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Determination of Asymmetric Structure of Ganglioside-DPPC Mixed
Vesicle Using SANS, SAXS, and DLS
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ABSTRACT Functions of mammalian cell membrane microdomains being rich in glycosphingolipids, so-called rafts, are now
one of the current hot topics in cell biology from the intimate relation to cell adhesion and signaling. However, little is known
about the role of glycosphingolipids in the formation and stability of the domains. By the use of the inverse contrast variation
method in small-angle neutron scattering (SANS), combined with small-angle x-ray scattering (SAXS) and dynamic light
scattering (DLS), we have determined an asymmetric internal structure of the bilayer of the small unilamellar vesicle (SUV) of
monosialoganglioside (GM1)-dipalmitoylphosphatidylcholine (DPPC) mixture ([GM1]:[DPPC] ¼ 0.1:1). A direct method using
a shell-model fitting with a size distribution function describes consistently all experimental results of SANS, SAXS, and DLS.
We have found that GM1 molecules predominantly localize at SUV outer surface to form a highly hydrophilic layer which is
dehydrated with the rise of temperature from 258C to 558C accompanied by the conformational change of the oligosaccharide
chains. The average SUV size determined is ;200 Å, which is comparable to the reported value 260 6 130 Å of glyco-
sphingolipids microdomains. The present results suggest that the preferential asymmetric distribution of gangliosides is
essential to define the size and stability of the domains.

INTRODUCTION

Structure and function of mammalian cell membrane

domains, so-called rafts, have been attracting a huge interest

and are one of the current hot topics in cell biology since

these domains are postulated to have a significant function as

a molecular device for localization of specific proteins and to

be involved in important membrane-associated events such

as signal transmission, cell adhesion, and lipid/protein sort-

ing (Simons and Ikonen, 1997; Simons and Toomre, 2000;

Hakomori, 2001). A common feature of cell membrane

domains is their peculiar lipid composition, being rich in

glycosphingolipids (GSLs), sphingomyelin, and cholesterol.

GSLs and sphingomyelin organize microdomains with cSrc

and Src family kinases (Kasahara et al., 1997, 2000; Harder

et al., 1998; Prinetti et al., 2001) and G-proteins (Moffett

et al., 2000), which are involved in cell-surface signal

transduction. Especially, GSLs are suggested to play an

important role in the formation and function of membrane

microdomains.

Gangliosides, major components of GSLs, are acidic

lipids composed of a ceramide linked to an oligosaccharide

chain containing one or more sialic acid residues. Ganglio-

sides are mostly located on the cell-surface membranes in the

central nervous system, and are rich in lipid microdomains

with other particular lipids and proteins in neuronal cells

(Ledeen and Yu 1982; Prinetti et al., 2000). The functionality

of GSL microdomains is attributable to a unique feature of

GSLs, namely to the presence of hydroxyl- and amido-

groups in ceramide moiety, which work as hydrogen bond

donors and acceptors. This feature is not shared by

glycerophospholipids that work only hydrogen bond accept-

ors (Pascher, 1976; Ferraretto et al., 1997). Due to this fea-

ture and an enrichment of oligosaccharides in hydrophilic

moiety, GSLs are assumed to form complex networks of

hydrogen bonding between those lipids and water molecules

(Ferraretto et al., 1997). Despite the amount of physiological

studies of GSL microdomain functions, the direct structural

evidence of the formation and functionality of the micro-

domains is still poor.

Functionality of the GSL microdomains is assumed to be

closely relate the peculiar features of ceramide and oligo-

saccharide portions, therefore, it is particularly interesting

and important to elucidate physicochemical characteristics of

ganglioside aggregates. By using synchrotron radiation

small-angle x-ray scattering (SR-SAXS), small-angle neu-

tron scattering (SANS) and calorimetry, we have reported

the structural characteristics of ganglioside micelles depend-

ing on temperature (Hirai et al., 1996a, 1996b, 1998a, 1999;

Hirai and Takizawa, 1998; Hayakawa and Hirai, 2002), pH

and concentration (Hirai et al., 1996c). We have also clari-

fied the binding specificity of gangliosides with proteins

depending on the combination of oligosaccharide chain and

protein surface modification (Hirai et al., 1995, 1998b). We

showed the following results on the thermal structural

stability of ganglioside micelles. The elevation of tempera-

ture induces a significant shrinkage of the hydrophilic region

of the ganglioside micelle at physiological temperature from

208C to 408C, indicating that the oligosaccharide chains of

ganglioside molecules change those conformations sensi-

tively against the rise of temperature (Hirai et al., 1996a,

1996b, 1998a). This phenomenon accompanies the extrusion

of a large amount of water from the hydrophilic region of the
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micelles (Hirai and Takizawa, 1998; Hayakawa and Hirai,

2002) and an alteration of the micellar surface charge (Hirai

et al., 1999). Moreover, the above characteristics of gan-

glioside aggregates also showed a great dependency on the

variety of oligosaccharide chains. In addition our neutron

spin echo (NSE) study shows that the above structural

changes of gangliosides significantly affect the micellar

dynamics such as bending fluctuation (Hirai et al., 2001).

