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Calorimetric and Fourier fransform infrared (FTIR) spectroscopic studies have been made of the pelymor-
phism exhibited by bovine brain cerebroside-water systems, and the effect of cholesterol and di-
palmitoylphosphatidylcholine (DPPC) upon this polymorphism was investigated. The conversion of the
cerebroside from the thermodynamically stable to the metastable form is found to be accompanied by
spectral changes, indicating 2 decrease in cerebroside headgroup hydration and a rearrangement of the
hydrogen-bond network. The incorperaticn of low concentrations of cholesterol and DPPC into cerebroside
bilayers broadens the thermal transitions associated with the cerebroside as a resuit of the disruption of
cerebroside—cerebroside interactions. This disruption is evident in the spectra of cerebroside / cholesterol

mixtures.

Introduction

Cerebrosides belong to a class of lipid known
as glycosphingolipids. These lipids, composed of a
sphingosine backbone, a fatty acid (either hy-
droxy-substituted or unsubstituted), and one or
more hexose sugar residues, are found in most, if
not all, animal cell membranes, albeit in relatively
small amounts. Appreciable amounts are found in
cerfain severe pathological conditions (Gaucher's
discase, Krabbe's disease, metachromic leuco-
dystrophy) and in certain specialised tissues under

Abbreviations: FTIRS, Fourier transfoim infrarei; DPPC,
1,2-dipalmitoyl-1-si-glycero-3-phosphoryicholine; DSC, dif-
ferential sczaning calorimetry.

Correspondence: D. Chapman, Department of Protein and
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normal circumstances. A good example of the
latter is the myelin sheath, which contains high
level of cerebrosides. The function of cerebrosides
in such tissues is not clear, but it is likely that they
are involved in maintaining membrane integrity.

Cerebrosides and many other glycosphingoli-
pids exhibit complex polymorphic phase be-
haviour. The structure and polymorphism of non-
hydroxy fatty acid galactocercbrosides (type II
galactocerebrosides) have been the subject of a
number of studies in recent years, using such
techniques as DSC [1,2], X-ray diffraction [3] and
speciroscopy [4-6]. At present, the thermotropic
mesomorphism is believed to be due to rearrange-
ment of hydrogen-bond networks [3] and changes
in hydration [3,7}.

Upon heating type 11 galactocerebrosides in
excess water, the main gel-liquid crystalline phase
transition occurs at around 80°C., Rapid cooling
of this phase produces a gel state with an X-ray
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diffraction pattern identical to that of an
anhydrous sample [3]. Subsequent heating of this
phase results in an exothermic transition over the
range 50-60°C followed by the main endotherm
at 80° C. The exothermic nature of the first transi-
tion indicates conversion from a high-energy
metastable state to a lower-energy stable state.

As cerebrosides are the major polar lipid in
central and peripheral nervous system myelin, it is
apparent that a more complete understanding of
this polymorphism and how other myclin compo-
nents affect it is desirable.

Materials and Methods

Type 11 bovine brain cerebrosides (98% non-hy-
dgroxy fatty acids, 99% pure) and cholesterol
(5(6)-cholesten-38-0l, 99% pure) were purchased
from Sigma. 1.2-Dipalmitoyl-1-sn-glycero-3-phos-
phorylcholine (DPPC, 99% pure) was purchased
from Fluka. All solvents were of spectrophotomet-
ric grade.

DSC thermograms wer2 recorded on a Perkin-
Elmer DSC7 at heating and cooling rates of 1.5
C°/min over the range 0-100°C. Lipid mixtures
were prepared as below and anhydrous material
weighed into a stainless steel pan. Each sample
(15-20 mg) was then hydrated by introducing
excess water via a microsyringe and the pans were
then sealed. To ensure that the samples were hc-
mogeneous and at equilibrium they were taken
through several heating and cooling cycles and left
to stand for 24 h before being scanned.

IR spectra were recorded on a Perkin-Elmer
1750 FTIR spectrometer continuously purged with
dry air at a flow rate of 100 1/min. Samples were
mounted in a Beckman FH-01 CFT cell fitted
with CaF, windows separated by a 6 pm tin spacer.
Temperature was maintained at 20°C using a
circulating water jacket. For each sample, 200
scans were recorded at 4 cm™! resolution and
were signal averaged. Difference specira were gen-
erated by digital subtraction of a suitable back-
ground spectrum on a Perkin-Elmer computer.

