, and vice versa, as shown
in Fig. 7 (‘crystal’). Although dependent on a
number of assumptions, the X-ray diffraction data
suggest that partial chain interdigitation occurs in
the stable bilayer phase of NLGS.

For the melted chain, L, bilayer phase which
for NPGS, at least, does have a significant hydra-
tion contribution to the bilayer thickness (Ruocco
and Shipley, unpublished data), the increase in
bilayer thickness in going from C,, (NPGS; d =351
A) to C,, (NLGS; d=59 A)is 8 A. With the
assumption that this increment is due primarily to
a change in the bilayer thickness and not the
hydration thickness, this value is consistent with a
partially interdigitated arrangement of the melted
chains as indicated in Fig. 7 (‘liquid crystal’).

(b) Thermotropic behavior. Previous studies of
N-palmitoyl galactosylsphingosine (NPGS) in
which the sphingosine and N-acyl chains are more

evenly matched than in NLGS, also demonstrated
a complex polymorphic behavior [15] which dif-
fered markedly from that of membrane phos-
pholipids. Hydrated NLGS and NPGS both ex-
hibit high temperature (NLGS, 82°C; NPGS,
82°C), high enthalpy (NLGS, AH =15.3 kcal/
mol; NPGS, AH =175 kcal/mol) transitions
from ordered chain, crystalline bilayer phases to
melted chain L bilayer phases. The behavior on
cooling appears similar for NLGS and NPGS in
that both exhibit two distinct exothermic transi-
tions as the cerebrosides form first a metastable
bilayer phase (for NPGS, anhydrous crystal A
form, see Ref. 15), and then a stable hydrated
bilayer phase (for NPGS, crystal form E, see Ref.
15). The dependence of these two transitions on
cooling rate is qualitatively similar for both NLGS
and NPGS, with the higher-temperature transition
being cooling-rate-independent and the lower-
temperature transition being cooling-rate-depen-
dent in both cases. For NPGS we were able to
record the diffraction pattern of the metastable
phase and to show that this was an anhydrous
NPGS bilayer phase [15]. On heating, this meta-
stable phase exhibited an exothermic transition at
about 52°C to the hydrated stable, crystal E bi-
layer phase. For NLGS we have not been able to
‘trap’ and define the structure of the correspond-
ing metastable phase. However, on heating, the
metastable phase of NLGS exhibits behavior
slightly different from that of the previously char-
acterized NPGS [15]. Notably, only following very
rapid cooling does NLGS exhibit an exothermic
transition on heating at about 40-50°C (see Fig.
3H-J). This exotherm probably represents the
conversion of a dehydrated NLGS phase (formed
only at the very high cooling rates) to the stable
hydrated bilayer form of NLGS which then un-
dergoes the high temperature transition (i.e., anal-
ogous to the behavior of NPGS, see Ref. 15). We
have not studied the structural basis for this ex-
otherm. In contrast, following slower cooling no
exothermic behavior is observed at temperatures
under 60°C; instead the metastable form exhibits
an endothermic transition at 69°C, immediately
followed by an exotherm at 72°C. We suggest that
this metastable form of NLGS is a hydrated bi-
layer, perhaps with hexagonally packed chains
(see strong 1/4.2 A~! reflection, Fig. 5A), which



undergoes a relatively low-enthalpy, endothermic
bilayer gel — bilayer liquid-crystal (L) transition
at 69°C. The difference between the hydrated
metastable form and the stable state lies, in part at
least, in the differences in the chain packing. The
metastable form probably has hexagonally packed
chains, while the stable form has a highly ordered
chain-packing mode corresponding to a specific
sub-cell arrangement. Since the L, phase is meta-
stable with respect to the stable, high-melting form
it converts to the stable form exothermically at
about 72°C.

Thus, although NLGS and NPGS show similar
thermotropic behavior, they appear to differ in
temrs of the kinetics of bilayer dehydration-hydra-
tion processes. So far we have not been able to
define the contribution of the marked asymmetry
in chain length of NLGS to its thermotropic be-
havior.

Recent studies by Curatolo [20,41] on isolated
hydroxy- and non-hydroxy fatty acid subfractions
of bovine brain cerebrosides show similarities with
the behavior of the synthetic NLGS described
here and NPGS [15]. Of note is the effect of a
2-hydroxy fatty acid in cerebrosides which ap-
pears to prevent the formation of the stable phase
and considerably simplifies the low-temperature
polymorphic behavior of cerebrosides [20,41]. Fi-
nally, Boggs and co-workers [42,43] have studied
the thermotropic properties of synthetic sulfatides
(cerebroside 3-sulfate). These negatively charged
sulfatides show thermal characteristics similar, but
not identical, to those of the related cerebrosides.
In particular, sulfatides also appear to show con-
versions between metastable and stable states on
cooling [42,43].
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