From these previous results, the microdomains enriched in

gangliosides are suggested to be able to greatly modulate

local charge, hydrophilicity, and dynamics in cell surfaces

due to their intrinsic properties, which would regulate dir-

ectly or indirectly the microdomain functions such as an

accumulation of proteins playing roles in transmembrane

signaling events and their activation. On the other hand,

hydrophilic environments afforded by gangliosides actually

have the pivotal role in some protein activity. Maggio and

Danniele (Maggio et al., 1994; 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 membrane interfaces (Jain

et al., 1988), it is suggested that the high capacity of gan-

gliosides to structure water plays a major role in those

inhibitory effects (Arnulphi et al., 1997).

Even structural information of model membrane vesicle

containing gangliosides is rather limited. Then, to obtain

direct evidence of localization of gangliosides in bilayer

membranes and to clarify the thermal stability, we have

carried out experiments on monosialoganglioside (GM1)-

DPPC mixed small unilamellar vesicles (SUVs) as a model

raft system. For characterizing the details of the internal

structure of the SUVs, we have used three different scattering

techniques complementarily, namely, SANS with the inverse

contrast variation method (Knoll et al., 1985), SR-SAXS,

and DLS. In the SANS inverse contrast variation measure-

ments, under a defined molar ration of [GM1]/[DPPC] we

changed the molar ratio between hydrated DPPC and

deuterated DPPC to vary the contrast of the vesicle in

deuterium oxide solvent. By using this method we have

obtained high statistical SANS data of the SUV at four

different contrasts. The same samples used for the SANS

measurements have been concurrently used for the SAXS

and DLS measurements. From these data we have success-

fully confirmed an asymmetric distribution of gangliosides in

the SUV bilayer and determined the bilayer structure. We

have also found a thermal structural change which ac-

companies the dehydration and bending oligosaccharide

chain portion at the SUV outer surface.

MATERIALS AND METHODS

Sample preparation

The ganglioside used was monosialoganglioside, GM1, from bovine brain

purchased from Sigma Chemical (St. Louis, MO, USA), which was used

without further purification. For the employment of the inverse contrast

variation method, we used both hydrated and deuterated phospholipids. 1,2-

Dipalmitoyl-sn-glycero-3-phosphocholine (h-DPPC) and 1,2-dipalmitoyl-

d62-sn-glycero-3-phosphocholine (d-DPPC) purchased from Avanti Polar

Lipids (Alabaster, AL, USA). Ganglioside-DPPC mixed vesicles were

prepared according to the method described by Sillerud et al. (1979) with the

following modifications. GM1, h-DPPC and d-DPPC were separately dis-

solved in the chloroform/methanol mixture solvent (1/1 (v/v)). These

solutions were mixed with the appropriate molar ratios. After mixing, to

remove the organic solvent, the GM1-DPPC mixture solutions were dried

under a nitrogen stream and annealed in vacuo overnight at 458C (above the

gel-to-liquid crystal transition temperature of DPPC). The dried mixtures

were suspended again in 50 mM Hepes buffer (pH 7.0), warmed to 508C,

and vortexed at 508C for ;20 min, where the water used was deuterium

oxide (99.91 atom % D) from Aldrich (Milwaukee, WI, USA). For

preparing SUV, the mixtures were sonicated for 20 min at 508C using a high-

power probe-type ultrasonicator (Model UH-50 of SMT (Akita, Japan) at 50

W. These sonicated solutions were incubated for 2 hr at 458C, and kept at

48C for ;24 hr before scattering measurements. The molar ratio [GM1]/

[DPPC] of the mixture was 0.1/1, where the DPPC concentration was fixed

at 1%w/v. The molar ratios between h-DPPC and d-DPPCwere 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-mm pore size from Whatman (Cambridge, UK).

Neutron, x-ray, and light scattering experiments

Small-angle neutron scattering measurements were carried out by using

a SANS spectrometer installed at C1-2 beam port at the research reactor JRR-

3M of the Japan Atomic Energy Research Institute (JAERI), Tokai, Japan.

The neutronwavelength usedwas 7.0 Å. The sample to two-dimensional area

detector distance was 2 m and 8m, which covered q-range from 0.005 Å�1 to

0.15 Å�1. The exposure time was 60 min. Small-angle x-ray scattering

measurements were carried out by using a SAXS spectrometer installed at

BL-15A beam port of 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 Å, 190 cm, and 300 s, respectively. For both SANS and SAXS

measurements, the temperatures of the samples were controlled at 258C and

558C. Dynamic light scattering measurements were carried out by using the

DLS spectrometer of Zetasizer 3000 from Malvern Instrument (Worcster-

shire, UK), which used 10 mWHe-Ne laser. The temperatures of the samples

were controlled the same as in the SANS and SAXS measurements.

SANS and SAXS data analyses

For SANS data the background scattering was corrected by using the

following standard method:

IðqÞ ¼ IsolðqÞ
MsolTsol

� IcellðqÞ
McellTcell

� �
� IsolvðqÞ

MsolvTsolv

� IcellðqÞ
McellTcell

� �
; (1)

where IsolðqÞ; IsolvðqÞ; and IcellðqÞ are the circular averaged scattering data

from the solution, the solvent, and the cell, respectively. M and T are the

incident neutron beam intensity and the transmission of the solution, the

solvent and the cell, respectively. The following data analyses were carried

out. The details of the small-angle scattering data analyses were described

elsewhere (Hirai et al., 1996a,b). By using the Guinier plot (lnI(q) vs. q2) on

the data sets in a defined small q range (0.007–0.01 Å�1), we determined the

values of both zero-angle scattering intensity I(0) and radius of gyration Rg

by using the following equation

IðqÞ ¼ Ið0Þexpð�q
2
R

2

g=3Þ; (2)

where q ¼ ð4p=lÞsinðu=2Þ; u and l, are the scattering angle and the x-ray
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and neutron wavelengths. The distance distribution function p(r) was

obtained by the Fourier transform of the observed scattering intensity I(q) as

pðrÞ ¼ 1

2p
2

ð‘

0

rqIðqÞsinðrqÞdq: (3)

