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Abstract To elucidate a relationship between the struc-
tural properties and hydration characteristic of gan-
gliosides, time-resolved small-angle X-ray scattering
measurements using synchrotron radiation have been
performed on aqueous dispersions of various types of
gangliosides (GM1, GD1a, GD1b and GM3) under a con-
stant heating (5–65 �C) and cooling (65–5 �C) rate. In
the case of GM3, they formed a vesicular aggregate with
a high structural reversibility in the heating-and-cooling
process. For the micelles of GM1, GD1a and GD1b, we
found an evident thermal hysteresis in the structural
changes of their headgroups and evaluated quantita-
tively the amounts of water molecules occluded in the
micellar hydrophilic regions by using the shell modeling
method reported previously. For all cases of GM1, GD1a

and GD1b, the thickness of the hydrophilic region of the
micelle shrunk after the heating process, and stayed
mostly constant over the entire cooling range. On the
other hand, the amounts of water molecules and
the behavior of the GM1, GD1a and GD1b micelles in the
heating-and-cooling process greatly depended on the
number of sialic acid residues in the sugar chain, that is,
the penetration of water molecules was much more re-
versible for the GM1 micelle compared with those for the
GD1a and GD1b micelles. The observed clear hysteresis
and the hydration characteristics of GD1 gangliosides
would relate to their role in neuronal membranes, where
GD1 gangliosides show the greatest concentrations.
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Introduction

Gangliosides, glycosphingolipids containing sialic acid
residues, locate mainly on the outer surfaces of cell
membranes and are abundant in the tissues of the central
nervous system (Ledeen and Yu 1982). Recently, these
molecules have been reported to be enriched in lipid
microdomains with other particular lipids and proteins in
neuronal cells (Prinetti et al. 2000). Although studies of
the role of gangliosides in the microdomains are limited
(Kasahara et al. 2000), it is expected that the surfaces of
the microdomains are highly hydrophilic due to an en-
richment by the oligosaccharides of gangliosides, and
complex networks of hydrogen bonding would be formed
between water molecules and those lipid headgroups.
Actually, it has been reported that a considerable number
of water molecules is associated with the polar headgroup
of gangliosides (Bach et al. 1982a; Arnulphi et al. 1997).
The numbers of tightly bound unfreezable water mole-
cules of gangliosides, estimated from calorimetric exper-
iments by Bach et al. (1982b), are 22–30 for GM1, 33–40
for a GD1a and GD1b mixture, and about 60 for a GT1b

and GQ1b mixture. Moreover, besides the unfreezable
water molecules above, the existence was reported of a
large amount of loosely bound water molecules with a
rotational correlation time ranging from 10–11 to 10–10 s
(Arnulphi et al. 1997). The estimated numbers of these
loosely bound water molecules are about five times larger
than those of the tightly bound ones.

Such hydrophilic environments of ganglioside-en-
riched membrane would modulate the structure and
dynamics of proteins associated in the microdomains
and would affect the interactions between substrates and
membranes. Maggio et al. (1994) and Daniele et al.
(1996) showed that gangliosides have inhibitory effects
on phospholipase A2 and C activities. As phospholipase
activity is concurrent with a dehydration process of the
membrane interface (Jain et al. 1988), it is suggested that
the high capacity of ganglioside for structural water
plays a major role in these inhibitory effects (Arnulphi
et al. 1997).
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Thus it is particularly interesting to investigate the
relationship between the dynamic properties of hydrated
water and the structural characteristics of gangliosides.
By using neutron and X-ray scattering techniques and
calorimetry, we have reported the structural character-
istics of ganglioside micelles depending on temperature
(Hirai et al. 1996a, 1996b, 1998a, 1999; Hirai and
Takizawa 1998), pH and concentration (Hirai et al.
1996b). We have also clarified the binding specificity of
gangliosides with proteins depending on both oligosac-
charide chain and protein surface modification (Hirai
et al. 1995a, 1998b). We have shown the following re-
sults on the thermal structural stability of ganglioside
micelles. The elevation of temperature induces a signif-
icant shrinkage of the hydrophilic region of the gan-
glioside micelle at physiological temperatures around
20–40 �C, indicating that the oligosaccharide chains of
ganglioside molecules change those conformations sen-
sitively against the rise of temperature (Hirai et al.
1996a, 1996b, 1998a). We also reported that this phe-
nomenon accompanies the extrusion of a large amount
of water from the hydrophilic region of the micelles
(Hirai and Takizawa 1998) and an alteration of the
micellar surface charge (Hirai et al. 1999). Moreover, a
thermal hysteresis was observed in the behavior of the
ganglioside GM1 headgroup between the first and second
heating scans (Hirai et al. 1996a).

