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Thermotropic Phase Behavior and Stability of Monosialoganglioside
Micelles in Aqueous Solution

Mitsuhiro Hirai, Toshiharu Takizawa, Sadato Yabuki, Yoshiro Nakata, and Kouhei Hayashi
Department of Physics, Gunma University, Maebashi 371, Japan.

ABSTRACT The thermotropic phase behavior of monosialoganglioside in a dilute aqueous dispersion at pH 6.8 was
measured by using synchrotron radiation small-angle x-ray scattering and was analyzed by a shell-modeling method.
Previous calorimetric studies on ganglioside systems have shown quite different thermotropic behaviors from other biological
lipid systems, however, the details have still been ambiguous. Because of high statistical data and a shell-modeling analysis,
we could elucidate the internal structural change of monosialoganglioside micelle induced by the elevation of temperature
from 6 to 60°C, that is, the shrinkage of the hydrophilic region and the slight expansion of the hydrophobic region occurring
simultaneously, accompanying the elongation of the axial ratios of the ellipsoidal micelles. The model structures obtained
explain the changes in the experimental scattering curves, the distance distribution functions, and the gyration radii. In
addition we have also found an evident thermal hysteresis in the scattering curves and in the structural parameters. The
present result suggests that the thickness of the hydrophilic region, namely, the conformation of oligosaccharide chains, is

sensitive to a change of temperature.

INTRODUCTION

Physiological functions of gangliosides have been attracting
scientific concerns and have been studied intensively
(Hakomori, 1986; Svennerholm et al., 1994). The ganglio-
sides, the most complex of the sphingolipids, contain cer-
amide linked to an oligosaccharide chain containing one or
more N-acetylneuraminic acid (sialic acid) residues. Al-
though they are found in much smaller quantities in most
cell types, the gangliosides are most abundant in the nerve
cell membrane (Makita and Taniguchi, 1985). Through
molecular recognition by the various oligosaccharide
chains, they are concerned in various functions, ie, the cell
differentiation and the biotransduction of membrane-medi-
ated information (Hakomori, 1981), the cell growth and the
self organization of tissues (Spiegel and Fishman, 1987),
and the immune response (Marcus, 1984).

According to the increase of the evidence of the impor-
tant functions of gangliosides, many studies have been
carried out to clarify physicochemical properties (especially
aggregative properties) of gangliosides by using light, neu-
tron, and x-ray scattering techniques (Cantl et al., 1986;
Corti and Cantli, 1990) and by using analytical chromatog-
raphy (Robert and Robert, 1964; Formisano et al., 1979;
Ulrich-Bott and Wiegandt, 1984). Although gangliosides
form micellar structures in many cases in these studies, the
intramicellar structures still seem to be ambiguous. Because
of high statistical data from synchrotron radiation x-ray
scattering we will discuss the widths of the hydrophilic head
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and hydrophobic tail regions of the ganglioside micelles,
and the thermotropic change of those regions in detail. The
present findings show a characteristic hydrodynamic
property of gangliosides differing from other amphipathic
lipids, which would relate to physiological functions of
gangliosides.

MATERIALS AND METHODS
Ganglioside samples

The sample used was monosialoganglioside (G,,,) from bovine brain,
which was purchased from SIGMA Chemical Ltd. USA and used without
further purification. The Gy, powder with 0.5% w/v was dissolved in 1/15
M phosphate buffer (Na,HPO,/KH,PO,), adjusted to pH 6.8, 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 spectrometer installed at
the BL10C line of the 2.5 GeV storage ring at the Photon Factory at the
National Laboratory for High Energy Physics, Tsukuba, Japan. The details
of the instruments are described elsewhere (Ueki et al., 1985). The X-ray
wavelength, the sample-to-detector distance, and the exposure time were
1.49 A, 87 cm, and 100 s, respectively. The integrated exposure time was
1200 s. The temperature of the sample was varied in the range of 6 to 60°C
by a thermostat within precision below 0.5°C.