To calculate the function p(r), the extrapolation for the small-angle data sets

was done by using the Guinier plot and the modified intensity,

I9ðqÞ ¼ IðqÞexpð�kq
2Þ; (4)

(k is the artificial damping factor) was used to remove the Fourier truncation

effect. The maximum diameter Dmax of the particle was estimated from the

p(r) function satisfying the condition p(r) ¼ 0 for r[Dmax (Glatter, 1982).

In the present case, The repulsive Coulomb interaction between SUV

particles originated from the sialic acid residues of GM1 is week enough to

be neglected.

In our previous articles (Hirai et al., 1996c, 1999), we treated a repulsive

interaction between disialoganglioside GD1 micellar systems, where we used

both the interparticle interaction form factor (Hayter and Penfold, 1981) and

the shell-model structure factor, and determined both the effective charge

and internal structure of the micelles. The effect of the repulsive interaction

on the small-angle scattering data was shown to be neglected below 0.5%

w/v GD1. GD1 has twice of sialic acid residues compared with GM1 and the

present GM1 concentration is;0.2% w/v. Then, in the present case the effect

of the repulsive interaction between the SUVs on the small-angle scattering

data can be neglected experimentally, and only the size distribution affects

those data. In such a case, the shell-modeling method combined with a size

distribution function is applicable to determine both the internal structure

and size distribution of the SUVs by fitting the experimental SANS and

SAXS scattering curves with the theoretical ones, as shown below. For

a polydisperse system composed of particles with an identical shape, the

scattering function I(q) is given by

IðqÞ ¼
ð‘

Rmin

Isðq;RÞDðRÞdR; (5)

where D(R) is the number distribution function of the particle radius R, and

Isðq;RÞ is the scattering function of the particle with the radius R. Rmin is

a lower limit of particle radius, namely, in the present case the DPPC bilayer

thickness of the SUV. In the present model-fitting analysis, we assume that

the SUV particle is composed of multispherical shells. As shown previously

(Hirai et al., 1994, 1996a,b), the spherical averaged scattering function

Isðq;RÞ from an ellipsoidal particle with radius R composed of n shells with
different average scattering densities is given by

Isðq;RÞ ¼
ð1

0

3 �rr1V1 j1ðqR1Þ=ðqR1Þ
��

1 +
n

i¼2

ð�rri � �rri�1ÞVi j1ðqRiÞ=ðqRiÞ
��2

dx; (6)

where �rri is the average excess scattering density (so-called contrast) of i th

shell with a shape of an ellipsoid of rotation, j1 is the spherical Bessel

function of the first rank. Ri is defined as

Ri ¼ rið11 x2ðn2

i � 1ÞÞ1=2; (7)

where ri and ni are the semiaxis and its ratio of ith ellipsoidal shell,

respectively. For a spherical-shelled particle (ni ¼ 1, Ri ¼ ri), Eq. 4 is

simplified as

Isðq;RÞ ¼ 9 �rr1V1 j1ðqR1Þ=ðqR1Þ
�

1 +
n

i¼2

ð�rri � �rri�1ÞVi j1ðqRiÞ=ðqRiÞ
�2

: (8)

�rri and Ri were used as fitting parameters. 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 (Balgavy et al., 2001).

DðRÞ ¼ 1ffiffiffiffiffiffi
2p

p
s
exp �ðR� �RRÞ

2s
2

� �
; (9)

where �RR and s are the average radius and the standard deviation,

respectively. By using Eqs. 5, 8, and 9, we can fit the theoretical scattering

function to the experimental one from the polydisperse SUV particles, and

can determine both the size-distribution function and the bilayer structure of

the SUV.

RESULTS AND DISCUSSION

Inverse contrast dependence of scattering curves

Fig. 1 shows the SANS curves I(q) of the SUV samples of

[GM1]/[DPPC] ¼ 0.1/1 mixture at different inverse contrasts

(1% w/v DPPC in D2O at pH 7), where the molar ratios of

[h-DPPC]/[d-DPPC] are 1/0, 0.7/0.3, 0.3/0.7, and 0/1, re-

spectively. Figs. 1 A and 1 B correspond to I(q) at 258C and

558C. The insets in Fig. 1 show the SAXS curves of the same

samples used for the SANS measurements. The SANS curve

greatly changes depending on the molar ratio of [h-DPPC]/

[d-DPPC]. When we use the reported volumes of component

groups of phospholipids (Armen et al., 1998; Nagle and

Tristram-Nagle, 2000), the average scattering densities of the

hydrophobic tail portions of h-DPPC and d-DPPC molecules

for neutron can be estimated to be �9.17 3 108 cm�2 at Lb

phase (�8.27 3 108 cm�2 at La phase) and 7.73 3 1010

cm�2 at Lb (6.99 3 1010 cm�2 at La phase). The aver-

age scattering densities of the hydrophilic head portions of

h-DPPC and d-DPPC including glycerol and carbonyls are

identical (1.103 1010 cm�2). Thus, the [h-DPPC]/[d-DPPC]