Samples were prepared for FTIR spectroscopy
as follows. Stock solutions of galactocerebroside,
cholesterol and DPPC were made up in chloro-
form/methanol (2:1). Cerebroside/ cholesterol
and cerebroside/ DPPC dispersions were formed

by mixing the appropriate volumes of each solu-
tion to produce the ratios required. The solvent
was then evaporated under N, and the samples
stored under vacuum to remove any final traces of
solvent.

Hydration of samples was achieved by heating
lipid and water (cerebroside concentration =10
mg/ml) at 90°C and agitating with a vortex
mixer. Metastable samples were produced by
quenching hydrated mixtures irom 90 to 0°C in
an ice bath. Stable samples were produced by
incubation of metustable samples at 70°C for 10
min.

Spectra of anhydrous galactocerebrosides were
obtained from a KBr disc containing 1% galac-
wocerebrosides by weight.

Results

Dijferential scanning calorimetry

Calorimetric thermograms of hydrated galac-
tocerebrosides and galactocerebroside/ cholesterol
mixtures are presented in Fig. 1. Upon heating the
pure cerebrosides, the main gel-liquid crystalline
phase transition occurs at 79°C, with an enthalpy
change of 90 J/g. Cooling scans show two ex-
othermal transitions, at 58.4°C and 36.2°C with
enthalpy changes of ~262 J/g and —-7.61 I/¢g,
respectively, indicating formation of two gel states.
The disparity in enthalpy changes of the heating
and cooling scans demonstrates that at least one
of the gl forms is metastable. A further heating
scan (Fig. 1¢) shows a distinct exotherm centered
at 51.8°C which has an enthalpy change of —12
J/g. This is followed by a split endotherm, with
peaks at 74.8 and 78.7°C and a combined en-
thalpy change of 85 J/g. A second cooling scan
was identical 1o the first.

Addition of 9 mol% cholesterol has little effect
upon the first heating scan but produces a com-
plex exotherm in the cooling scan with an en-
thalpy change of —40 J/g and a pzak at §7.3°C
(Fig. 1e). A subsequent heating scan (Fig. 1)
shows the characteristic exotherm, reduced in peak
temperature to 46.6°C but of comparable en-
thalpy to the pure cerebroside. Again, a split
endotherm is seen, with peaks at 73.6°C and
79°C and an enthalpy change of 70 J/g. This
reduction in enthalpy change upon addition of
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Fig. 1. DSC thermograms of hydrated type 11 galactocerebrosides containing (a-c) 0; (d—f) 9; and (g-i) 34 moi% cholesterol. Heating
and cooling rate = 2.5 C °/min, See text for equilibration protocol.

cholesterol is similar to that reported clsewhere
i8].

Thermograms of cerebrosides with the addition
of 34 mol% cholesterol are shown in Figs. 1g-i.
An initial heating scan exhibits four endothermic
transitions centered at 53.2, 63.5, 72 and 86°C
with combined enthalpy changes of 53.3 J/g. A
cooling scan showed only one exotherm centered
at 80.8°C with an enthalpy change of —7.3 J/g.
Immrodiate reheating produced an exotherm at
35.6°C followed by three endotherms at 65.7, 72.2
and 86°C. Heating 24 h after cooling produces a
thermogram similar to that measured initially.

The effects of addition of various amounts of
DPPC 10 hydrated galactocerebrosides is shown in
Fig, 2. After addition of 9 mol% DPPC, an initial
heating scan exhibits an endotherm at 79.3°C
with an enthalpy change of 76.2 J/g. Cooling
produces an exotherm with a peak at 57.5°C and
a shoulder at 55°C, with an enthalpy change of
~32.2 J/g. This enthalpy change is markedly
ijower than the enthalpy change in the preceding

heating scan, seggesting formation of a metastable
state. 2 subsequeni heailng scan {(Fig. 2¢) con-
firmed this; an exctherm centered at 54.5°C with
an enthalpy change of —18.6 J/g is observed.
This is followed by an endotherm at 75.3°Cand a
small enduinermic peak at 78.9°C with a com-
bined enthalpy change of 77.6 J/g. A cooling scan
produced behaviour identical to that in the initial
cooling scan. The reduction in enthalpy change of
the cerebroside transitions is as reported previ-
ously [9}.