In the present study, we performed time-resolved
synchrotron radiation small-angle X-ray scattering
(SR-SAXS) measurements on various types of gan-
glioside (GM1, GM3, GD1a and GD1b) dispersions under
a constant heating (5–65 �C) and cooling (65–5 �C)
rate, aiming to obtain detailed features of the follow-
ing: (1) behavior of the water molecules occluded
within the hydrophilic regions of the ganglioside mi-
celles, depending on the headgroup and temperature,
(2) heat-induced structural changes of ganglioside
headgroups, and (3) thermal hysteresis properties de-
pending on ganglioside headgroups. High statistical
scattering data from the synchrotron radiation made it
possible to evaluate the intramicellar structure by using
the well-defined shell-modeling analysis (Hirai et al.
1994, 1995a, 1995b, 1995c, 1996a, 1996b, 1996c, 1998a,
1998b, 1999; Hirai and Takizawa 1998). In this report,
we show a distinct thermal hysteresis property of GD1

(GD1a and GD1b) gangliosides accompanied by irre-
versible water extrusion. In addition, previous evidence
of a thermal hysteresis property for the GM1 ganglio-
side micelle (Hirai et al. 1996a) has been clearly con-
firmed.

Materials and methods

Ganglioside samples

The samples used were monosialoganglioside GM1 and disialo-
ganglioside (GD1a, GD1b) from bovine brain and GM3 from canine
blood, all purchased from Sigma (USA) and used without further

purification. Each of the ganglioside powders with 0.5% w/v was
dissolved in 50 mM Hepes [N-(2-hydroxymethyl)piperazine-N¢-
(2-ethanesulfonic acid)] buffer adjusted to pH 7.0 and used for the
scattering experiments.

Small-angle X-ray scattering measurements

Small-angle X-ray scattering experiments were performed by using
the synchrotron radiation small-angle X-ray scattering spectrome-
ter installed at the BL10C line of the 2.5 GeV storage ring at the
Photon Factory, High Energy Accelerator Research Organization,
Tsukuba, Japan. The X-ray wavelength and the sample-to-detector
distance were 1.49 Å and 87 cm, respectively. Time-resolved mea-
surements were carried out on a programmed time-interval setting
with the 55-s exposure time for each timeframe. After keeping the
sample at �5 �C overnight, the heating run was started from 5 to 65
�C at a heating rate of 1 �C/min. The cooling run was performed
from 65 to 5 �C at a cooling rate of 1 �C/min after annealing the
sample at 65 �C for 10 min.

Shell-modeling analysis

Above their critical micelle concentration (CMC), gangliosides
(GM1, GD1a and GD1b) are known to form ellipsoidal (prolate)
micelles in an aqueous solution (Gammack 1963; Hirai et al. 1995a,
1995b, 1995c, 1996a, 1996b, 1996c, 1998a, 1998b, 1999; Hirai and
Takizawa 1998). The following equation was applied for the profile
fittings of the experimental scattering curves to estimate the
structural parameters of the ganglioside ellipsoidal micelles:
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where I(q) is the spherically averaged scattering function of a
particle with an ellipsoidal shape of revolution composed of n shells
with different average excess scattering densities �qqi (so-called con-
trast), i is the number of the shell and ji is the spherical Bessel
function of the first rank; Ri is defined as:

Ri ¼ ri 1þ x2 m2i � 1
� �� �1=2 ð2Þ

where ri and mi are the radius and semiaxial ratio of the ith ellip-
soidal shell, respectively. �qqi, ri and mi were used as fitting parame-
ters.