ratio dependence of the SANS curve is ascribed to the

change of the contrast of the hydrophobic tail region of

the SUV for neutron. On the other hand, in the insets of Fig. 1

all SAXS curves at the same temperature agree well with

each other, indicating that the SUV samples with different

[h-DPPC]/[d-DPPC] molar ratios have the same contrast

profiles. This is because the head and tail portions of h-DPPC

and d-DPPC molecules have the same x-ray scattering

densities which are evidently independent on deuteration of

DPPC. Alternatively, the variation of [h-DPPC]/[d-DPPC]

ratio affects the structure factor and contrast profile of the

SUV particle only for neutron and not for x ray. The good

agreement of the SAXS curves at the same temperature

convinces us that the sample preparation for the inverse

contrast variation measurements was done exactly. Thus, we

successfully measured the [GM1]/[DPPC] ¼ 0.1/1 SUV at

five different contrasts, namely, at five different phases (four

from neutron, one from x ray). Clearly the difference in

SANS and SAXS curves results from the different contrast

profiles of the SUV for neutron and for x ray. In general, the

scattering function of a solute particle in solution is obtained

from the spherical average of the Fourier transform of self-

correlation function of the contrast profile, thus, it is not
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appropriate to relate a defined part of the scattering function

in reciprocal space to a defined part of the particle structure

in real space. However, in the present case, according to the

contrast profiles shown below, we can say roughly that the

dip and bump in the SAXS curve mostly reflects the bilayer

width and that those in the SANS curve (h-DPPC/d-DPPC¼
1/0) mostly reflects the width of the hydrophobic region.

Zero-angle scattering intensity and distance
distribution function depending on contrast

For a monodisperse solution, the following relation between

the contrast and the zero-angle scattering intensity I(0) is

well known (Stuhrmann and Miller, 1978).

Ið0Þ} ½ðr � rsÞV�
2 ¼ ð�rrVÞ2; (10)

where r and rs are the average scattering densities of the

solute particle and the solvent, �rr and V are the contrast and

volume the solute particle, respectively. In the inverse

contrast variation method, r is a variable changing �rr: For the
case of the SUV, the term ðr � rsÞV is given as follows.

ðr � rsÞV ¼ frbilayerVbilayer 1 rcoreVcoreg � rsV; (11)

where rbilayer; rcore; Vbilayer; and Vcore are the average

scattering densities and the volumes of the bilayer and water

core regions of the SUV, respectively. As rcore ¼ rs and

V ¼ Vbilayer 1Vcore in the present case, Eq. 10 can be

rewritten as

FIGURE 1 SANS curves I(q) of the SUV samples of

monosialoganglioside (GM1) and dipalmitoyl phosphocho-

line (DPPC) mixture ([GM1]/[DPPC] ¼ 0.1/1, 1% w/v

DPPC in D2O at pH 7), where the hydrated- and deu-

terated-DPPC molar ratio [h-DPPC]/[d-DPPC] varies from

1/0, 0.7/0.3, 0.3/0.7, to 0/1. A and B correspond to tem-

peratures of 258C and 558C. The inset shows the SAXS

curves of the same samples used for the SANS measure-

ments at 258C and 558C.
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Ið0Þ} ½ðrbilayer � rsÞVbilayer�2 ¼ ð�rrVbilayerÞ2: (12)

The term of rbilayerVbilayer is given as

rbilayerVbilayer ¼ NGrGVG 1NDPPCfð1� aÞrh�DPPC

1ard�DPPCgVDPPC

¼ fNGrGVG 1NDPPCrh�DPPCVDPPCg
1NDPPCðrd�DPPC � rh�DPPCÞVDPPCa; (13)

where Vbilayer ¼ NGVG1NDPPCVDPPC; NG; NDPPC; VG;
VDPPC; rG; rh�DPPC; and rd�DPPC are the numbers of GM1

and DPPC molecules in the SUV, those molecular volumes,

and the average scattering densities of GM1, h-DPPC, and

d-DPPC molecules, respectively. a is the molar fraction of

d-DPPC to the total DPPC content (0 \ a \ 1). For the

GM1-DPPC mixed SUV polydisperse solution with the molar

ratio of NG=NDPPC ¼ b (b ¼ 0.1 in the present case), Eq. 13

of the SUV particle with a size i is given as

r
i

bilayerV
i

bilayer ¼ N
i

DPPC½fbrGVG 1 rh�DPPCVDPPCg
1 ðrd�DPPC � rh�DPPCÞVDPPCa�: (14)

Then we can extend Eq. 12 to the case of SUV polydisperse

system as follows.

Ið0Þ} +
i

ðri

bilayer � rsÞV
i

bilayer

� �2

¼
�
½fb�rrGVG 1 �rrh�DPPCVDPPCg:

1 ðrd�DPPC � rh�DPPCÞVDPPCa�+
i

N
i

DPPC

�2

; (15)

where ribilayer; V
i
bilayer, and Ni

DPPC are the average scattering

density, the bilayer volume, and the DPPC molecular

number in the SUV with a size i; �rrG and �rrh�DPPC are the

contrasts of GM1 and h-DPPC molecules, respectively. Thus,

the [I(0)]1/2 turns out to be simply proportional to the a value

even for a polydisperse SUV solution. As the GM1 molecule

and the head portion of DPPC are not deuterated in the

present experiments, the average scattering densities of the

SUVs with the different [h-DPPC]/[d-DPPC] ratios for

neutron are smaller than that of the deuterated water solvent

ðrs ¼ 6:403 1010 cm�2Þ; meaning �rr takes negative values

for all samples. By extrapolating the Guinier plot (lnI(q)
versus q2) in Fig. 2 to the intercept, we determined the I(0)
values. In Fig. 3 we plot �[I(0)]1/2 against the molar fraction

of a. The plot in Fig. 3 shows a good linearity and well

satisfies Eq. 15. Alternatively, Fig. 3 indicates that the

substitutions of h-DPPC for d-DPPC were done appropri-

ately in the present experiments. From this plot we can

determine the apparent contrast matching points which are

the r values satisfying Ið0Þ ¼ 0 in a scale, which are 1.27 at

258C and 1.34 at 558C. These values correspond to 4.52 3

1010 cm�2 and 4.43 3 1010 cm�2, respectively, whereupon

we consider the volume change caused by the gel-to-liquid

crystal transition of alkyl chains of DPPC (Nagle and

Tristram-Nagle, 2000). This means that even by using fully-

deuterated DPPC the GM1-DPPC mixed SUV with the molar

ratio of [GM1]/[DPPC] ¼ 0.1/1 takes a negative contrast

value due to hydrogens brought from GM1.

Fig. 4 shows the distance distribution functions p(r)
obtained from the SANS curves at 258C by using Eq. 3.

From Fig. 4 the maximum diameterDmax of the SUV particles

was estimated to be ;360 Å. The peak position pmaxðrÞ
locates around 115 Å. In the case of a monodisperse solution

containing identical hard spherical particles the pmaxðrÞ value
simply corresponds to the particle radius. However, as shown

by the DLS measurements in the following section, the

present SUV solution has an size distribution. Therefore the

p(r) function is also given by the summation of the p(r)
functions of the solute particles with different sizes. On the

other hand the magnitude of p(r) function is proportional to

the square of the total scattering amplitude due to the

following definition of p(r) function (Glatter, 1982).

FIGURE 2 Guinier plots (lnI(q) vs. q2) in Fig. 1 A. The zero-angle

scattering intensity I(0) and radius of gyration Rg were determined from

these plots in the q-range of 0.007–0.01 Å�1.

FIGURE 3 Square-root of zero-angle scattering intensity I(0) is plotted

against [h-DPPC]/[d-DPPC] ratio. The open marks, � andn, correspond to

the I(0) values at 258C and 558C, respectively. 3 and 1 correspond those

values obtained from the optimized SUV models with size distributions at

different contrasts in Figs. 8 and 9.

1604 Hirai et al.

Biophysical Journal 85(3) 1600–1610



pðrÞ[ r2hrðrÞ � rð�rÞi; Ið0Þ ¼
ðDmax

0

pðrÞdr; (16)

where rðrÞ is the scattering density distribution function of

a particle, * is the convolution integral, h i is the average in
real space. In addition, the total scattering amplitude is

known to be mostly proportional to the molecular weight.

Thus in the case of polydisperse system containing spherical

particles the pmaxðrÞ value is expected to shift to a longer

distance compared with the peak position of the D(R)
function obtained from DLS measurements. Then the

pmaxðrÞ value agrees well with the peak position of the

D(R) function from the DLS measurement,;96 Å at 258C in

Fig. 4. Both the pmaxðrÞ and Dmax values were used as initial

parameters in the following modeling analyses.

Modeling analyses of SUV internal structure

As shown previously (Hirai et al., 1996a,b, 1998a; Hirai and

Takizawa, 1998; Hayakawa and Hirai, 2002), the direct

method based on the shell-model fitting analysis using Eq. 6

is very useful to determine internal structures of micellar or

vesicular particles. In the present SANS and SAXS we

obtained the scattering curves from the same SUV solution at

five different phases (four from neutron, one from x ray), and

we also measured the number distribution function D(R) of
the SUV radius by DLS. Then, by using Eq. 5 we are able to

fit the experimental SANS and SAXS scattering curves with

the theoretical ones and to determine most appropriate

structural parameters of the SUV bilayer that can simulta-

neously explain all of the experimental scattering curves at

five different phases as well as the observed D(R) function.
The scheme of the present modeling analysis is as follows.

Due to the maximum diameter of the present SUVs, it is clear

that the size distribution of the SUVs affects only the SANS

and SAXS data sets in the small-angle region (below q ¼
;0.025 Å�1). The internal structure of the SUV depending

on contrast mostly appears in the scattering function above

q ¼ ;0.03 Å�1. Then, at the first step we determined the

optimized size-distribution function from the SANS and

SAXS data below q¼;0.025 Å�1 by using the hard-sphere

model fitting with a size distribution. The determined size

distribution function agrees well with that measured by DLS

as shown below. After the determination of the size

distribution function, we executed the internal structure

determination of the SUV bilayer by using a shell-model

structure factor since the scattering function above q ¼
;0.03 Å�1 mostly reflects the internal structure of the SUV.

For the first approximation, we simplified the SUV structure

as a layered sphere composed of four shells, where we

considered the inner water-core region and the bilayer

composed of three regions, namely one hydrophobic tail

region (hydrocarbon chains of GM1 and DPPC) sandwiched

by two identical hydrophilic head regions (GM1 and DPPC

heads including the backbones and those hydrated waters).

