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The structure and function of lipid microdomains in mammalian plasma membrane, so-called rafts
arc among the hot topics in cell biology, since these domains are assumed to be involved in
important membrane-associated events, such as signal transduction, which were reported in
physiological and immunological studies. Major components of rafts are glycosphingolipids (GSLs).
Gangliosides are main species of GSLs and around 80 species are known. In spite of accumulation
of amounts of evidence on the physiological functions of GSLs and rafts, the physicochemical
properties of the structure and dynamics of membranes occluding GSLs have been less abundant
and confuse. In these ten years we have been studying and clarified unique functional structural
features by using synchrotron X-ray scattering and neutron elastic and quasi-elastic scattering
techniques complementary. This report is focused on how to clarify and characterize lipid
membrane interfaces by using solution X-ray and neutron scattering methods with referring our
major findings on the structure and dynamics of GSLs and lipid mixtures containing GSLs as a

model of rafts.
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1. INTRODUCTION

Recently the presence and formation of lipid
microdomains, so-called rafts [1], in mammalian plasma
membrane have been attracting huge interests since these
microdomains are assumed to play as a platform of
important biological functions such as signal transduction
cell adhesion and lipid/protein sorting [2-6]. A common
feature of plasma membrane microdomains is their
peculiar  lipid  composition, being rich in
glycosphingolipids ~ (GSLs),  sphingomyelin  and
cholesterol. Gangliosides, major components of GSLs,
are acidic lipids composed of a ceramide linked to an
oligosaccharide chain containing one or more sialic acid
residues. Gangliosides are localized on the plasma
membrane surface and to be rich in central nervous
system. Functions of rafts are assumed to relate to the
peculiar features of GSL molecules both in ceramide and
oligosaccharide portions. The structures of some different
types of representative gangliosides molecules are shown
in Figure 1. The sugar head portion of ganglioside has an
ability of formation of complex hydrogen bond network.
In addition, as a common feature of sphingolipids, the tail
portion of gangliosides acts as hydrogen bond acceptor as
well as hydrogen bond donor, whereas that of
glycerolipid acts only as hydrogen bond acceptor [7].
Due to this feature and an enrichment of oligosaccharides
in hydrophilic moiety, GSLs are assumed to form
complex networks of hydrogen bonding between those
lipids and water molecules [8].  Thus the physiological
functions of GSL microdomains are assumed to deeply
relate to such unique features. In spite of numerous
results accumulated on the physiological functions of
GSLs and those microdomains [2-6, 9, 10], how GSL
microdomains function in membranes and how they
modulate membrane properties have been still ambiguous
[11], due to variety of species and to small amounts of
gangliosides in cells. It would be particularly important to
elucidate physicochemical characteristics of ganglioside
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aggregates since the formation of GSL domains can
greatly modify or modulate plasma membrane structures
and functions of proteins occluded in membrane, which
would relate to the regulation of cell signaling [6, 9].
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Fig. 1. Schematic representation of molecular
structures of G, Gpia Opis, Grip gangliosides,
respectively

scattering (SR-SAXS), small-angle neutron scattering
(SANS) and neutron spin echo (NSE) techniques
complementary, we have clarified several notable
physicochemical characteristics of the structures and
dynamics of ganglioside micelles and
ganglioside-containing vesicles, depending on
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temperature, pH, salt concentrations, and lipid
compositions. We summarize Thus, 1) Gangliosides
(monosialoganglioside Gy, Gys;  disialogangliosides
Gp1a, Gpi; trisialoganglioside Gryp,) form an ellipsoidal
micelle whose sugar-chain regions are very hydrophilic
[12]. With eclevating temperature, hydration and
dehydration of hydrophilic head portion occur with the
conformational change of bending of the sugar chain
[13-16] and with the change of dissociation degree of
sialic acids [17, 18]. These changes accompany some
thermal hysteresis that shows the dependence on
ganglioside  species [19]. 2) In  ganglioside
(Gmi)/phospholipid (DPPC, dipalmitoyl phosphocholine)
mixed small unilamellar vesicle (SUV) system
gangliosides predominantly locate at outer-leaflet of the
vesicle as occurring in plasma membrane [20]. 3) In the
cases of ganglioside (Gyi, Gpias Gpibs Grip)-cholesterol

binary systems (monosialoganglioside, Gumi;
disialoganglioside, Gp,, IV'NeuAc-, II’PNeuAc-
GgOse -Cer; disialoganglioside, Gpips

