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Intensive Extrusion and Occlusion of Water in Ganglioside Micelles with
Thermal Reversibility

Mitsuhiro Hirai and Toshiharu Takizawa
Department of Physics, Gunma University, Maebashi 371, Japan

ABSTRACT By using a shell-modeling analysis for small-angle scattering data of ganglioside micellar dispersion, we
recently reported that the elevation of temperature induces a significant shrinkage of the hydrophilic region of the ganglioside
micelle, suggesting that the oligosaccharide chains with sialic acid residues of ganglioside molecules change the conforma-
tion, sensitively responding to a change in temperature (Hirai et al., 1996. Biophys. J. 70:1761-1768; J. Phys. Chem.
100:11675-11680). We have carried out further analyses of the temperature dependence of the structural parameters
reported previously, and we have found clear evidence of reversible extrusion and occlusion of a large amount of water in the
hydrophilic region of the ganglioside micelle in the physiological temperature range of 6-60°C. The present results suggest
a remarkable function of ganglioside molecules: they change the hydrophilicity of the cell surface locally as a response to
variations in temperature. This phenomenon might be involved in various surface events, such as cell-cell interaction and cell
surface-protein interaction.

INTRODUCTION

Gangliosides have been shown to participate in variouside molecules change conformation, sensitively responding
important physiological functions in cell surfaces, such ago a change in temperature (Hirai et al., 1996b,c). The
self-organization of tissues, immune response and cell difthermotropic structural change of the hydrophilic region of
ferentiation, through a great variety of ganglioside struc-ganglioside micelles would be similar to that of liposomes
tures (Hannun and Bell, 1989; Hakomori and lgarashicontaining phospholipids with covalently attached poly(eth-
1993; Svennerholm et al., 1994). Ganglioside is composeglene glycol) (PEG-lipids) (Kenworthy et al., 1995). In the
of a ceramide as a hydrophobic tail and of an oligosacchapresent report, we will show that the above shrinkage ac-
ride chain containing one or molacetylneuraminic acid companies an intensive extrusion of water occluded in the
(sialic acid) residues as a hydrophilic head. Such hugéydrophilic region of ganglioside micelle, by executing
negatively charged sugar heads give gangliosides verfurther analyses of the thermotropic structural transition of
unique physicochemical characteristics in comparison wittthe ganglioside micelles reported previously (Hirai et al.,
those of phospholipids. Many intensive studies have beet996b,c).

carried out to clarify the aggregative characteristics of gan-

gliosides (Tettamanti et al., 1985; Maggio et al., 1985; Corti

and Canty1990; Corti et al., 1996; Sonnion et al., 1994). MATERIALS AND METHODS

Using neutron and x-ray-scattering techniques, we havg
been studying the structural phase behavior of ganglioside
aggregates with regard to temperature, pH, and concentrdhe gangliosides used were the monosialoganglioside (abbreviated as
tion (Hirai et al., 1995b, 1996a—c), and the Complexation Ole) and disialoganglioside (abbreviated ag,{5extracted from bovine

L . . A .brain. These gangliosides (0.5% w/v) were dissolved in buffer solvents
gangliosides with proteins (Hirai et al., 1995a, 1998’a\djusted to pH 6.8 and used for the scattering experiments. Small-angle

Takizawa et al:, 1995). _ _ x-ray scattering (SAXS) experiments were carried out by using the syn-
Recently, using shell-modeling data analysis of synchro<chrotron radiation small-angle x-ray scattering spectrometer installed at the

tron radiation x-ray small-angle scattering measurementsynchrotron source (PF) at the National Laboratory for High-Energy Phys-
we have reported that the elevation of temperature inducegs (KEK). Tsukuba, Japan (Ueki et al.,, 1985). The wavelength and the

PP - e . . _coveredd range were 1.49 A and 0.01-0.25 A respectively, wherg is
a S|gn|f|cant shrlnkage of the hydrophlllc region (ollgosac the magnitude of scattering vector, defineddpy (47/A)sin(6/2) (6 is the

Charide Cha?n region) Of the ganglioside mic_elle, aCCOMPascattering angle) is the wavelength). The temperature of the sample was
nied by a slight expansion of the hydrophobic region (cer-controlled from 6.0°C to 60°C by a thermostat to within 0.5 degree. Other
amide region) in buffer solvents, suggesting thatexperimental conditions were as described previously (Hirai et al.,

oligosaccharide chains with sialic acid residues of ganglio4996b.c).