As we knew the size-distribution function and that the most

inner shell corresponds to the water core, the fitting pa-

rameters were the widths and scattering densities of the

head and tail regions. In this fitting process, we used the

following criteria based on the geometrical features of GM1

and DPPC molecules (Israelachvili et al., 1976). 1), The

thickness of the hydrophobic region is shorter than twice the

critical chain length of GM1 tail (;25 Å). 2), The average

scattering density of the hydrophobic region is less than that

of Lb (gel) phase (for x ray, ;8.7 3 1010 cm�2 (Marsh,

1990); ;9.2 3 1010 cm�2 (Nagle and Tristram-Nagle,

2000)). 3), The thickness of hydrophilic region is longer than

the length of DPPC choline head (9.0 6 1.2 Å) (Büldt et al.,

1979; Zaccai et al., 1979; Pabst et al., 2000) and shorter than

the extended length of GM1 oligosaccharide chain (;22 Å)

(McIntosh and Simon, 1994; Hirai et al., 1996a). 4), The

average scattering density of this region is less than that of

DPPC choline head including glycerol and carbonyls (;1.2

3 1011 cm�2 for x ray) (Nagle and Tristram-Nagle, 2000;

Balgavy et al., 2001). 5), The SUV radii are larger than the

bilayer thickness and smaller than ;200 Å from DLS and

p(r) function. Besides the above criteria, in the case of

neutron, except for the hydrophobic region the average

scattering densities of the other regions take same values at

different [h-DPPC]/[d-DPPC] ratios. Under the above

criteria, we optimized the model structure to fit the

experimental scattering function by the minimization of the

reliability factors R defined by R ¼ +jIexperimentðqÞ�
ImodelðqÞj=+IexperimentðqÞ: As shown in Fig. 5, the experi-

mental SANS and SAXS scattering curves at the small q
region below ;0.03 Å�1 seem to be explained to some

extent by the optimized model. However, even for the most

optimized four-shell model, the theoretical scattering curves

show a large deviation from the experimental ones. Such

a deviation above q¼;0.04 Å�1 is evidently ascribed to the

simplicity of the model structure since the scattering curves

at high-q region are much more sensitive to the internal

structure of the SUV bilayer.

The average scattering densities and the lengths of GM1

and DPPC heads are quit different with each other. Then, at

FIGURE 4 Distance distribution functions obtained from SANS curves at

258C in Fig. 1 A.
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the second approximation, we remodeled the SUV structure

as a spherical particle composed of six shells which is

schematically shown in Fig. 6. The initial constituents of the

six shells from the SUV outer surface are as follows. The first

shell contains a portion of the GM1 oligosaccharide chains

protruding from the DPPC choline head surface, the

hydrated-water layer of DPPC choline heads and the bulk

water penetrated into this region. The second shell contains

the choline heads, the lipid backbones and the rest of the

oligosaccharide chains. The third shell corresponds to the

hydrocarbon chains of DPPC and GM1. The compositions of

the fourth and fifth shells are as same as those of the first and

second shells, respectively. The sixth shell is an inner water-

core. Here we introduced an additional criterion on the

thickness of hydrated-water layer of DPPC choline heads,

namely, the thickness of the first hydrated water layer (;3

Å). Based on this model, we have successfully determined

the SUV structure which can explain all experimental

scattering curves at different phases and the D(R) functions

obtained by the DLS measurements at 258C and 558C. Fig. 7

shows the experimental scattering curves with the theoretical

ones from the best-fitted SUV model at 258C, where Figs.

7 A and 7 B correspond to the SANS and SAXS curves,

respectively; the inset shows the D(R) functions obtained by

the DLS and by the model fittings of SANS and SAXS data.

As shown in Fig. 7, all SANS and SAXS scattering curves

and the D(R) function from the present experiments are fairly

well described by the theoretical ones. Despite the initial

model shown in Fig. 6, the model having a symmetric bilayer

structure could not explain the scattering curves above q ¼
;0.03 Å, and the best-fitted model turned to show an

asymmetric bilayer structure. The radius values of the

maxima in the theoretical D(R) functions are 97.2 Å at

258C and 102.9 Å at 558C, which are very close to those

experimental values of ;96 Å and ;101 Å. The I(0) values
of the best-fitted models, estimated from the Guinier plot in

the same q-range used for the experimental data, are in good

agreement with the experimental I(0) values, as shown in

Fig. 3. The experimental scattering curves andDðRÞ function
at 558C are also fairly well fitted by the theoretical ones. The

reliability factors R in the present fittings for all scattering

curves are from 0.02 to 0.09 at 258C and from 0.05 to 0.11 at

558C. The errors of the structural parameters obtained are

expected to be in same order.

The determined structural parameters of the SUV bilayers

at 258C and 558C are schematically summarized in Figs. 8

and 9. Fig. 8 shows the contrast distributions in the bilayer,

and Fig. 9 shows the thicknesses of the different regions in

the bilayer with schematic molecular pictures. In the present

modeling analysis using Eq. 8 we can only determine the

relative values of the contrast of the shells, therefore, in

Fig. 8 the contrast values for both neutron and x ray are

tentatively given by normalizing the contrast values of the

FIGURE 5 Optimized theoretical scattering functions based on SUV

model composed of the symmetric four shells with a size distribution. From

the SUV outer surface, the constituents of the shells are as follows. 1st and

3rd shells, the hydrophilic GM1 and DPPC heads, the glycerol backbones

and those hydrated water; 3rd shell, the hydrocarbon chains of DPPC and

GM1; 4th shell, water core of the SUV. The experimental SANS and SAXS

data in Fig. 1 A are also plotted by marks.