I NeuAcz-GgOse 4-Cer; trisialoganglioside, Grip,
IV3NeuAc-, II3NeuAcz-GgOse 4-Cer) we found the

presence of maximum miscibility of cholesterols within
gangliosides, the cholesterol-dependent micelle-to-
vesicle transitions (Gy), and the Ca-induced vesicle-to-
lamellar transitions (Gy;) accompanying the formation of
an interdigitated structure between the sugar heads in the
opposing bilayers [21]. 4) From the NSE experiments,
the dehydration and the bending of sugar heads suppress
the undulation of the ganglioside micellar structure [22].
In the case of ganglioside-cholesterol- phospholipid
(DSPC, distearoyl phosphocholine; DOPC, dioleoyl
phospho- choline; POPC, palmitoyl-oleoyl
phosphocholine; PC, L-a-phosphocholine) ternary SUV
systems, the bending modulus tends to take a smallest
value at the lipid composition of [ganglioside]/
[cholesterol]/[glycerophospholipid]= 0.1/0.1/1 as similar
extent as in intact neuronal cell including rafts, meaning
that the ganglioside-cholesterol microdomains can afford
an appropriate fluidity to membrane and to hold a
homeostasis of membrane environments [23]. It should
be noticed that hydrophilic environments afforded by
gangliosides are assumed to have a pivotal role in some
protein activity. Actually, a hydrophilic environment
afforded by gangliosides is assumed to have a pivotal role
in some protein activity. It has shown that gangliosides
have inhibitory effects on phospholipase A, [24] and C
[25] activities and that the phospholipase activity is
concurrent with a dehydration process of membrane
interfaces [26]. These results suggest that the existence of
a high capacity of gangliosides to structure water plays a
major role in those inhibitory effects [27]. On the other
hand, our recent experiments show that the presence of in
ganglioside-cholesterol-DPPC ternary mixture enhances
the heterogeneity of lipid distribution within the bilayer
due to the clustering of ganglioside and cholesterol,
namely, the formation of ganglioside-cholesterol rich
microdomains [27]. Thus these previous results found on
the physicochemical properties of ganglioside aggregates
and those mixtures with other lipids suggest that the
microdomains enriched in ganglioside and cholesterol
can not only modulate locally charge and hydrophilicity
of plasma membrane surfaces but also dominates
dynamics of plasma membrane, which are essentially

important for transmembrane signaling such as the
accumulation and activation of functional proteins.

In spite of the use of solution X-ray and neutron
scattering methods for the unordered dispersion systems
of micelles and vesicles without multilayered structures,
we have obtained the above enhanced information on
lipid aggregate interfaces. The present report is focused
on the methods of SAXS and SANS data analyses for
characterizing the interfacial structure of micelle and
vesicle systems with referring our previous reports.