ample preparation and SAXS measurements
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50 o . . ‘ \ — 2.00 semiaxial ratio of théth ellipsoidal shell, respectively;, r;
< (a) andv; can be used as fitting parameters. We simplified the
45 - & 3> ganglioside micellar structure to be a double-shelled ellip-
soid of rotation composed of a core surrounded by a shell,
< 40r arhs 17 namely, we gave = 2 in Eq. 1. Fig. 2 shows schematically
9 bty Peml i—’ the definitions of structural parameters used in Fig. 1. Ac-
s 351 R = cording to the solution by small-angle scattering theory
= BomeEeaE e °  (Stuhrmann and Miller, 1978), a difference between the
30 average scattering densities of the solute and the solvent
= produces effective scattering intensities. This situation is
25 ‘ , b . . essentially as reflected by Eq. 1, namely, relative values of
0.75 F f T T [ ‘ — 123 contrasts can chandéq) profiles of the model scattering
(b) functions expressed by Eqg. 1. In addition, we measured the
3 0sofF W P S - =g - relative scattering intensities experimentally. Then the pre-
B vious description of the average scattering densities (Hirai
o 025 - ] etal., 1996a-c) is inappropriate only on this point; therefore
2 0.00 we have revised our report to show the relative values of
: contrast in Fig. 1b instead of the average scattering densi-
@ -0.25 - a ties. As ensured by Eqg. 1, other structural parameters in
£ LR NS ES.EE.BE. BE.GH. 30 B A Fig. 1 a reported previously are not affected by the above
© 050 i modification.
0.75 |- . . . | } L Based on the empirical expressions for a hydrocarbon
o 10 20 30 40 50 60 chain volume (Israelachvili et al., 1976) and on the apparent

atomic volumes of the basic chemical elements (Zamyatin,
1972), we can estimate the volumes of the hydrophilic head
FIGURE 1 Temperature dependence of the structural parameters of ga@nd hydrophobic tail of the ganglioside molecule; that is, the
glioside micelles in aqueous solutions determined by the shell-modelingyolumes of the heads are 1215 for Gy, and 1525 R for
method, where open and full marks correspond g @nd G,, micelles, Gp, and the volume of the ceramide is 1028. Because
respectively(a) O, @, Shell radii;", @, core radii;[], m, shell semiaxial we know the chemical components of ganglioside mole-
ratios; A, A, core semiaxial ratios of the micellar structure model obtained. | h . P . gf hg h il
(b) O, @, shell contrastd;], m, core contrasts. The definitions of the above cu e's, the average scattering dlenSIEIZES of the head and tai
structural parameters of the model structure are shown in Fig. 2. Th@Ortions turn out to be 1.28 10** cm™? for the G, head,
parameters i are reproduced, and the parameterb are revised from  1.26 X 10** cm™? for the G,, head, and 8.6% 10*°cm™?

the previous reports (Hirai et al., 1996b,c). for ceramide. The average scattering density of water is
9.4 X 10'° cm 2 Then the values of contrast of the head

and tail portions of the ganglioside molecule are 2.90'°
regions. The shell and core regions mostly correspond to the

hydrophilic head and hydrophobic tail regions of ganglio-
side molecules. For the following reason, in Fighlwe
have made a slight modification in the structural parameters
reported previously (Hirai et al., 1996b,c). We used the
following equation for profile fittings of the experimental
scattering curves to determine the structural parameters in
Fig. 1:

I(q)ocf

temperature (°C)

3y p1 Vi1 (QR)/(QRY)

(1)

2

+ 2 (o — pi-)Viia(QR)/(QR) { | dx

i=2

wherel(q) is the spherically averaged scattering function of

a particle with an ellipsoidal shape of rotation composed of IGURE 2 Definitions of the structural parameters of the model struc-

n shells with different average excess Scattering derfx;:ity ture used in the present shell-modeling analysis. We simplified a gangli-
. g oside micellar structure as a double-shell ellipsoid of rotation composed of