Increasing the DPPC concentration to 33 mol%
produces a more complex heating thermogram
(Fig. 2¢). Threc endothermic peaks are ohserved ai
43,5, 54.5 and 72.3°C with a combined enthalpy
change of 51.7 J/¢. A cooling curve contains only
one exotherm at 52.2°C with an enthalpy change
of —41.9 J/g. Immediate reheating produced a
thermogram exhibiting endothermic and ex-
otkermic transitions. Due to ovetlapping of these
transitions it is not possible to measure enthalpy
changes, or to establish precisely the peak temper-
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Fig. 2. DSC thermograms of hydrated type 1I galactocerebro-
sides containing (a-d) 9; {e--h) 33 and (i-j) 50 mol% DPPC.
Heating and cooling rate = 2.5 C °/min. See text for equilibra-
tion protocol.

atures of the first two transitions. The final endo-
therm is observed to have a peak temperature of
71.6°C.

Further elevation of the concentration of DPPC
10 50 mol% produces the thermograms shown in
Fig. 2i—j. Multiple peaks are seen in heating scans,
centred at 42.9, 51.4 and 70.9°C, the combined
enthalpy change of the three endotherms being
486 J/g. A cooling scan produces a vomplex
thermogram consisting of a broad exotherm at
47.7° C with a shoulder at 52°C and a sharp peak
at 39.6°C, the combined enthalpy change being
—43 J/g. The observation of three transitions in
the cooling scans suggests that phase separation
into three domains is occurring, The similarity
between the enthalpies of heating and cooling

curves demonstrates that no metastable state is
formed. A subsequent heating scan confirms this,
since it is identical to the first heating scan.

FTIR spectroscopy

Purc galactoccrebrosides containing non-hy-
droxy fatty acids show marked spectral aifrerences
between metastable and stable forms [6]. The most
notable differences arc seen in the amide I and II
regions of the spectrum which occur between 1700
cm™! and 1500 cm ™. The amide I region consists
of absorptions due to C=0 stretching vibrations
weakly coupled to N-H bending and C-N
stretching vibrations. The amide II region, on the
other hand, consists of absorptions due to N-H
bending vibrations strongly coupled to C-N
stretching vibrations [10].

Fig. 3 shows difference spectra obtained by
subtraction of the aqueous background from the
spectra of hydrated quenched (metastable) and
reheated (stable) galactocerebrosides. In the meta-
stable form, the amide I band consists of a major
absorption at 1646 cm™" and a shoulder at 1630
cm™, whilst the amide I band is at 1546 cm™!,
Upon formation of the stable form, the lower
amide I band in the metastable form decreases in
frequency from 1630 cm™' to 1615 cm™?, and
increases in intensity. This decrcase in frequency
is a result of the formation of hydrogen bonds
which draw elecirons from the C=O bond. The
amide 11 band increases in frequency upon con-
version to the stable form as a revalt of the
formation of hydrogen bonds involving N-H
groups in a plane perpendicular to the N-H bend-
ing {10,11].

Spectral differences are apparent in the
1200-1000 cm™! region associated with C-O
stretching vibrations of the galactose and
sphingosine hydroxyl groups (Fig. 3b). It is not
possible to assign the peaks in this region to
specific C-O bonds, but decreases in frequency of
the peaks at 1072, 1053 and 1023 cm™' (meia-
stable form) to 1064, 1045 and 1018 cm™* (stable
form) are appareni, duc to a weakening of the
C-0 bond caused by an increase in the degree or
strength of hydrogen bonding. These shifts suggest
that the galactose and/or the sphingosine hy-
droxyl groups play a role in the formation of the
polymorphic forms of the cerebroside.
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The spectra obtained from a samplc of
anhydrous galactocerebrosides are shown in Figs.
4a and b. The method of sample preparation did
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Fig. 5. (a) FTIR diffesence spectya of the amide region of type
I galactocerebrosides in the stable state incorporating 6.25
mol% (- ) and 9 mol% cholestero! (— — —). (b) FTIR
difference spectra of the C-O stretching region of non faity
acid-galactocerebrosides in the stable state incorporating ¥
mol% cholestewui. {¢) FTIR differcncc spocisa of the amide
region of type II galactocerebrosidss incorporating 50 mol%
cholesterol in a quenched ( ) and reheated sample
(— — —). Absorbance scale in arbitrary units.

not affect the spectra, The amirle II absorption of
the anhydrous form occurs at 1550 cm™', the
same frequency as that of the siabic polymorphic
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Fig. 6. FTIR difference spectra of the amide region of type 11 galactocerebrosides incorporating 9 mol% (a) and 33 mol% (b} DPPC in

a quencheg (

form. The spectrum of the anhydrouns egalac-
tocerebroside in the amide I region and the C-O
stretching region is identical to that of the meta-
stable polymorph.