Scattering data and modeling analyses

The scattering data were analyzed based on the standard methods (Hirai
et al, 1993), and the shell-modeling analysis using the formulations
defined previously (Hirai et al., 1994, 1995) was carried out to fit the
experimental data, as shown below. The beginning of the scattering curve
I(g) is known to depend on the Guinier equation in the form

I(q) = I(0)exp(—¢’R;/3) 1)
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where 1(0) designates the zero-angle scattering intensity, R, the radius of
gyration, and the magnitude of scattering vector is defined by ¢ =
(47/A)sin(6/2)(6, the scattering angle; A, the wavelength). By using the
Guinier plot (In(/(g)) vs. g*) we can determine the values of both 1(0) and
R,, where we used the data sets in the g interval of 0.020-0.025 A=! for
this plot. The distance distribution function p(r) was obtained by the
Fourier inversion of the scattering intensity /(g) as

o

rql(q)sin(rq) dq 2

0

2
p() =—

The p(r) function reflects the particle shape, the intraparticle scattering
density distribution, and the interparticle translational correlation (Glatter,
1982). For the calculation of the p(r) function, the extrapolation of the
small-angle data sets by using the Guinier plot and the modification of the
scattering intensity as

I'(q) = Kg)exp(—kq®) 3)

(k is the artificial damping factor) were employed to reduce the Fourier
truncation effect. The maximum dimension D, of the particle was
estimated from the p(r) function satisfying the condition p(r) = 0 for
r > Dmax'

The following indirect Fourier transform method, the so-called Glatter’s
method, (Glatter, 1982) was also applied to eliminate some inherent
artifacts on the estimation of R, and I,,,,; when using the Guinier approx-
imation. R, and I, are given as

Dinax
Lo = p(r) dr )]
0
and
Dinas Dinax
R:= p(nAdr (2| p@r)dr ©)
0 0

Equation 4 was used for normalization of the p(r) functions.

The shell-modeling analysis was also carried out for fitting the exper-
imental data to determine structural parameters. As we have shown else-
where (Hirai et al., 1994, 1995), based on the convolution theory the
spherically averaged scattering function /(g) from of a particle composed
of shells with different average scattering densities is simply given as

I(g) = (A@A*@) ©)
_ 'L [PViii(gRy) 2?=2 (pi — F_)i—l)‘/ijl(qRi)Hz
- [3{ (gR)) (qR) dx

where ( ) means the spherical average of the scattering intensity /(q)de-
fined by A(qQ)A°(q)(the structural factor A(Q)), p; is the average excess
scattering density (so-called contrast) of the i th shell with a shape with an
ellipsoid of rotation, and j, is the spherical Bessel function of the first rank.
R, is defined as

Ri=r(1 +x*(v} - 1) )

where r; and v, are the semiaxis and the axial ratio for the ith ellipsoidal
shell, respectively. Here we assumed the simplified model of a double-shell
ellipsoidal structure to fit the experimental scattering data by using Eq. 6.
p, r;, and v, are used as fitting parameters. Although this modeling method
cannot avoid some systematic disagreement with experimental data at a
high angle region because of the simplified model representation as a set of
ellipsoids, Eq. 6 is very useful to sort out various models of globular solute
particle with a center-symmetrical internal scattering density heterogeneity.
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RESULTS
Change of scattering curve and gyration radius

Fig. 1 A and Fig.1 B, show the temperature dependence of
the scattering curve I(g) of the Gy, ganglioside aggregates
at the first temperature scan and at the second one, respec-
tively. After cooling down the aggregates to 6°C and leav-
ing them for ~2 h, the second scan was started. As there
was no difference between the scattering curves just after
cooling and at the initial point of the second scan, 2 h was
short enough to detect a thermal hysteresis under the present
conditions. All scattering curves have evident minimums at
g ~0.06 A™! and bell-shaped peaks at g ~0.1 A™!, indi-
cating the monodispersion of the ganglioside aggregates to
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FIGURE 1 Variation of the scattering curve of Gy, aggregates in phos-

phate buffer at pH 6.8. The variation depends on temperatures from 6 to
60°C. A, at the first temperature scan; B, at the second temperature scan.
Thick and dotted lines correspond to the scattering curves of 6°C and 60°C,
respectively. Insets in A and B extract two curves of both these tempera-
tures. Ganglioside concentration is 0.5% w/v.
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form globular structures, micelles, in the temperature range
of 6 to 60°C. The micelle takes a prolate ellipsoidal shape,
as shown in the following modeling analysis. At the first
scan the elevation of temperature causes the shift of the
position of the bell-shaped peak from 0.092 A~! to 0.10
A~!, accompanying the change of the ratio of the minimum
to the peak in intensity from 0.258 to 0.129. Comparing Fig.
1 B with Fig. 1 A, we can see the distinct thermal hysteresis
of the changing manner of the scattering curve when re-
starting from 6°C; and the scattering curve of 60°C at the
second scan appropriately coincides with that at the first
scan.