(so-ca_llled contrast); is. the numbgr of the _shelji_ isthe  _ ore surrounded by & ShEMcp Boore Fenct Fecrg oty AN¥0re arE the

spherical Bessel function of the first ranR. is defined as

> 5 - relative values of contrasts, the radii, and the semiaxial ratios of the shell
R =r; (1 + X*(v*—1))"2, wherer; andy; are the radii and and the core, respectively.
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cm 2 for the Gy, head, 3.2< 10'° cm™ 2 for the Gy, head, 200 , | ‘ 1 \ 1
and —0.7 X 10'° cm™2 for ceramide, respectively. On the o g
other hand, as in the cases of other hydrated phospholipid
membranes (Worcester and Franks, 1976jdBet al.,
1978), the micellar hydrophobic core can be assumed to be
virtually devoid of internal water. In addition, the volume of
ceramide in the micelle can be assumed to be mostly con-
stant in the temperature range measured, because hydrocar-
bon chains in micelles contain many gauche configurations %
(Gruen, 1981; Gruen and de Lacey, 1984; Dill et al., 1984). 50 - SR ¥ ox
Then the ratio between the relative values of contrast of the
shell and core regions in Fig. b (~0.5/-0.5) is very 0 10 20 30 40 50 60
different from the above empirical value 6f3/—0.7, sug-
gesting directly the presence of a large amount of water in
the hydrophilic shell region of the ganglioside micelle. FIGURE 3 Temperature dependence of the number of water molecules

According to the following scheme, we can evaluate theper ganglioside molecule occluded in the micellg.A, Gy, micelle at
number of water molecules occluded in the hydrophiliCﬁrSt and seconc_i heating processes, respecti\lﬁl,)_/GD1 micelle.h These

- .values were estimated by using Eq.[5.Values estimated by using Eq. 6

region from the values of the structural parameters shown i " G,,, micelle at first heating.
Fig. 1. Based on a standard expression (Stuhrmann and
Miller, 1978), the values of contrasts of the shell and core
regions are given as

nwz:watelb + nazhea(b i 2Watelb

GM1 (first heating)

GM1 (second heating)
model of GM1 (first heating)
GD1 -

OXbp o

150

100 -

[water]/[ganglioside]
Xp>
poing

temperature (°C)

ganglioside molecule at each temperature is presented. With
elevating temperature, the number of water molecules in the

Pshel = T N+ NVoeod Vaater @) shell region significantly decreases in cases f, Gnd
Gp;- At low temperature then, value per ganglioside
S Ecib . Zate 3) molecule in the @, micelle is much lager than that in the
oo™ Veor  Visater Gy, Micelle. The decreasing tendencies in the two cases are

greatly different; that is, in the G micelle the extrusion of
WNETe2yaeP, Znead: Zeed: Vuater Vhead 8NdVeermean the water occurs drastically at-20°C, whereas in the G

total scattering amplitudes and the excluded volumes %hicelle the extrusion proceeds continuously. This differ-

water molecule, and the head and tail portions of the gan- . . -
o : o ence is attributable to the structural characteristics of gan-
glioside molecule, respectively, is the number of water

i o ) glioside molecules, namely, the conformational flexibility
molecules occluded in the shell region;is the aggregation e : . .
L . . . ._and the number of sialic acid residues of the oligosaccharide
number of ganglioside micelles. The following equation is _, . . L )
. i chain portions. As can be seen in Fig. 3, the extrusion of
derived from Eqgs. 2 and 3: . . .
water from the hydrophilic shell region occurs reversibly
Ny Zwated + Na Shead b despite the evident thermal hysteresis of the micellar shape
( V. - a)/( V. a) (Hirai et al., 1996a). The reliability factors defined By=
shel @ Slovs (O — Imodel (DIElepd0) in the shell-model fittings
o s were shown previously to be-0.02—-0.04, and a thermal
where a = ZyaebNViyaer = 94 X 10° cm 2 Vgoy = expansion of the core region through, e.g., a chain-melting
MwVwater T NaVhead Na = VeordVeer Vsnen @NdVege are the  transition, if it actually occurs, would be expected to be less
volumes of the shell and core regions estimated from Fig. than 6% (Marsh, 1990), because the volume ratio of 3 CH
& Agheif Acore IS the ratio between the shell and core con-or CH, group between gel and fluid states is 25.%2%.0
trasts obtained by the shell-modeling analysis in Fig. 1 A% or 51.0 A/54.0 A%. Then the relative error of ths,,
Then the numben,, of water molecules in the shell region values estimated in the above is below 20%. By using