2. EXPERIMENTAL
2.1 Sample Preparation

Gangliosides studied (Gyi, Gpias Gpiws Grin) Were
from bovine brain purchased from SIGMA Chemical Co.
(USA), which were used without further purification.
Cholesterol and different types of phospholipids (DPPC,
DSPC, DOPC, POPC, PC) purchased from SIGMA
Chemical Co. and from Avanti Polar Lipids Inc. (USA)
were used without further purification. All other
chemicals used were of analytical grade. For the
preparation  of  ganglioside-cholesterol-phosphlipid
ternary mixed samples, required quantities of ganglioside,
cholesterol and phospholipid were dissolved in a 2:1
(v/v) mixture of chloroform and methanol. The solvent
was removed in a stream of nitrogen gas, and the samples
were dried at 45 °C in vacuo for overnight. The dried
samples were suspended in 50 mM HEPES
(N-(2-hydroxymethyl) piperazine-N"-(2-ethane-sulfonic
acid)) H,O buffer adjusted to pH 7, and the mixture was
stirred for several minutes. For the preparation of the
small unilamellar vesicle (SUV) samples the dried
mixtures were suspended in 50 mM Hepes buffer (pH
7.0), warmed to 45 °C, and stirred at 50 °C for several
minutes. The mixtures were sonicated for 10 minutes at
45°C by using a high-power probe-type ultrasonicator
(Model UH-50 of SMT Co.) at 50 W. These solutions
were incubated for 2 hours at 45 °C, and kept at 4 °C for
~12 hours before scattering measurements, For the
employment of the inverse contrast variation method in
SANS experiments, we used both hydrated and
deuterated DPPC. Namely, 1,2-Dipalmitoyl-su-glycero-
3-phosphocholine (h-DPPC) and 1,2-dipalmitoyl-d62-
sn-glycero-3- phosphocholine (d-DPPC) purchased from
Avanti Polar Lipids Inc. (USA). The SUVs were
dissolved the in 99.9+ atom % D,0O solvent with 50 mM
Hepes adjusted to pH 7. The contrast of the SUV to D,O
solvent was varied by changing the molar ratio of
[h-DPPC]/[d-DPPC] which were 1/0, 0.72/0.28,
0.32/0.68 and 0/1. The molar ratio of [Gy;]/[cholesterol]/
[DPPC] was fixed at 0.105/0.105/1. The total lipid
concentration was 1 % w/v for all samples. The molar
ratios between h-DPPC and d-DPPC was 1/0, 0.3/0.7,
0.7/0.3 and 0/1. These samples with different
[h-DPPC]/[d-DPPC] ratios were served for SANS, SAXS
and DLS experiments. Before scattering measurements
the sample solutions were filtered with a membrane filter
of 0.1 um pore-size from Whatman Co. (UK).

2.2 X-ray and Neutron Scattering Experiments
Small-angle X-ray scattering (SAXS) experiments
were carried out by using a SAXS spectrometer installed
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at the synchrotron radiation source (PF) at the High
Energy Accelerator Research Organization (KEK),
Tsukuba, Japan. The X-ray wavelength, the sample-to-
detector distance and the exposure time were 1.49 A, 190
or 85 cm, and 60-300 seconds, respectively. Other
measurement conditions were same as those of the
previous experiments [13-19, 23]. Small-angle neutron
scattering (SANS) measurements were carried out by
using a SANS spectrometer installed at the research
reactor JRR-3M of Japan Atomic Energy Agency (JAEA),
Tokai, Japan. The neutron wavelength was 7.0 A. The
sample to two-dimensional area detector distance was 2
m and 8 m, which covered g-range from 0.005 Alt00.15
A’'. The exposure time was 60 minutes [20, 23, 28].

3. RESULTS AND DISCUSSION
3.1 Internal Structure, Hydration, Effective Surface
Charge of Micelles

For mono-dispersion systems containing identical
globular particles such as micelles we are able to determine
the internal structure of the solute particle by using a model
fitting analysis. Based on the convolution theory, the
scattering function of a globular particle with a center
symmetric scattering density distribution, such as a micelle,
is simply given by that of a multi-shelled ellipsoid of
rotation [12, 28]. As shown previously [12-14], the
spherical averaged form factor I (g,R) of a particle of

ellipsoid of rotation (the outer-radius R) composed of »
shells with different average scattering densities is given
by the following equation.
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where N is the number concentration of the particles, is the
average excess scattering density (so-called contrast) of i th
shell with a shape of an ellipsoid of rotation, j; the
spherical Bessel function of the first rank. R; is defined as

R=r i+ -D}" o)

where r; and n, are the semiaxis and its ratio of { th

ellipsoidal shell, respectively. Equation 4 is well
applicable to fit the experimental scattering data of
ganglioside micellar solutions with the theoretical
scattering functions as shown in Figure 1, where
Figure 1A shows the experimental SAXS curves of
GM1 and GD1a micelles at 25 °C, pH7, the best fitted
theoretical scattering curves from hard sphere model,
hard ellipsoid model, and double-shelled ellipsoid
model, respectively.