FIGURE 6 Schematic picture of SUV model adopted for the six-shell

model fitting. Each shell contains the following constituents. 1st and 5th

shells, a part of the oligosaccharide chains protruding from the DPPC

choline head surface, hydrated water layer of DPPC choline heads, and

penetrated bulk water in these regions; 2nd shell, choline heads, glycerol

backbones, and the rest of the oligosaccharide chains; 3rd shell, hydrocarbon

chains of DPPC and GM1; 6th shell, water core.
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hydrophobic alkyl chain portion at Lb and La phases of

DPPC. The averaged radius �RR of the SUV at 258C is 97.2 Å

and increases to 102.9 Å at 558C, which accompanies the

enlargement of the average water-core radius from 30.0 Å

to 45.1 Å. By the change of temperature from 258C to 558C,

the thickness of the hydrophobic chain region decreases

from 32.9 Å to 26.1 Å, and its contrast decreases for the

[h-DPPC]/[d-DPPC] ¼ 0/1, 0.3/0.7, 0.7/0.3 samples in the

SANS measurements. These changes are evidently attribut-

able to the chain melting. The thicknesses of the second and

the fourth shell regions, mostly corresponding to the choline

head group region, are 8.3 Å and 9.3 Å at 258C, respectively.

These values are quite close to the previous experimental

values of PC headgroup thickness which were shown by

neutron scattering measurements of DPPC bilayers (Büldt

et al., 1979; Zaccai et al., 1979) and by wide-angle x-ray

scattering measurements of DOPC bilayers (Pabst et al.,

2000). The thicknesses of the first, second, and third shells

change most evidently due to the rise of temperature from

258C to 558C. The total thickness of the first and second

shells, corresponding to the hydrophilic outer-surface region

of SUV, is 22.2 Å at 258C. This value is very close to the

reported value of 22 Å from GM1/EPC (egg phosphatidyl-

choline) mixed bilayer (McIntosh and Simon, 1994) at

lamellar phase. A recent study of GM1/DPPE (dipalmitoyl-

phosphoethanolamine) monolayer using x-ray reflection also

suggests the extended structure of GM1 oligosaccharide

chains (Majewski et al., 2001). In addition the thickness of

the hydrophilic head region of GM1 micelle is shown to be

;22 Å at 258C due to the extended conformation of

oligosaccharide chains (Hirai et al., 1996a; Hayakawa and

Hirai, 2002). Therefore, the oligosaccharide chains of GM1

FIGURE 7 Best-fittedtheoreticalscatteringfunctionswith

a size distribution at 258C based on the SUV model in Fig.

6. Experimental SANS, SAXS and DLS data are also

shown. A and B correspond to the SANS and SAXS curves,

respectively. The inset shows the number distribution

functions of the SUV radius obtained by the DLS and by

the model fittings of SANS and SAXS data.

Asymmetric Structure of GM1-DPPC Vesicle 1607

Biophysical Journal 85(3) 1600–1610



molecules are understood to take extended conformations on

the SUV outer surface. With elevating temperature, the first

shell thickness decreases from 13.9 Å to 7.9 Å, and the

second shell thickness increases from 8.3 Å to 13.3 Å,

whereupon the absolute value of the contrast of the first shell

becomes to be small for both neutron and x ray. These

changes suggest the bending and dehydration of the

oligosaccharide chains as same as the GM1 micellar case

on temperature elevation (Hirai et al., 1996a; Hayakawa and

Hirai, 2002). Evidently, such a bending results in the

increase of the second shell thickness.

As we determined the outer and inner radii of the

hydrophobic region, we can tentatively estimate the molar

ratio of DPPC between the outer and inner surfaces on the

assumption that only GM1 molecules localize at the SUV

outer surface, whereupon we use the following values. The

surface area Sg of GM1 is ;99 Å2 and its volume of

hydrophobic portion vg; 1029 Å3 (Hirai et al., 1996a). The

volume of hydrophobic portion of DPPC vd is 825 Å3 at Lb

phase and 913 Å3 at La phase (Nagle and Tristram-Nagle,

2000). According to the geometrical packing consideration

of vesicular particle (Israelachvili et al., 1976), we can

simply derive the following relations.

Nðavg 1 vdÞ ¼ 4pðR3

o � R
3

i Þ=3 (17)

bNSd ¼ 4pR
2

i (18)

aSg 1 ð1� bÞSd

bSd

¼ ðRo=RiÞ2; (19)

where Ro and Ri are the outer and inner radii of the

hydrophobic region; N, the total number of DPPC in the

SUV; a, the molar fraction of [GM1]/[DPPC]; b, the molar

fraction of DPPC at the outer and inner surfaces; vg; vd; Sg;
and Sd are the volumes of hydrophobic portions and the

surface areas of GM1 and DPPC, respectively. By using Eqs.

17–19, both b and Sd values can be deduced. The b and Sd
values are 0.297 and 47.8 Å2 at 258C, and 0.372 and 67.6 Å2,

FIGURE 8 Determined contrast distribution profiles of

the SUV bilayer structures (3 1010 cm�2) from Fig. 7 for

neutron and x ray. The absolute values of the contrasts are

tentatively given by the normalization of the contrast

values of the hydrophobic tail portion to those estimated at

Lb and La phases of DPPC.

