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Z[h�.\]�Z5#['(R� (1)

Modeling Analysis 

 

Form factor A(q) of a particle composed of n subunits: 

A(q) = 	i(r) 
� (r � ri )
i =1

n

�
� 
� 

 

� 
� 
� 

exp(i q •r)dr�

= Ai
i=1

n

� q( )exp iq •ri( )
   ( 1 )  

where Ai(q) represents the structure factor of the i th subunit with th e 

scattering density distribution ri(r) and the mass center coordinate ri.   

 

I(q) averaged over the solid angle for a particle composed of identical 

subunits: 
I(q) = A(q)A* (q)

= (4� )�1 I(q)�� d�

= (4� )�1 Ai(q)A

j (q)exp iq • ri � rj( ){ }d�

j =1

n

�
i =1

n

���

= (4� )�1 I sub(q) n + exp i q •rij( )
n

�
i� j

n

�
� 
� 

 

� 
� 
� �� d�

  ( 2 )  

where  means the spherical average of the scattering intensity, Isub(q) 

is the scattering function of the subunit.   

 

In the case of a particle composed of spheres with same radius r0:  

I(q) � nIsub (q) 1 +
2

n

sin(qrij )

qrijj = i+1

n

�
i =1

n�1

�
� 

� 
� 

� 

� 
�     ( 3 )  

where Isub(q) is well known the scattering function of the solid sphere and 

rij  denotes the mass center distance between t he i th and j th subunits.  

Isub(q) is given by 

Isub (q ) = 9 (	 sol � 	 solv)V{ }
2 sinqr0 � qrcos qr0

(qr0 )3
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In the case of a particle composed of spheres with same radius r0:  

I(q) � nIsub (q) 1 +
2

n

sin(qrij )

qrijj = i+1

n
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i =1

n�1
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	     ( 1 )  

where Isub(q) is well known the scattering function of the solid sphere and 

rij  denotes the mass center distance between the i th and j th subunits.  

Isub(q) is given by 

Isub (q ) = 9 (
 sol � 
 solv)V{ }
2 sinqr0 � qrcos qr0

(qr0 )3
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Spherically averaged scattering functi on I(q) of an ellipsoid of rotation 
composed of n shells with different average scattering densities: 

I(q) � A q( )A* q( )

= 3 
 1V1 j1 qR1( ) / qR1( ) + 
 i � 
 i�1( )Vi j1 qRi( )/ qRi( )
i =2

n

�
� 
� 

 

� 
� 
� 

� 

� 

� 

� 

2

dx
0

1
�

 ( 2 )  

where  means the spherical average of the scattering intensity I q( )  defined 

by A q( )A* q( )  (the structural factor A(q)), 
 i  is the average excess scatterin g 

density (so-called contrast) of i th shell with a shape with an ellipsoid of rotation, 

j1  is the spherical Bessel function of the first rank.    

Ri  is defined as Ri = ri 1+ x2
� i

2
�1( )( )

1 / 2
   ( 3 )  

where ri and i are the semiaxis and its ratio of i th ellipsoidal shell, respectively.   


 i , ri and i were used as fitting parameters.   

Appendix: 

j1 z( ) = sin z � zcosz( ) / z2      ( 4 )  

 jn z( ) =
�

2z
J

n+
1

2

z( )      ( 5 )  

Rg
2

=

�1(2+�1
2 )� 1R1

5
+ � i

i=2

n
� � i(2+� i

2 )Ri
5
� � i�1(2+� i�1

2 )Ri�1
5{ }

5 �1� 1R1
3
+ � i � iRi

3
� � i�1Ri�1

3( )
i=2

n
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1 % w/v Lysozyme,
at pH 7, 10°C

q=0.195Å-1

ÃÄh89:;<� �?@X����]T8ÅE

Hirai et al., J. Synchrotron Rad., 9, 202 (2002)

I(q) =
1

Ipeak
sol

1
BsolTsol

Isol(q) � 1
BcelllTcelll

Icell(q)
� 

� 

� 

� 

� 

� 

�
(1� cva)