Evaluation of water within the micelle

As reported previously (Hirai and Takizawa 1998), we can evaluate
the number nw of water molecules occluded in the hydrophilic shell
region by using the following equation based on the values of the
structural parameters obtained from the shell-modeling analysis:
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The definitions of the parameters used in the above equation are as
follows.

P
water b;

P
head b;

P
cer b; Vwater; Vhead and Vcer are the

total scattering amplitudes and the excluded volumes of water
molecules, the head and tail portions of the ganglioside mole-
cule, respectively; a ¼

P
water b=Vwater ¼ 9:4� 1010 cm�2. As we

know the chemical components of the water molecule,
GM1 head, GD1 head and ceramide, we can
calculate

P
water b ¼ 2:81� 10�12 cm;

P
head b ¼ 1:50� 10�10 cm

for the GM1 head and 1.92 · 10–10 cm for the GD1 head,P
cer b=Vcer ¼ 8:69� 1010 cm�2. na is the aggregation number of

ganglioside micelles estimated by na=Vcore/Vcer; Dshell/Dcore is the
ratio between the shell and core contrasts, which are obtained from
the structural parameters of the shell-modeling analysis.
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Results and discussion

Temperature dependence of the scattering curves

In previous studies on ganglioside dispersions using
differential scanning calorimetry (DSC), the measure-
ments were performed at a scan rate of around 0.5–10
�C/min (Sillerud et al. 1979; Hinz et al. 1981; Bach et al.
1982a; Maggio et al. 1985; Reed and Shipley 1996). As
far as we know, no scan rate influences were observed in
this range. We employed the heating-and-cooling rate of
1 �C/min for the present measurements, which is a
common scan rate for DSC measurements on lipids.

Figure 1 shows the stability of the micellar structures
of gangliosides after sample preparations. We confirmed
that the scattering profile from the GM1 ganglioside so-
lution does not show any change for at least three
months, suggesting that the ganglioside micellar particle
is quite stable. Other types of gangliosides also showed
similar stability. Figure 2a–c shows the temperature de-
pendence of the scattering curves of the GM1, GD1a and
GD1b micelles in the heating (5–65 �C) and cooling (65–5
�C) processes. The significant decrease of the scattering
intensity below q=0.015 Å–1 is caused by the presence of
a beam-stopper. Every scattering curve has a minimum
at q=�0.06 Å–1 and a rounded peak at q=�0.1 Å–1,
reflecting the globular micellar structure. In the heating
processes (5–65 �C) of all samples shown in Fig. 2a–c, we
can see the following three common features in the
changing manners of the scattering profiles. Firstly, with
the rise of temperature, the scattering intensities in the
small-angle scattering region (q<�0.05 Å–1) decrease
gradually, indicating that the average overall radii of the
particles become smaller. Secondly, the rounded peak
becomes broad for GD1, and shifts slightly to the higher
angle region for GM1. Thirdly, the minima of the scat-

tering curves stay at the same q position (q=�0.06 Å–1)
over the entire heating range. In addition, for all samples
the variations of the scattering patterns occur rather
rapidly at the temperature range from 30 to 50 �C.