Fig. 2 shows the temperature dependence of the gyration
radius R, obtained by the Glatter’s method using Eq. 5. As
is well known, R, determination using the Guinier equation
(Eq. 1) is very conventional and is usually carried out by
using the g interval satisfying gR, < 1, which depends on
the the shape, the dimension, and the internal scattering
density distribution of the objects. However, the use of Eq.
1 is also known to include an inherent systematic error by a
Gaussian approximation of small-angle scattering curves.
Moreover, in many cases the accuracy of R, is affected by
other factors such as the reasonability of the g interval, the
scattering data statistic, and the presence of an interparticle
interaction. Actually, because of the presence of sialic acids
in ganglioside molecules we observed an evident intermi-
cellar repulsive interaction at the concentration range of 5 to
1.5 w/v %, which seriously deformed the scattering curve at
a small-angle region (Hirai et al., 1995). Therefore we
selected the concentration of 0.5 w/v % to obtain enough
statistics for modeling analyses to avoid an apparent defor-
mation of the scattering curve by the repulsive interaction.
As the present g interval of 0.020 to 0.025 A~! is appro-
priate, the gyration radius obtained by using Eq. 1 shows the
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FIGURE 2 Temperature dependence of the gyration radius of the Gy,
micelle determined by using the Glatter method in Figs. 1 and 3. O, for the
first temperature scan; [J, for the second temperature scan. X and +
correspond to the gyration radii for the first and second scans obtained
from the modeling analysis in Figs. 4 and 5.
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same changing tendency. In comparison with the use of
Eq. 1, the Glatter’s method is less sensitive to the above
ambiguity factors and gives more accurate R, values be-
cause of the use of the total observed scattering curve. At
the first scan in Fig. 2 the gyration radius R, increases once
from 51.50.1 A to 52.60.1 A in the temperature range of 6
to 35°C and then decreases to 50.90.1 A. At the second scan
the R, monotonously increases from 47.10.1 A 1050.00.1 A.
Thus Fig. 2 suggests that the elevation of temperature in-
duces the structural change of the Gy; micelle, namely, the
change in both the micellar dimension and the intramicellar
scattering density distribution, which is also suggested and
reasonably explained by the following distance distribution
function and modeling analyses. In Fig. 2 the gyration radii
estimated from the following double-shell modeling analy-
sis are also shown, where the R, values and the manner of
the changes are in agreement with the above experimental
ones.

Distance distribution function analysis

Fig. 3, A and B, shows the distance distribution functions
p(r) obtained by the Fourier inversion of the scattering
curves in Fig. 1, A and B, respectively. The p(r) profile at
low temperatures is characterized by the shoulder of ~28 to
38 A and the main peak of ~75 A. In the first scan in Fig.
2 A, by the elevation of temperature from 6 to 60°C, the
shape of the shoulder becomes a small peak when shifting
its peak position from 23.5 A to 22.2 A; and the main peak
position of 75.8 A moves once to 77.2 A and finally to 74.1
A. At the second scan in Fig. 2 B, the shoulder becomes a
small peak when shifting its position from 24.7 A t0 22.2 A,
and the main peak position of 72.2 A moves monotonously
to 74.1 A. Such changes of the p(r) profiles suggest that the
temperature elevation induces a rearrangement of the gan-
glioside molecules in the micelle to enhance the scattering
density fluctuation within the micelle. The maximum di-
mension D, ., of the Gy, micelle at the first scan increases
once from 129 A to 148 A and decreases to 138 A. At the
second scan the D,,,, monotonously increases from 114 A
to 122 A. Thus, at the first scan the maximum dimension
initially expands, followed by a contraction, and at the
second scan a simple expansion occurs, which agrees well
with the changing tendencies of the R, values in both scans
in Fig. 2.

Shell-modeling analysis

To discuss such changes in detail we applied the shell-
modeling analysis to fit the experimental scattering curves
I(g) and the distance distribution functions p(r). Figs. 4 and
5 show the scattering curves I(g) and the p(r) functions for
the best fitted models, where the thick and dotted lines
correspond to 6°C and 60°C, respectively. The shell-mod-
eling analysis is applicable to the scattering data from the
solute particles having an evident heterogeneity of the scat-
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FIGURE 3 Temperature-dependent variation of the distance distribution
functions p(r) obtained from the Fourier inversion of the scattering curves
in Fig. 1. A and B as in Fig. 1.