Ashen _ Pshenr
ACOI’E pCOI’(:‘

is given by another equation (Eq. 6), we can also evaluatehealue:
As e 2ce = (Vshet = NaVhea /Vwa er 6
n, = |:{A " ll( Vv fb - C() + a}vshell - nazheap]/zwaterb fl ( el " [) : ( )

) whereV, ., ~ 30 A%, and we simply consider the geomet-
rical packing criterion of micellar formation (Israelachvili et

As we know the chemical components water moleculg, G al., 1976). As shown in Fig. 3, the, values estimated by
head, G); head, and ceramide, we can also calculjg,., using Eqg. 5 are in good agreement with those estimated by
b=281X 10 *cm,eqb = 1.50% 10 *°cm for the  using Eq. 6, clearly indicating that the structural parameters
Gy, head and 1.92<x 10 *° cm for the G, head,S.,  obtained by using the shell-modeling analysis are very
b/V e, = 8.69 % 10°°cm 2 reasonable and consistent. Such reasonability and consis-

By applying Eq. 5 to the ratio of the contrasts in Fidy,1  tency of the above estimation can be also confirmed by the
we can estimate the numbaey,. In Fig. 3 the valuen, per  comparison of the zero-angle scattering inten$@) ob-
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tained from the model structure with that from the experi- The hydration of saccharides has been studied intensively
mental data. Fig. 4 shows the temperature dependence @fedaira and Uedaira, 1969; Nomura et al., 1982), and it has
I(0) obtained by using three different methods, namely thébeen shown that the dynamic hydration numbgy,, of
Guinier plot, the distance distribution function, and theoligosaccharide can be expressed by a linear relation of
shell-modeling analysis. The former two methods afford thehe mean value of the number of equatorial OH groups,
experimental values df0). In Fig. 4 thel(0) obtained by n(e-OH) (Uedaira et al., 1989, 1990). According to this
using the shell-modeling analysis was calculated by theelation, the numbeng,, per G, or Gy, molecule can be

following equation: expected to be in the range from 50 to 60. Then the number
B B , n, at low temperatures estimated above is about two or
1(0) = (PsheVshen T PeoreVeord” * (C = Cemd/Ma @) three times larger thany,,,, and the elevation of temper-

ature seems to reduce the numbgto a value approaching
the dynamic hydration numbep,,. This indicates that the

where C and C,,, are the concentrations and the critical numbern,, estimated here includes not only hydrated water

micellar concentrations of ganglioside molecules, which inPUt also simply occluded water, because in the present
the present case a2 = 3.1 X 102 M for G,,, and 2.7X analyses we cannot distinguish between hydrated water and

1073 M for Gpy, Coe ~ 2-3 X 108 M for Gy, and Go,. fre;e water in the hydrophilic region of the gangliosidg

As we have shown in the above paragraphs and in oul;r'uc:elle. Thus the present r'esults suggest that the ganglio-
previous reports, the consistency and the reasonability of thé/d€ molecules can reversibly occlude or extrude a large
structural parameters of the obtained models are ensured Bynount of water, like a water cavity, through the confor-

the good agreement of the model scattering functions, digf'ational changes of the oligosaccharide chains as they
tance distribution functions, gyration radii, and relative '€SPond to the temperature variation in the physiological
zero-angle scattering intensities with the experimental onedémperature range of 6-60°C. This phenomenon might be a

It would be worth noting that the shell-modeling method iscommon feature of oligosaccharide gels (Nishinari and
a powerful tool for determining an internal structure of WVatase, 1991), the mechanism of which might be explained

micelle directly from experimental scattering data, espe@S 2 kind of critical kinetics of volume phase transition of
cially for a highly monodispersed system such as gangliolydrogel (Tanaka, 1981, 1985). We can assume that the

side systems, when based on the concrete scheme of itemperature variation affects the local hydrophilicity of the

usage of the shell-modeling method. In addition, even undef€!l Surface, because ganglioside molecules are assumed to
a repulsive interparticle interaction that is known to strongly!0c@lize heterogeneously in the outer cell membrane. Such a

deform scattering data in a small-angle region, the use of thgange in local hydrophilicity might modulate an adhesion
shell-modeling method, combined with a suitable interpar2€tween cells or protein binding to the cell surface.

ticle correlation potential, enables us to determine directly
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