Incorporation of cholesterol into galac-
tocerebroside bilayers has a significant effect upon
the spectrum (Fig. 5). The intense amide I peak at
1615 cm™! in the stable state is progressively
reduced isx intensity and increased in frequency as
the proportion of cholesterol incorporated into the
bilayer is increased. At 9 mol% cholesterol, only a
shoulder at 1628-30 em™' occurs. In the C-O
stretching region of the spectrum the peak occur-
ring at 1064 cm™! in the stable state is also
progressively reduced in intensity with increasing
cholestero! content (Fig. 5b). The effect of ad-
dition of 50 mol% cholesterol to cerebroside bi-
layers is shown in Fig. Sc. The amide I and II
peaks occur at 1646 cm ™! and 1550 vm ™}, respec-
tively, in both quenched and reheated samples.

The effect upon spectra of incorporating vary-
ing amounts of DPPC into cerebroside bilayess is
shown in Fig. 6. At 9 and 33 mol% DPPC the
amide { peaks in reheated samples occur at 1646
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) and a reheated (— — — ) sample. Absorbance scale in arbitrary units.

em~! and 1615 cm™! and the amide II band
occurs at 1550 cm~!, At 33 mol% DPPC a slight
reduction of the second amide I peak at 1615
cm™! takes place. Addition of 50 mol% DPPC
(not shown) results in the disappearance of the
second amide 1 band. The amide I and II band
peak positions are at 1646 cm™! and 1550 cm™!,
respectively, in both quenched and reheated sam-
ples.

Discussion

Cercbrosides exhibit complex polymorphic
phase behaviour. Earlier studies (Refs. 1-3,12,13
and references therein} and our results (in Fig. 1)
show the existence of a metastable as well as a
stable polymorphic form. The occurrence of one
high-temperature meliing endotherm at 80°C on
the first heating scan and two peaks at 74.8°C
and 78.7°C in the subscguent heating scan must
be due to phase scparation occorring, associated
with the heterogeneous character of the acyl chains
of type 11 palactocerebrosides.
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The FTIR difference spectra provide evidence
concerning the hydrogen bonding of the stable
and metastable forms. The spectra presented in
Figs. 3a and b show pronounced spectral changes
upoi conversion from the stable to the metastable
poiymorphic form. In the stable cerebroside form,
two distinct amide 1 peaks are seen. It is possible
that one of the components arises from water of
hydration. However, upon deuteration, both bands
shift by about 15 ¢cm ™1 (uot shown), If either band
were due to water, it would be found some 400
cm~! lower in 2H,0 than in H,0. Furthermore,
in spectra recorded at 70°C, no change in either
band position is seen (not shown). We therefore
conclude that these two bands represent two dif-
ferent populations of C=O groups. The low
frequency of the band at 1616 cm™" suggests this
population of =0 groups is more strongly hydro-
gen-bonded than the othes population. In the
spectrum of the metasiable form, the sccond amide
I absorption is only observed as a weak shoulder
at around 1630 cm™ 1.

The similarity between the spectra of the
anhydrous cerebroside and the metastable
cerebroside indicates that the cerebroside head-
groups in the metastable and anhydrous states are
in a similar hydrogen-bonding and perhaps con-
formational state. X-ray diffraction patterns of
anhydrous and metastable galactocerebrosides
have been found to be identical {31 In addition,
hydration of cerebrosides in the presence of ethyl-
ene glycol produces a state with thermotropic
properties intermediate between the metastable
and stable states [7,14}. This was taken as evidence
of dehydraticn, due to decreased vater activity,
producing & state with thermotronis properties
tending towards those of the metastable state.