The scattering curves in the cooling process (65–5 �C)
are also shown in Fig. 2a–c. The changing manners of
the scattering curves in the cooling processes are differ-
ent from those in the heating processes. Several points
should be noted as the common features in the changing
manners of the scattering profiles. Firstly, although the
scattering curves at q=0.015–0.06 Å–1 and the minimum
positions (q=�0.06 Å–1) shift slightly to the higher-
angle region with lowering temperature, the slopes of the

Fig. 1 Stability of scattering curves I(q) from GM1 micelles.
Scattering curves obtained at 24 h (continuous line) and 3 months
(crosses) after sample preparation. For the 3 months results, the
sample was kept at �5 �C

Fig. 2 Scattering curves I(q) of GM1 (a), GD1a (b) and GD1b (c),
depending on temperature variation under the constant heating
and cooling rate of 1 �C/min. Scattering curves at 10 �C intervals
are plotted in the temperature range from 5 to 65 �C
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scattering curves in this q region show no major change.
Secondly, the q positions of the rounded peaks (q=�0.1
Å–1) shift slightly to the higher-angle region. Thirdly, the
slopes of the scattering curves at q=0.10–0.13 Å–1 re-
main mostly constant. Comparing the characteristics of
the changing manners of the scattering curves between
the heating and cooling processes, evidently the ther-
motropic structural changes of the micelles take place in
a different way between these two processes. In other
words, the thermotropic structural changes of the gan-
glioside micelles have properties of thermal hysteresis
under the present conditions. As shown in Fig. 3, such a
hysteresis is not seen in the scattering patterns from GM3

aggregates, though GM3 gangliosides form vesicles in
aqueous solutions (Sonnino et al. 1990; Maurer et al.
1995). In Fig. 3, with raising temperature, the scattering
intensity in the small-angle region decreases, and the

positions of the minimum (q=�0.05 Å–1) and the
rounded peak (q=�0.08 Å–1) shift to the higher-angle
region. These changes in the scattering profiles indicate
that the average size of the GM3 aggregates becomes
smaller, which is well reversible against the variation of
temperature. This suggests that the observed hysteresis
of the structural changes of the GM1 and GD1 micelles
would be mainly attributed to their sugar-chain length
and structure.

Micellar structures of gangliosides and shell-modeling
analyses

The structural properties of the ganglioside aggregates
in aqueous dispersions were investigated by Gammack

Fig. 2 (Contd.) Fig. 2 (Contd.)
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in early 1960s, who suggested that mixed ox-brain gan-
gliosides form prolate ellipsoidal micelles, by means of
sedimentation, diffusion and viscosity measurements
(Gammack 1963). Hirai et al. later showed that not only
mixed ganglioside but also pure GM1 and GD1a

ganglioside micelles are prolate in shape, by using small-
angle X-ray and neutron techniques and the shell-
modeling analysis (Hirai et al. 1995b, 1996a, 1996b,
1996c, 1998a, 1999; Hirai and Takizawa 1998). At low
water content, Curatolo et al. (1977) revealed by cal-
orimetric and X-ray diffraction measurements that
mixed brain gangliosides exhibit a hexagonal mesophase

structure (HI), and Arnulphi et al. (1997) also confirmed
the HI structure in their study using 2H NMR. As well
described by Glatter (1982), a prolate ellipsoidal particle
and an oblate one give quite different scattering curves
I(q) and distance distribution functions p(r). Those dif-
ferences are easily distinguishable by plotting I(q) in a
log scale. Figure 4a shows that the scattering curve I(q)
of the ganglioside GM1 micelle can be well simulated by
the theoretical curve derived from a prolate double-shell
ellipsoid model (Hirai et al. 1996a, 1998a; Hirai and
Takizawa 1998) as described in Materials and methods.
The definitions of the structural parameters used for the

Fig. 4 Scattering curves I(q) and distance distribution functions
p(r) from the model structures optimized to fit to the experimental
data: a I(q), b p(r). In a and b, crosses represents the experimental
I(q) and p(r) from the GM1 micelle at 5 �C in the heating process in
Fig. 2a. The lines in Fig. 4 are the I(q) and p(r) for the different
types of the model structures: continuous line for a double-shell
prolate ellipsoid model; dotted line for a sphere model; dashed line
for an oblate ellipsoid model; dash-dot line for a double-shell oblate
ellipsoid model