tering density distribution with a center symmetry (Hirai
et al., 1994, 1995). As the Gy, ganglioside molecule is
composed of a hydrophobic moiety of a ceramide and of a
hydrophilic moiety of a oligosaccharide chain with a sialic
acid, it is suitable to describe the ganglioside micelle as a
double-shelled ellipsoid of rotation that consists of a core
surrounded by a shell with different scattering densities.
Least-squares fitting parameters used were the core and
shell radii, the semiaxial ratios, and the average excess
scattering densities compared to the average scattering den-
sity of the solvent (so-called contrasts). The reliability fac-
tors R, defined by R = ¥ |I5(@) — Imoaet(@ /2 Lons(q), are
in the range of 0.025 to 0.031 for the presented models.
Although there is some disagreement in the /(q) curve over
0.15 A™! because of the simplicity of the model structure,
the I(g) and p(r) profiles in Figs. 4 and 5 well describe the
experimental ones shown in Figs. 1 and 3. For example, in
Fig. 4 A, the optimized model of 6°C has the core and shell
radii of 26.7 A and 47.5 A, respectively, the semiaxial ratios
of 1.63 and 1.53, and the average scattering densities of
0.573 and 1.56, where the scattering densities are relative
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FIGURE 4 Scattering curves obtained from the double-shelled-ellipsoid-
model fittings. Thick and dotted lines correspond to the scattering curves
of 6°C and 60°C, respectively. Insets in A and B extract two curves of both
these temperatures. A and B as in Fig. 1.

values to that of the solvent. The optimized model of 60°C
is a double-shelled ellipsoid with the core and shell radii of
26.6 A and 42.9 A, respectively, the semiaxial ratios of 1.87
and 1.61, and the average scattering densities of 0.592 and
1.55. This indicates that the temperature elevation induces
the decrease of the ~4.5-A width of the oligosaccharide
chain length in the hydrophilic region. The R, values for the
above two models are 51.9 A and 51.3 A, respectively.
These values agree with the experimental values of 51.5 A
and 50.9 A. The temperature dependence of the R, for the
optimized model in Fig. 2 can also explain that obtained by
the experiments.

By using the empirical expressions of a hydrocarbon
chain volume and of a critical chain length (Israelachvili
et al., 1976) and by considering the apparent atomic vol-
umes of the basic chemical elements (Zamyatin, 1972), we
can tentatively estimate the average scattering densities of
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FIGURE 5 Distance distribution functions p(r) obtained from the Fou-
rier inversion of the scattering curves for the best-fitted model structures in
Fig. 4. Thick and dotted lines correspond to the p(r) functions of 6°C and
60°C, respectively. Insets in A and B extract two functions of both of these
temperatures. A and B as in Fig. 1.

the hydrophilic head and hydrophobic tail of the Gy, mol-
ecule to be 12.3 X 10" cm™2 and 8.7 X 10'° cm™* (8 X
10'° cm ™~ for only saturated-hydrocarbon chains C,g/Cy, =
1/1), respectively. The critical chain length of C, is 26.8 A
and the average scattering density of water solvent is 9.4 X
10'° cm™2, When considering the intrinsic experimental
limitation from the resolution in the small-angle scattering
method and the simplicity of the shell-modeling analysis,
the structural parameters obtained on the models are in
agreement with the empirical values within the orders.

Temperature dependence of the structural
parameters of Gy, micelle

The temperature dependence of the structural parameters
obtained by the present modeling analysis, the core and
shell radii, the semiaxial ratios, and the average excess
scattering densities, are summarized in Figs. 6, 7, and 8§,
respectively. In the first scan in Fig. 6 A, the shell radius
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FIGURE 6 Shell and core radii of the ganglioside micelle estimated by
the shell-modeling analysis in Fig. 4, plotted against temperature. O and (]
are the shell and core radii; A and B as in Fig. 1.

decreases gradually in the temperature range of 6 to ~40°C
and more rapidly above 40°C. The core radius increases
slightly in the same range and afterward decreases slightly.
Simultaneously, in Fig. 7 A the axial ratios of the core and
the shell are mostly constant in the temperature range of 6
to 25-30°C and afterward begin to increase. In comparison
with the above case, we can recognize some differences
between the second scans in Figs. 6 B and 7 B. Although the
core radius shows a similar change, a fast decrease of the
shell radius occurs in the temperature range of 6 to ~25°C
and a more evident increase of the core radius occurs in the
temperature range of 20 to 50°C. The changes of the axial
ratios start at 6°C and their increments are greater than those
at the first scan. In Fig. 8 the shell scattering densities in
both scans are within errors, except for a slight fluctuation
at the second scan. At both scans the core densities are also
in the range of 6 to ~50°C and take slightly higher values
above ~55°C.