Ipeak
solvl

1
BsolvTsolv

Isolv(q) � 1
BcellTcell

Icell(q)
� 

� 

� 

� 

� 

� 

scattering intensities of solution,  solvent,  and cell:  Isol (q) ,  Isolv(q) ,  Icell(q)

transmissions of solution,  solvent,  cell:   Tsol  ,  Tsolv  ,  Tcelll

incident beam intensities of solution,  solvent,  and cell:  Bsol  ,  Bsolv  ,  Bcelll

water correration peak intensities of solution and solvent:   Ipeak
sol  ,  Ipeak

solvl  

protein concentration (w / v) :   c
apparent specific volume of protein :    va
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Hirai et al., J. Synchrotron Rad., 9, 202 (2002)

)h�� �g�89:;<�?@X���=�

Ù����[¡ £�!�"������	X


������ÜÀ�i��x�T����MN�
��¢��	
g��

SSPring-8, 2000

����	2010   [3]-1)-4

89:;<(HEWL)�?@X���=��-.

(whole structure, �-domain, and �-domain)

Hirai et al., Biochemistry, 28, 9036 (2004)

whole structure �-domain (1-37, 89-129) �-domain (38-88)

=                                +

A(q) = �i 	� (r � ri )
� �domain
�


 
� 
� 


 
� 
� 
	 �(r � r� ) + �i 	 �(r � ri )

� �domain
�



� 
� 



� 
� 
	� (r � r� )

� 

� 
� 

� 

� 
� � exp(iq •r)dr

       = fi exp(iq • ri)
� � domain
�

� 
� 
� 

	 

 
� 

exp(iq • r� ) + fi exp(iq • ri)
� �domain
�

� 
� 
� 

	 

 
� 

exp(iq • r
�
)

I(q) = I(q) = A(q)
2

= A� (q)
2

+ A�(q)
2

+ 2 � A� (q)A�

*(q) exp iq • r� � r�( ){ }[ ]

I(q) = fi f j

sin(qrij)

qrijj =1

n

�
i =1

n

�  
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Aaron R. Dinner et al., TIBS 25 – JULY 2000
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  A: pH 2.2

  B: pH 3.6

  C: pH 4.5
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  (a): ���� (��)

(b): ���� (��Ó)

SPring-8, 2002

Hirai et al., Biochemistry, 28, 9036 (2004)
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Rg atomic structure  -  14.07 Å
Rg experimental  -  15.4±0.2 Å
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Refolding
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Ndata �1

Ical(qi) � I exp(qi)

� (qi)

� 

� � 

	 


 � i�1

Ndata

�

N-state
Hydration

shell

Coolingre-formation

Heating collapse
Heating

Cooling

U-state

Koizumi et al., J. Appl. Cryst. 40, s175 (2004)
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10.7Å

4.67 Å

T. Onai, M.Hirai et al, J. Appl. Cryst. 40, 184 (2007).
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Singer & Nicolson (1972)

hhijk1�jl�

Simons & Ikonen(1997)
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sialic acid

ceramide

GD3

[WXYZ]
• Highly hydrophilic sugar head
        with sialic acids

• Diversity of sugar heads
      in chemical composition &
           conformation

• Hydroxy- and amido groups
      in sugar head

[7XYZ]
• A long chain base linked to
        a fatty acid

• Hydroxy- and amido groups
        in ceramide moiety

Unique Features 
of Gangliosides

b8[E�\9]^
_`]:ab�4F!! 
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Xcd?P&efg�';hijk
N�lCUVmn

for ordered or unordered system

o����, �,

���	
��,

�
�� (high resolution)

��� (hydration force, etc.)

etc.

Micelle & Vesicle

Lamellar & Ordered

Membrane

���'�

�
�� (low resolution)

���� (�������)

 !"�, 

etc.
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GM1 Micelle GM1/cholesterol Vesicle

� 
shell

� 
core

rshell

rcore
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I(q) �NIs(q)S(q) I(q) = Is(q,R)D(R)
Rmin

�

� dR

 Is(q) = 3 � 1V1j1 qR1( ) / qR1( ) + � i � � i�1( )Vi j1 qRi( ) / qRi( )
i=2

n

�
� 
� 
	 


 
� 
� 


 