As reported previously [16, 19] we can evaluate the
number n, of water molecules occluded in the
hydrophilic shell region by using the following
equation based on the values of structural parameters
obtained from the shell-modeling analysis.

As e 2:tai b
ny :Hr}:[ﬁ_a}*a}l@w - nazheade/Ewalerb

3)
whereZ b, 2, .0, Z..b, Ve Vieas Vi are the
total scattering amplitudes and the excluded volumes of

water molecule, the head and tail portions of the lipid

tail
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water

molecule, respectively; a=%, =9.4x10"cm™.

As we know the chemical components water molecule,
hydrophilic head and hydrophobic tail portions of lipid

molecule, we can calculate, for  examples,
2 b=281x10%cm™ , %, b=1.50x10"cm™ for
Gy, ¥,.b=192x10"cm™ for  Gp,, and

T bh=8.69x10"cm™

tail
ganglioside. #, is the aggregation number of ganglioside
micelles estimated by n =V, /V,,; A,,/A,,. is the

core tail > shell core

ratio between the shell and core contrasts, which are
obtained from the structural parameters of the
shell-modeling analysis. We found that the sugar head
portion can occlude amounts of water (~120 water
molecules/Gyy, ~200 water molecules/Gp; at 6 °C) that
decreases with elevation of temperature (~50 water
molecules/Gyy, ~100 water molecules/Gyp; at 65 °C).

for the ceramide portion of
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Fig. 2. A, the experimental and theoretical SAXS
curves of Gy, Gpia %an lioside micelles at 25 °C,
H 7 (0.5 % W/Vf(; , those distance distribution

I1gunctions. The marks show experimental data.

Especially for a charged particle system at high
concentration an effect of repulsive interparticle interaction
appears occasionally in the small-angle region of observed
scattering data. In such cases we use the scattering function
of identical particles interacting with each other is
generally given by
I(g,R) NI (4,R)S(q) “
where S(gq) the interparticle structure factor obtained by
Fourier transforming the interparticle correlation function.
According to the scheme of the rescaled mean spherical
approximation the S(g) for identical macroions
interacting through a repulsive screened Coulomb
potential is given as

S(g)= 1/{1—2477a(qo‘)} )
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where 77=2No’/6 is the volume fraction occupied by
the particles, o the effective particle diameter, a(qo)
the function defined by Hayter and Penfold [29]. By using
Equation 6 we can determine both the effective charge and
internal structure of the micelles, as shown in Figure 3 [17,
18]. Thus, in our previous papers [17, 18], we treated a
repulsive interaction between disialoganglioside Gpy
micellar systems and found that the elevation of
temperature induces both the effective surface charge and
internal structure of the micelles.
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Fig. 3. A, SAXS curve of Gpy, %anglioside micelle
depending on concentration from 0.1 % w/v to 10 %
w/v at 25 °C, pH 7; B, simulated theoretical SAXS
curve with the experimental ones at 0.1 and 10 % w/v

indicated by the marks. The full lines in B show the
theoretical ones.
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Fig. 4. Average scattering densities of some
representative biological components for neutron
and X-ray. The contrast variation methods (solvent
contrast variation and inverse contrast variation
for neutron) are shown schematically.