Our calorirnetric studies show thai addition of
9 mol% cholesterol to the ceretxusicie has Litle
effect upon thermograms (Fig. 1d-f). The en-
thalpy changes, peak temperatures and cooperativ-
ity of the phase transitions are slightly reduced
due to disruption of the chain pacling, In cooling
scans, two peaks are seen in a complax exotherm
as a cerebroside/ cholesterol phase and a pure
cerebroside phase solidify. The presence of an
heating exotherm in a subsequent heating scan
indicates that the metastable state i still formed
in the presence of 9 mol% cholesterol.

Heating scans of mixtures containing 34 mol%
cholesterol show the behaviour characteristic of
metastability (Fig. 1i), Initial heating scans show
four endotherms, the result of phase separation of
cerebroside/ cholesterol mixtures into four do-
mains. The basis of this separation into so many
fomains is presumably related to the hetcrogene-
ty of the cerebroside sample.

The high temperature of the fourth transition
suggests that the phase responsible for this endo-
therm does not contain cholesterol, but is pure
cerebroside, perhaps of uniform cerebroside chain
iength and saturation. Presumably, in the presence
of cerebrosides of different composition the onset
temperature of chain melting of this cerebroside
phase is reduced to 79°C. This phase separates
almost immediately upon cooling, and gives rise to
an exotherm centered at 80.6°C. However, the
enthelpy change associated with this transition is
small and therefore only a very small fraction of
the cerebroside solidifies at this temperature. Most
of the cerebroside solidifies, still mixed with
cholesterol in a transition with a reduced cooper-
ativity, such that no eathalpy change can be de-
tected. The phase separation of this mixture is not
immediate, allowing us to assume that in our
FTIR experiments we have only one major phase.
A minor phase contains the relatively small amount
of pure cerebroside which solidified immediately
upon cooling, whilst the major phase contains
most of the cerebrosides and cholesterol in a ho-
mogeneous mnixture. It is this second phase which
dominates the spectrum.

The thermotropic behaviour of a full range of
cholesterol/ cerebroside mixtures have been
studied [15] and no metastable transition was de-
tected at 50 mol% cholesterol.

We can see from Fig. 6 that incorporation of
cholesterol into galactocerebroside bilayers in the
stabie state produces marked spectral changes
(these changes are not due to absorption bands
arising from cholesterol). The intensity of the sec-
ond amide I peak of the stable state decreases as
the concentration of cholesterol increases, until at
9 mol% cholesterol only a shoulder at 1628 cm™!
is seeri. This reduction in intensity and increase in
frequency is due to disruption of hydrogen bonds
involving one of the C=0 group populations.

In the C—O stretching region the peak at 1064



cm™! of the stable state is also progressively re-
duced in intensity until at 9 mol% cholesterol it is
no longer seen (Fig. 5b). Cholesterol appears to
disrupt hydrogen bonding involving either the
galactose hydroxyls or the sphingosine hydroxyl
group. The fact that only one vibrational mode of
the headgroup is affected is striking and suggests
that the interaction between cerebrosides and
cholesterol is highly specific in nature.

Increasing cholesterol content further to 50
ioi% resulted in identical spectra after quenching
and reheating. The rearrangements in the hydro-
gen-bonding network associated with the changes
in band frequency, which occurred in previous
samples upon quenching, no longer occur at this
cholesterol concentration.

Fig. 2 illustrates thermograms obtained from
an galactocerebreside bilayers incorporating 9, 33
and 50 mol% DPPC. At 9 mol%, DPPC thermo-
grams show endoi:erms with reduced enthalpy
changes due to disruption of cerebroside—-cerebro-
side interactions by DPPC. Cooling scans exhibit
a much lower enthalpy change than that of heat-
ing scans due to formation of a metastable
cerebroside form. The phase separation of
cerebroside molecules observed in the pure lipid
and in the presence of cholesterol is much reduced
in the presence of 9 mol% DPPC.

Increasing the DPPC concentration to 33 mol%
produced three endothermic transitions, with a
further reduction in enthalpy change due to a
further decrease in the cooperativity of the
cerebroside transitions. As cerebrosides and DPPC
exhibit gel-state immiscibility [9], it is likely that
the lower of the three peaks represents the melting
of a DPPC phase containing only a smali amount
of cerebroside, and the remaining transitions arise
from processes involving two cerebroside phases,
each of which contains a small amount of DPPC.
A heating scan subsequent to a cooling scan shows
thermotropic behaviour characteristic of a2 meta-
stable cerebroside form.