Fig. 3 Reversibility of scattering curves I(q) from GM3 aggregates
under a constant heating and cooling rate of 1 �C/min. Scattering
curves at 10�C intervalls are plotted in the temperature range from
5 to 65�C. Full lines and dashed lines are curves in the heating and
cooling processes, respectively
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present curve fittings and those obtained values at 5 �C
in the heating run are shown in Fig. 5. The shell and
core radii of the obtained model give reasonable values
for the ganglioside chemical structure, that is, 24.5 Å for
the hydrophilic headgroup and 27 Å for the hydropho-
bic ceramide moiety. Figure 4b shows the distance dis-
tribution function p(r) obtained by the Fourier inversion
of the I(q) in Fig. 4a. The p(r) profile of the theoretical
model is in good agreement with that from the experi-
ment. The obtained maximum dimension of the particle
is 147 Å. As shown in Fig. 4a and b, other models
having a 147 Å maximum dimension, that is, a simple
sphere, an oblate ellipsoid with a homogeneous
scattering density, or a double-shell oblate ellipsoid, do
not fit the experimental data, indicating a high sensitivity
of SR-SAXS data to those intramolecular structures.

To obtain quantitative information on the internal
structure of the ganglioside micelles, a shell-modeling
analysis was performed by the procedure described
previously (Hirai et al. 1994, 1995b, 1996a, 1996b,
1996c, 1998a, 1999; Hirai and Takizawa 1998). As
shown in Fig. 6, the experimental scattering curves of
the GM1, GD1a and GD1b micelles are well simulated
by the theoretical curves derived from Eq. (1). Espe-

cially, the curves in the q region of 0.02–0.03 Å–1, which
mainly represent the size and shape of the solute parti-
cles, are in excellent agreement, indicating a high rea-
sonability of the employed model fittings and a high
monodispersity of the sample solutions. Because of the
simplified double-shell models with smooth surfaces, the
theoretical scattering curves in the higher scattering-
angle region (q>0.13 Å–1) show some disagreement with
the experimental ones. However, the model fittings of
the experimental scattering curves by a simple sphere or
ellipsoid having a homogeneous electron density show
much worse agreement with the theoretical ones in the
higher scattering-angle region, as we described elsewhere
(Hirai et al. 1996b).

In Fig. 7, the shell and core radii of the ganglioside
micelles obtained from the model fittings are plotted

against temperature. The initial values of the shell radii
of the GM1, GD1a and GD1b micelles at 5 �C are 51.5,
53.5 and 52.0 Å, respectively. In the heating process
from �20 to �55 �C, the shell radius of the GM1 micelle
decreases gradually to the value of 45.7 Å, and it shows
no major change above �55 �C. The GD1a and GD1b

micelles mostly maintain the shell radii at temperatures
from 5 to 30 �C. Above 30 �C, the shell radii of the GD1a

and GD1b micelles decrease gradually and continuously
to the value at 65 �C of 46.8 Å for GD1a, and 45.9 Å for
GD1b. On the other hand, the shell axial ratios of all
samples shown in Fig. 8 are mostly stable through the
temperature cycle, in spite of a slight increase seen in the
heating process. In the cooling process, the structures of
all samples show irreversible behavior to the tempera-
ture variation. The shell radii of the GD1a and GD1b

micelles stay virtually constant at those values at 65 �C
all the way to 5 �C, whereas the shell radius of the GM1

Fig. 5 Schematic structure of prolate ganglioside micelle. rshell,
rcore, mshell, mcore, �qqshell and �qqcore are the shell and core radii, the shell
and core axial ratios, and the relative values of scattering density
(contrast) for the shell and core, respectively. For example, those
values obtained fromz the model fitting at 5 �C in the heating
process are 51.5 Å and 27 Å, 1.4 and 1.7, 0.54 and –0.4, respectively

Fig. 6 Scattering curves I(q) from the model structures optimized
for the experimental data of GM1 (1), GD1a (2) and GD1b (3). For
each sample, 5 �C heating (1), 65 �C (2), 5 �C cooling (3), full lines
represent theoretical scattering curves fitted to the respective
experimental data
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micelle shows a slight recovery. The final values of the
shell radii of the GM1, GD1a and GD1b micelles at 5 �C
are 46.2, 45.0 and 45.7 Å, respectively. The axial ratios
of the GD1a and GD1b micelles in the cooling process are
mostly constant against the temperature variation,
whereas the GM1 axial ratio decreases to the initial value
in the heating process.