3.2 Asymmetric Bilayer Structure of Uni-lamellar
Vesicle: Use of SANS Inverse Contrast Variation -I-
When the effect of the repulsive interaction on the
small-angle scattering data, such as shown Figure 3, can
be neglected experimentally, the shell-modeling method
combined with a size distribution function is applicable
to determine both the internal structure and size

distribution of the uni-lamellar vesicle by fitting the
experimental SANS and SAXS scattering curves with the
theoretical ones. Vesicle solutions are ordinary
polydisperse, therefore, the scattering function I(g) is
given by

I(q)e _‘.Rfs(qﬂ)D(R)dR ©
where D(R) is the size distribution function of the
particle radius R, and 7 (g,R) is the form factor of the
particle given by Equation 1. R,;, is a lower limit of
particle radius determined by the bilayer thickness of the
SUV. For a particle composed of spherical shells, the
form factor given by Equation 1 is simplified as [20]

1(¢.R)=9{pV,j (4R ) /(qR)+

2
o (7)
Z(pi —P V. (gR)(gR,)
i=2

As a number distribution function of particle radii D(R),
we adopted the following Gaussian distribution function
which is used in many cases of SUV systems [30].

1 (R-RY
@0' exp Py ¥

where R and o are the average radius and the
standard deviation, respectively. By using Equation 8 we
describe fit well the experimental scattering function
with the theoretical one, and can determine both the
size-distribution function and the bilayer structure of the
SUV. On the other hand, the concept of ‘contrast’
(average excess scattering density of solute particle from
that of solvent) is essentially important for solution
scattering methods. Figure 4 shows the average scattering
densities of representative biological components for
neutron and X-ray. For a precise modeling analysis it is
important to obtain scattering data from a same particle
at various contrasts. In the case of SANS the contrast
variation method is used to observe a scattering object at
different contrasts, namely, at different phases. To avoid
background incoherent scattering from protons and an
artifact caused by H-D exchange in the solvent contrast
variation method, the inverse contrast variation method is
very useful, where the contrast is varied by the
deuteration ratio of solute particles, not by H,0/D,O
ratio in water solvent, as shown in Figure 4. The inverse
contrast variation method is a powerful method to clarify
an asymmetric structure or a heterogeneous structure of
bilayer within lipid membrane composed of different
molecules. For example, the asymmetric distribution of
ganglioside molecules within  [ganlioside Gy ]/
[DPPC]=0.1/1 mixed SUV vesicle bilayer has been
clarified [20]. Figure 5 shows the SANS curve depending
on the inverse contrast, where the contrast was varied by
changing the molar ratio between [d-DPPC (deuterated
DPPC))/[h-DPPC (protonated-DPPC)] from 1/0, 0.7/0.3,
0.3/0.7 to 0/1. In addition SAXS curves of these four
vesicle samples were measured. In spite of the variation
of SANS curve depending on the inverse contrast
variation, all SAXS curves agree with each other,
suggesting that all SUV samples with different
[d-DPPC)/[h-DPPC] ratios are same for X-ray.
Alternatively, it means that we successfully observed the
scattering curve from the vesicle at five different
contrasts (phases), namely, at four of them from neutron

D(R)=
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and at one of them from X-ray. Based on Equation 8, all
SANS and SAXS curves can be described by the
theoretical scattering functions of a unique SUV model at
different contrasts, as shown by the full lines in Figure 5.
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Fiig. 5. A, SANS curve of [ganglioside]/[DPPC]=
0.1/1 SUV depending on inverse contrast variation,;
B, SAXS curve of the same SUV, The marks and
full lines correspond to the experimental data and
the best-fitted theoretical scattering functions of the
model shown in Figure 6.
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Fig. 6. Asymmetric bilayer structure of [ganglioside]
/[DPPC]=0.1/1 SUV determined by the inverse contrast
variation at 25 °C. A, thickness of each region; B,
contrast profile within the bilayer.

The obtained model, shown in Figure 6, clearly shows
that ganglioside molecules preferentially localize at the
outer-leaflet of the SUV bilayer. The sugar chain region
at the outer-leaflet of the bilayer was dehydrated with the
conformational change by elevating temperature, as
similarly observed in the ganglioside micellar systems.