The disruption by cholesterol of the cerebro-
side~cerebroside interactions causing a reduction
in the cooperativity of the cerebroside thermal
transitions was apparent from the increase in
frequency and decrease in intensity of the second
amide I band and the C-O bard at 1064 cm ™! in
the stable form with increasing cholesterol con-
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centration. Dug¢ to the rapid nature of the phase
separation of cerebroside and DPPC upon cooling
from the liquid crystalline state, these spectral
changes are not observed at 9 mol% DPPC and
are barely noticeable at 33 moi% DPPC. The
amount of DPPC rcquired to disrupt the highly
cooperative nature of the cerebroside thermal
transitions would therefore appear to be quite low.
This phase separation of cerebrosides and DPPC
has also been described in studies of mixtures of
DPPC and excess N-palmitoylgalactosylsphingo-
sine {9}, although the time-course of the phase
separation in the present study is much reduced.
This may be related to the use of a heterogeneous
cerebroside mixture in this study.

At 50 mol% DPPZ, thermograms demonstrate
that no metastable form is produced by quench-
ing. The enthalpy changes associated with heating
and cooling scans were similar and no exotherms
was seen in heating scans. Cooling scans indicate
immediate separation of the lipids into three
phases. This phase separation does not result in
DPPC-free ceretroside phases, as indicated by the
very low peak temperature and degree of cooper-
ativity of heating endotherms in thermograms,
and the absence of the second amide I band in
spectra (not shown). The abst nce of metastabilicy
may be due to the presence of DPPC in the
cerebroside domains and /or interfaciai effects.

Conclusions

Cerebroside polymorphism is a well-docu-
mented phenomenon. It has been demonstrated
by X-ray diffraction (3], DSC [1,2], Raman spec-
troscopy [5] and FTIR spectrascopy [6}. Our re-
sults are in general agreement with these studies,
although we note formation of multiple cerebro-
side domains in pure cerebrosides, cerebroside/
cholesterol and cerebroside/ DPPC mixtures. The
basis for this separation of cerebroside into multi-
ple domains presumably lies in the heterogeneous
nature of our sample, and may be a function of
fatty acid chain length, fatty acid chain ursatura-
tion, position of the double bond in unsaturated
chains.

The FTIR difference spectra presented in Figs.
3 and 4 support an involvement of hydration
changes and hydrogen bond network re-astange-
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ment in the interconversion between stable and
metastable cercbroside forms as proposed by other
workers [3,7,14], with the metastable form being a
dehydrated, less strongly hydrogen-bonded form.
The hydrogen-bonding scheme in the metastable
form appears similar to that of the anhydrous
cerebroside.

Addition of low concentrations of cholesterol
to cerebroside bilayers broadens and reduces the
peak temperature of thermal transitions, as has
been demonstrated previously [8], as a conse-
quence of the disruption of cerebroside-cerebro-
side interactions. This disruption is apparent in
spectra of cerebroside/ cholesterol mixtures as a
decrease in intensity and an increase in frequency
of the second amide I band and a decrease in
intensity of the C-O stretching band at 1064
em™L,

Incorporation of cholesterol into cerebroside
bilayers resulis in the formation of a cerebroside
phase with properties intermediate between a gel
state and a liquid-crystalline state. Although DSC
thermograms and spectral data show behaviour
characteristic of metastability, the metastability
must differ from that of the pure cerebroside.

Addition of 50 mol% ciwlesterol to cerebroside
bilayers results in the complete abolition of all
metastable bchaviour as deiected by DSC [15).
This finding is supported by the lack of any
re-arrangement of the hydrogen-bonding network
involving the cerebroside headgroups (Fig. 5¢).

Upon addition of DPPC io ccrebroside bi-
layers, the same general phenomena are observed.
Transitions are broadened and their peak temper-
atures reduced due to disruption of the bilayer.
This disruption caniot be monitored spectroscopi-
cally under the conditions utilised in these experi-
ments due to almost immediate phase-separation
of cerebrosides and DPPC upon cooling (Figs. 2,

6). At 50 mol% DPPC, no thermal transitions
indicative of metastable state formation were ob-
served (Figs. 2i-j), and no rearrangement of the
cerebroside hydrogen-bond network was seen.
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