Compared with the case of the shell radius, the
core radius of each sample shows no major change
throughout the entire heating range. Slight expansions
and contractions with temperature variation are ob-
served for all samples. For example, the core radius of
the GM1 micelle is 27.0 Å at 5 �C in the heating run and
increases to 28.8 Å at 35 �C, then decreases to 27.9 Å at
65 �C. This core behavior could be considered a result of
some heat-induced rearrangement of the hydrocarbon
chains in the micelles (Curatolo et al. 1977; Masserini
and Freire 1986), since no sharp peaks of endothermal
transitions were detected in many DSC studies on gan-
glioside micelles (Sillerud et al. 1979; Hinz et al. 1981;
Masserini and Freire 1986; Reed and Shipley 1996).
Also, a recent study of GM1 ganglioside micelles using
Fourier transform infrared spectroscopy (FT-IR) clearly

indicates that GM1 micelles do not show a thermal
phase transition in the temperature range 5–60 �C
(Khalil et al. 2000). The reported volume ratios of CH2

and CH3 groups between Lb (gel) and La (fluid) phases

are 25.5 Å3/27.0 Å3 and 51.0 Å3/54.0 Å3, respectively
(Marsh 1990). Therefore, even if the slight expansion
and contraction of the core radius seen in Fig. 4 could
be an effect of the Lb-La type transition, the expected
volume change by this phase transition would be about
6%. Then, in this study, the estimated changes in the
relative contrast between 5 �C and 65 �C are �2% for
all samples analyzed. However, the changes of the core
and shell radii observed in this study may correspond to
the broad endothermic peaks in DSC studies of gan-
glioside dilute solutions. For example, Bach et al.
(1982a) obtained endothermic peaks in the range 10–48
�C for �20% w/v GM1 in Tris-HCl buffer with 0.15 M
NaCl. They also reported that they observed similar
peaks in the same temperature range for a �2% w/v
GM1 sample. Reed and Shipley (1996) also observed a
broad endothermic peak from 5 to 40 �C with a peak
maximum at 23.5 �C for �0.58% w/v GM1 in phosphate
buffer.

Fig. 8 Shell and core axial ratios of the ganglioside micelle
estimated by the shell-modeling analysis, plotted against temper-
ature. Circles are used for shell axial ratios, diamonds for core axial
ratios. Open and full symbols are as in Fig. 4

Fig. 7 Shell and core radii of the ganglioside micelle estimated by
the shell-modeling analysis, plotted against temperature. Circles are
used for shell radii, diamonds for core radii. Open and full symbols
represent the values in the heating and cooling processes,
respectively
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The above structural behavior of the shell and core
regions, together with the slight increase of the shell
contrasts in the heating process shown in Fig. 9, directly
indicate that the oligosaccharide portions of the gan-
glioside molecules in the micelles become contracted by
the temperature elevation. Furthermore, by the present
shell-modeling analyses, the irreversible profiles of the
scattering curves shown in Fig. 2 can be interpreted as a
sugar-chain-dependent hysteresis of the structural
change of the ganglioside molecules.

Evaluation of water molecules in the micellar
hydrophilic region

It was clarified previously that a considerable amount of
tightly and loosely bound water molecules are associated
with the headgroups of gangliosides (Bach et al. 1982a;
Arnulphi et al. 1997). The recent Laurdan fluorescence
measurements of ganglioside micelles (Bagatolli et al.
1997, 1998) also showed that generalized polarization
(GP) values of GM1 and GD1a ganglioside aggregates

maintain those of liquid crystalline phases in the tem-
perature range 2–45 �C for GM1 and 4–28 �C for GD1a.
These results suggest that the hydrophilic-hydrophobic
interfaces of ganglioside micelles are rich in water in
those temperature ranges. However, the behavior of
water molecules of GM1, GD1a and GD1b micelles above
those temperatures, where hysteresis of structural
changes of ganglioside headgroups would mainly occur,
are still obscure.