3.3 Microdomain Formation within Bilayer of
Uni-lamellar Vesicle: Use of SANS Inverse Contrast
Variation -II-

Some heterogeneous distribution of lipid compositions
within a SUV bilayer, such as lipid microdomains
composed of ganglioside and cholesterol, can be clarified
by using the inverse contrast variation [31]. In the case of
ganglioside-cholesterol-DPPC ternary lipid mixture, the

zero-angle scattering intensity I(0), determined by the
extrapolation of the Guinier plot (Ini(g) versus ¢° plot) to
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zero-angle, is given as

1/2 ~ - —_ —_
[1(0)] o {pH Vicaa + (pf - ps)Vrail =PV cove } ©)
+ a(ﬁ? - 57{1 )Vmil
where a is the deuteration ratio defined by

[d-DPPC]/[total DPPCY; p,,, Pi ., pr., pPs are the
contrast of the head region, the average scattering
densities of the tail regions of h-DPPC and d-DPPC, the
average scattering density of the solvent; Vies, Vi and
V.ore are the volumes of the head, tail and core (water
pool) regions of the SUV, respectively. From the linear
relation between [I(O)]l/2 and a we can determine
experimentally the contrast matching point of the SUV by
extrapolating the slope to the abscissa to satisfy
[K0)]"?=0. The value of the matching point is given by
the unit of the d-DPPC molar ratio for the case of the
inverse contrast variation, not by the D,O content of
solvent for the case of the solvent contrast variation.
From the matching point the value of the contrast can be
defined in the unit of the d-DPPC molar ratio. The radius
of gyration R, is derived as
Ri=Ryr s

PV (o)
where the factors ¢z and Sare

2
a= J‘p:;sicle (r)r zdr’ ﬂ = { J‘pfes[cle (r)rdr} (1 1)
4 vV

In the equations 10 and 11 p’ . (r), V and Ry, are the
scattering density fluctuation within the vesicle from its
average contrast p, the vesicle volume and the R, at a
infinite contrast, respectively. Figure 7A shows the
dependence of [/(0)]" on the molar ratio a of d-DPPC
against total DPPC for determining the contrast matching
point. In Figure 7B the R; is plotted against the inverse

(10)

of p, which we call a pseudo Stuhrmann-plot.
According to the analogy of so-called Stuhrmann-plot,
the large negative slope in Figure 7B results from the
negative value of & of the second term in Equation 12,
reflecting an asymmetric scattering density distribution
with a negative contrast at outside of a solute particle.
Alternatively, in the present case ganglioside and
cholesterol molecules are preferentially distributed at the
outer leaflet of SUV. The deviation from the linearity in
Figure 7B is attributable to the third term of Equation 12,
that is, the center of gravity of the scattering density
distribution of SUV is shifted from the geometrical
center of SUV. This clearly indicates that in the case of
SUV the ganglioside-cholesterol rich domains are
distributed heterogeneously on the outer-leaflet of bilayer
membrane. The elevation of temperature enhances such a
deviation, meaning the growth of the microdomains.

On the contrary, in the case of the SUV of
cholesterol-DPPC binary mixture the deviation from the
linearity in the pseudo Stuhrmann-plot is smaller than
that of the above ternary mixture, and the elevation of
temperature reduces a deviation. These facts clearly show
an essential role of gangliosides on the formation of lipid
microdomains within the bilayer membrane. Other recent
study of the effect of monovalent cations (Na™ and K
on the permeability of water across the membrane of
ganglioside (Gp3) /cholesterol/phospholipid mixtures by
using time-resolved SANS and SAXS methods the
permeability is greatly enhanced by K" ion, suggesting
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the function of the Gps/cholesterol rich clusters on
neuronal excitations by K' [32].

As we have shown in the above results so far, the
complementary use of SAXS and SANS methods is able
to afford us fruitful information on various functional
properties of raft model membrane by applying advanced
analyses to experimental data. The specificity of the
interaction between GSL aggregates and proteins
depending on sugar chains was also clarified using
SANS and SAXS [33]. A direct observation of membrane
interfaces using X-ray or neutron reflection
measurements would be further promising to clarify
various events occurring in biomembrane surfaces, which
is now planning.
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Fi%. 7. Microdomain formation of [ganglioside]
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using the inverse contrast variation. A, square of
zero-angle scattering intensity depending on the
deuteration ratio; B, pseudo Stuhrmann-plot.
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