The above changes of the structural parameters that de-
pend on temperature suggest that the elevation of tempera-
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FIGURE 7 Shell and core semiaxial ratios of the ganglioside micelle
estimated by the shell-modeling analysis in Fig. 4, plotted against
temperature. O and [] are the shell and core semiaxial ratios; A and B
as in Fig. 1.

ture induces the shrinkage of the hydrophilic region and the
slight expansion of the hydrophobic region accompanying
the elongation of the semiaxial ratios of both regions in the
ellipsoidal micelles. The competition between the shrinkage
and the expansion result in the complicated characteristics
of the thermotropic phase behavior as the observed struc-
tural changes in the scattering curve, the R, value and the
p(r) profile.

DISCUSSION

By using high-intensity x ray from a synchrotron radiation
source and by using an appropriate shell-modeling analysis,
we have shown the thermotropic phase behavior of Gy,
ganglioside micelles and the changes of the hydrophilic and
hydrophobic regions in the micelle, respectively. The struc-
tural changes occur on both the micellar shape and the
intramicellar structure, especially on the oligosaccharide
chain region. The present results are schematically shown in
Fig. 9. Gammack (1963) observed that mixed brain gan-
gliosides in dilute aqueous solution form prolate ellipsoidal
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by the shell-modeling analysis in Fig. 4, plotted against temperature. O and
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micelles (axial ratio ~2) by using hydrodynamic measure-
ments. The temperature dependence of the hydrodynamic
radius reported in the light scattering study of G,,; micellar
aqueous solutions (Cantl, 1986) might correspond to that
observed at the first scan in the present experiments. Calo-
rimetric studies treating micellar and vesicle dispersions
clarified that gangliosides show rather broad endothermal
transitions that are very different from those of the mem-
brane phospholipids and that a minor presence of ganglio-
sides in phospholipids greatly affects thermotropic phase
transitions (Sillerud et al., 1979; Bach et al., 1982; Maggio
et al., 1985; Kojima et al., 1988). Such characteristic ther-
motropic behaviors would be reflected in the present results
showing gradual changes in the scattering curve, the p(r)
function, and the R, value, which can be explained as the
changes of the micellar shape and the intramicellar struc-
ture, as shown above.

Curatolo et al. (1977) studied broad thermotropic transi-
tions, having two small endothermal peak maxima at 30 and
46°C, of mixed brain gangliosides in a hexagonal phase
over the hydration range of 18 to 50 wt %. They showed that
even below 30°C the hydrocarbon chains are disordered;
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FIGURE 9 Schematic picture of thermal structural transition of Gy,
micelles. Only the structures at initial and final temperatures in the first and
second heating processes are displayed.

and they concluded that the broad thermotropic transitions
are not identical to the order-disorder (chain-melting) tran-
sitions in phospholipid systems and that these transitions are
related to a change from one disordered state to a more
disordered state. Moreover, some thermodynamical and ex-
perimental considerations suggest that the hydrocarbon
chains in micelles essentially contain many gauche-bond
configurations (Gruen, 1981; Gruen and Lacey, 1984; Dill
et al., 1984). Therefore, the presence of disordered hydro-
carbon chains is more probable for the gangliosides in
micellar phase, and chain-melting models do not seem to be
enough to describe thermotropic transitions of ganglioside
micelles. We can assume, therefore, that the present transi-
tion behavior of the hydrophobic cores results from some
rearrangement of the hydrocarbon chains. This is also sug-
gested by Masserin and Freire (1986) and Masserin et al.
(1989).

Recently, for gangliosides (Gp,, and mixture)-water sys-
tems we have observed two broad endothermal transitions
(at ~30 and 50°C) accompanying an evident thermal hys-
teresis in the thermogram where the hysteresis at 30°C is
more evident (Takizawa et al. submitted for publication).
The present thermal hysteresis in the scattering curves and
in the structural parameters also reflects such tendencies in
spite of the use of other ganglioside systems. Further, we
assume the changes of the hydrophilic and hydrophobic
regions can accompany the extrusion of some amount of
intramicellar hydrated water from the hydrophilic region
and from the hydrophobic core interface due to the contrac-
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tion of the oligosaccharide chains. In other words, interac-
tions between boundary water and highly hydrophilic heads
of gangliosides can probably appear as some conforma-
tional changes of oligosaccharide chains, which might make
the thermotropic phase behavior more complex as some
variety of the hydrocarbon chain composition (Masserin and
Freire, 1986). The high sensitivity in hydrophilic moieties
of gangliosides might relate to their various physiological
surface events in biomembranes.

We thank Drs. Y. Amemiya and K. Kobayashi of the Photon Factory at the
National Laboratory for High Energy Physics for their help with the
small-angle scattering instrumentation. This work was performed with the
approval of the Photon Factory Programme Advisory Committee (Proposal
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