To clarify the behavior of water molecules within the
shell region of ganglioside micelles under the present
condition, we have estimated the number nw of water
molecules per ganglioside headgroup in the micelles
based on the scheme described in Materials and meth-
ods. Figure 10 shows the relationship of the nw value
versus temperature for the GM1, GD1a and GD1b mi-
celles. GD1 gangliosides contain much larger amounts of
water molecules than GM1, that is, the estimated nw
values at 5 �C in the heating process are about 130 for
GM1, 220 for GD1a, and 200 for GD1b. These values show
a great reproducibility of this analysis when compared to
our previous results (Hirai and Takizawa 1998). In this

Fig. 10 Temperature dependence of the number of water mole-
cules per ganglioside molecule occluded in the micelle. Open and
full symbols are as in Fig. 4

Fig. 9 Shell and core contrasts of the ganglioside micelle estimated
by the shell-modeling analysis, plotted against temperature. Circles
are used for shell contrasts, diamonds for core contrasts. Open and
full symbols are as in Fig. 4
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analysis, we cannot distinguish between bound water
and simply occluded ‘‘free’’ water in the hydrophilic
region of the ganglioside micelle. However, these nw
values would represent mostly the numbers of water
molecules bound to the headgroups in some manner,
since the 2H NMR experiments and analyses (Arnulphi
et al. 1997) indicate that all water molecules in the
[water]/[total brain ganglioside]=200/1 system at a mi-
cellar phase can be assigned to tightly and loosely bound
ones having correlation times of 2 · 10–9 s and 6 · 10–10 s,
respectively. Therefore, the numbers of water molecules
estimated in the present analyses contain mostly both
tightly and loosely bound ones, and the amount of
‘‘free’’ water molecules which have a correlation time on
the order of 10–12 s, if they exist, would be quite small.

For each ganglioside micelle, the values of nw in the
shell regions start to decrease immediately with the rise
of temperature, and 40–50 water molecules are excluded
prior to the structural change of ganglioside headgroups
at �20–30 �C. This suggests that the loosely bound
water that is sensitive to temperature has a role in the
structural stability of the headgroups. For the GM1 case
in the heating process, the value of nw decreases linearly
to a value of about 50 at 65 �C. The nw value of GD1a

decreases rapidly to a value of about 120 with the rise of
temperature from 5 to 40 �C. Above 40 �C, the nw value
of GD1a shows no major variation until 65 �C. On the
other hand, the nw value of GD1b decreases gradually
and linearly to a value of about 90 at 65 �C. According
to previous calorimetric experiments (Bach et al. 1982a),
the number of unfreezing water molecules associated
with a ganglioside headgroup is about 22–30 for GM1

and 33–40 for GD1 (GD1a+GD1b). Also, 30 water mol-
ecules on average were found to be tightly bound to a
headgroup of a bovine brain ganglioside mixture, as
shown in the 2H NMR experiments (Arnulphi et al.
1997). Therefore, the lowest nw value at 65 �C for each
ganglioside in the present analysis would contain not
only tightly bound water but also loosely bound water
and simply occluded water.

The behavior of water in the shell regions of the
ganglioside micelles are considerably different between
GM1 and GD1 in terms of thermal reversibility. In the
cooling process, the nw value of GM1 increases linearly
and rather reversibly to about 120 at 5 �C, whereas the
nw values of GD1a and GD1b do not show such a re-
versibility. The final value of nw of GD1a at 5 �C in the
cooling process is about 150. On the other hand, the nw
value of GD1b shows a relatively reversible behavior
compared with that of GD1a, namely, the nw value of
GD1b at 5 �C in the cooling process is about 170. These
differences of the water behavior or the nw values be-
tween the ganglioside species could be attributable to
the structural characteristics of ganglioside molecules,
namely, to the number and attached position of the sialic
acid residues and the structural flexibility of the head-
group. Moreover, these hydration properties of GM1 and
GD1 would relate to the headgroup-dependent inhibitory
effect of gangliosides on phospholipase C activity,

shown by Daniele et al. (1996). However, owing to the
observed hysteresis behavior of GD1 and its water mol-
ecules, the interactions between GD1 and substrates may
be altered in the case that GD1 is well heat-treated before
measurements.