FIGURE 9 Determined thickness of each shell in the SUV bilayer

structure from Fig. 7 with schematic pictures of GM1 and DPPC molecules.
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respectively. The increase of b well explains the decrease of

the SUV curvature by the temperature change. In addition the

estimated Sd values are in good agreement with the reported

ones, 47.9 Å2 at Lb and 64 Å2 at Lb (Nagle and Tristram-

Nagle, 2000). Thus, the above estimations also support the

preferential localization of GM1 molecules at the outer SUV

surface as shown by the six-shell modeling analysis.

CONCLUSION

We can conclude the present results as follows. By using both

the SAXS method and the inverse-contrast variation SANS

method, we successfully observed the scattering curves at four

different phases (contrasts). On the basis of the shell modeling

method that takes into account of the size distribution of the

SUV, we explained very well all experimental scattering

curves and size-distribution functions with the theoretical

ones. We determined the asymmetric internal structures of the

bilayers of the SUVs of GM1-DPPC mixture at 258C and

558C. The GM1 molecules predominantly locate at the outer

surface of the SUV and those oligosaccharide chains take

extended conformations at 258C. The outer-surface layer of

the SUV consists of the oligosaccharide chains protruding

from the PC head group surface, therefore this layer would be

very hydrophilic. The appearance of the asymmetric distri-

bution of GM1 molecules is essentially ascribed to the critical

packing parameter, ;0.36 obtained from the previous study

(Hirai et al., 1996a), of GM1 molecule, and would be

attributable to the repulsive interaction between the negatively

charged bulky headgroups of GM1 molecules. These bulky

hydrophilic headgroups and their attracted water would

require a large surface area to host them in the hydrophilic

layer of the membrane. The larger the interfacial area, the

stronger the membrane curvature, the more evident the

asymmetric distribution of GM1 molecules in the membrane.

By the temperature rise from 258C to 558C, the thickness of

the hydrophobic region of the bilayer shrinks in;6.8 Å by the

chain melting transition, whereupon the hydrophilic surface

layer collapses by the dehydration and bending of the

oligosaccharide chains. The inner surface of the SUV mostly

consisting of DPPC choline heads are found to be covered by

the high-density hydrated-water layer as similar as other

biological molecules (Svergun et al., 1998). This high-density

water shell tended to collapse with the temperature elevation.

The asymmetric structure of the SUV containing GM1 may

not necessarily expand to the case of a large unilamellar

vesicle (LUV). According to our DLS measurements,

ganglioside mixed LUVs are highly polydisperse and not

appropriate for SANS and SAXS experiments followed by

detailed modeling analyses. Nevertheless, the presence of

huge bulky sugar heads would ensure the preferential lo-

calization of gangliosides at outer leaflet of LUV to minimize

a bending elastic energy of membrane and to give a positive

spontaneous curvature of LUV. According to the reported

values of the hydrophobic portion volume and surface area of

DPPC (Nagle andTristram-Nagle, 2000), the so-called critical

radius ofDPPC vesicle is estimated to be 103 Å at 208C and 63

Å at 508C (Israelachvili et al., 1976). However, in the present

study we have found that both the asymmetric distribution of

GM1 and the vesicle size mostly hold against the temperature

change from 258C to 558C, and the size of the SUV would

correspond to a critical size for [GM1]/[DPPC] ¼ 0.1/1

mixture. Although the size of the ganglioside-containing SUV

would depend on both lipid components and those molar

ratios, it is evident that the asymmetric distribution of

gangliosides defines the size (curvature) and stability of the

SUV against temperature elevation.

On the other hand, recent studies suggest that the size of

the GSLs microdomains is ;260 6 130 Å and that its

lifetime is fairly long, on order of minutes (Simons and

Toomre, 2000; Pralle et al., 2000). Although the above

studies treated native GSLs microdomains, it should be noted

that the average diameter of the SUV determined in the

present study is;200 Å which is close to the above reported

value. The role of glycosphingolipids in the formation of

GSLs domain is considered that physicochemical character-

istics of glycosphingolipids supply a driving force inducing

spontaneous glycolipid segregation at membrane outer

surface to form core domains around which other mole-

cules can gather, forming a more complex GSLs domain

(Masserini et al., 2001). Then, combined with the present

findings on the SUV structure, we can consider that the

preferential asymmetric distribution of gangliosides at the

membrane outer surface plays an essential role to form stable

core clusters assisting the formation of further complex GSLs

domains. This would relate to the long lifetime of the

microdomains. In addition, due to the predominant localiza-

tion of gangliosides at the membrane outer surface, ganglio-

sides can sensitively change those conformations and greatly

modulate a hydrophilicity of a cell surface to extracellular

stimuli. As mentioned in the introduction section, interaction

between GSLs microdomain and some proteins involved in

cell-surface signal transductions would be greatly affected by

the change of hydrated water on membrane surface (Maggio

et al., 1994; Daniele et al., 1996; Jain et al., 1988; Arnulphi

et al., 1997). Then, the structural features of ganglioside-

containing SUVs found in the present study would suggest an

intrinsic role of gangliosides in GSLs domain formation and

affinity to a given protein in various signal transductions

meditated by biomembrane.

This work was performed under the approval of the Photon Factory

Program Advisory Committee of the High Energy Accelerator Research

Organization (KEK) (Proposal No. 2000G148) and under the approval of

the Neutron Scattering Program Advisory Committee (NSPAC) (Proposal

No. 00.027 and 01-024).
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