Conclusion

In the present work, we investigated the details of the
relationship between the structure of ganglioside head-
groups and the behavior of water molecules in the
micellar hydrophilic region under a constant heating-
and-cooling rate. We observed clearly the hysteresis of
the structural changes of the GD1a and GD1b micelles
accompanied by irreversible water occlusion. Also the
previous evidence of a thermal hysteresis property of the
GM1 ganglioside micellar structure (Hirai et al. 1996a,
1998a) with reversible water occlusion has been clearly
confirmed. Once contracted, the oligosaccharide portion
of the GM1 and GD1 micelles in the heating process did
not show a reversible behavior in the temperature cycle
(Fig. 6). These irreversible conformational changes of
the sugar chains would restrict the water penetration
into the hydrophilic region of the micelles in the cooling
process. The observed difference between the hysteresis
behavior of GM1 and GD1 is likely due to the difference
between their headgroup flexibilities or abilities to form
intra- and/or intermolecular hydrogen bonds. Namely,
the GM1 and GD1 molecules have additional N-H and
C=O groups in their oligosaccharide moieties which can
be involved in the formation of intra- and intermolecular
hydrogen bonds (Boggs 1987; Scarsdale et al. 1990).
Actually, the dispersions of GM3 molecules which would
not form intramolecular hydrogen bonds, due to their
conformational restrictions, did not show hysteresis
behavior under the same experimental conditions
(Fig. 3). Water molecules occluded in the micellar shell
regions for all samples decreased with the rise of tem-
perature (Fig. 10). This phenomenon would give a better
opportunity to form transient hydrogen bonds for the
oligosaccharide moieties of gangliosides. On the other
hand, in the cooling process, water molecules were oc-
cluded again reversibly for the GM1 micelle, whereas
water molecules in the shell region of GD1a and GD1b

micelles showed relatively irreversible behavior, corre-
sponding to the conformational changes of their head-
groups. In the temperature range measured, loosely
bound or ‘‘free’’ water molecules were observed more or
less in the shell region for each micelle, which is con-
sistent with the fluorescence experimental results of
Bagatolli et al. (1997, 1998). As described in Results and
discussion, we cannot distinguish between hydrated
water and ‘‘free’’ water in the hydrophilic region of
micelles by the present analysis. Therefore, it would be
still ambiguous on the behavior of tightly bound water
molecules and their contribution to the structural
stability of oligosaccharide chains of gangliosides.
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Other physicochemical factors or some agents in
vivo, which lead to the dehydration of gangliosides, may
also cause a similar hysteresis characteristic of ganglio-
side aggregates as shown in this report. These properties
of gangliosides would affect and/or modulate membrane
fluidity, topology, surface membrane hydration charac-
teristics and activities of proteins associated with gan-
glioside-enriched membranes. Our recent study of the
dynamics of ganglioside micelles using the neutron spin
echo (NSE) technique suggests that the dehydration and
bending of the ganglioside sugar chains with elevating
temperature reduce the deformation motion of the mi-
celle, namely that the dynamics of the micelle is coupled
with the conformational state of ganglioside headgroups
(Hirai et al. 2001). Furthermore, as both the confor-
mational change of gangliosides and the behavior of
water molecules in the shell region alter the micellar
surface charge (Hirai et al. 1999), not only lateral or-
ganization of gangliosides in cell membranes but also the
state of ganglioside headgroups themselves might be one
of the major determinants for cell-cell interaction or cell-
protein interaction.
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