� 
� 

� 

� 
� 

2

dx
0

1

�

 S(q) = 1/ [1� 24�a(q�)] ;   D(R) =
1

2��
exp �

R � R ( )
2� 2

� 
� 
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Is(q) = 3 � 1V1j1 qR1( ) / qR1( ) + � i � � i�1( )Vi j1 qRi( ) / qRi( )
i=2

n

�
� 
� 

 

� 
� 
� 

	 


 
� 

� 

� 
� 

2

dx
0

1

�

             Ri = ri 1+ x2 �i
2 �1( )( )

1/ 2

Ellipsoidal Shell

Scattering Function :

• Scattering density of 

   head & tail regions

• Axial ratios

• I(0) intensity
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Separation of Interparticle Structure Factor

EExperimental I(q) Simulated Is(q)

I(q) � NIs (q)S(q)
I

s
(q ) = 3 � 

1
V

1
j

1
qR

1
( ) / qR

1
( ) + � 

i
� � 

i�1
( )V

i
j
1

qR
i

( ) / qR
i

( )
i= 2

n

�

 
� 
� 


 
� 
� 

� 

� � 
	 


 � 

2

dx
0

1

�

S(q) = 1 / [1 � 24�a(q� )]

Simulated S(q)

Experimental S(q)

• Estimation of

  dissociation

  degree

GM1  : 0.16 => 0.22 => 0.13

GD1a : 0.25 => 0.3   => 0.2

GT1b : 0.4   => 0.5   => 0.3

8'(f)*+,�

�12���-.A��/)
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Conformations, hydration-dehydration, charges

of GSL sugar chains depending on temperature

• Gangliosides take prolate ellipsoidal micellar structures
   in solution, which are very stable for several months.

• By elevating temperature from 6 to 60 °C, the hydrophilic
   region composed of sugar heads shrinks.

• The reversibility of the thermal transition depends on
    the sugar head.       GM3 >  GM1 > GD1a > GD1b

• This transition accompanies hydration and dehydration of the
   head region and changes of the degree of dissociation of sialic
   acids.

3456789:�;�*<��=���-.AB>?�'@�&

g�
�A74BC�»DEC�-F($G?HIJ���K�L=
����AMYGN)O

Physica B, 213&214, 748-750 (1995); Biophys. J., 70, 1761-1768 (1996); J. Phys. Chem., 100, 11675-11680 (1996); J. Chem. Soc., Faraday Trans., 92,
4533-4540 (1996); Thermochim. Acta, 308, 93-99 (1998);  Biophys. J., 74, 3010-3014 (1998;  J. Phys. Chem. Solids, 60, 1297-1299 (1999); J. Phys.
Chem. B, 103, 10136-10142 (1999); J. Phys. Soc. Jpn., 70, 420-423 (2001); Euro. Biophys. J., 31, 62-72 (2002).
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heating

cooling

*+,3456789QRS/)�

�KT��

	
$�&2010   [3]-3)-11



[3] %UV
�3) HI+,�

�6WX�Y�KT��("/)Z[

RR+,\TU�p]S^3456789/g_$9`�
Dab�OLH

   h�������	
����
�����������
��������

�
���2010

Micelle to Vesicle & Vesicle to Multi-lamellar Transitions of
Ganglioside/Cholesterol System

Depending on Cholesterol and Ca2+ Concentration

+ chol + chol

[GM1] / [chol]

= 1/0 - 1/5 M/M

+ Ca2+

+ EDTA

Cholesterol Content Dependence Ca2+ Concentration Dependence (GM1/chol = 1/1)

Ca2+

= 0 - 20 mM

Micelle�����Vesicle
Vesicle�����Lamellar

Lamellar peakLamellar peak

C
h

o
l 

=
 0

 -
->

 5
C

h
o

l 
=

 0
 -

->
 5

�� !g_�9`"
#$%Q&'()*+c,(-)
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GGM1+ cholesterol

[GM1/[chol] ~ 1/1

Cholesterol dependence of 

radius of gyration

GM1

GD1a

GT1b

sialic acid

GD1a + cholesterol

[GD1b]/[chol] ~ 1/2

GT1b + cholesterol

[GT1b]/[chol] ~ 1/3

Interdigitated structure

Electron Density of

GM1/chol Bilayer

at 20 mM Ca2+

85Å

25Å 22Å

Ca2+

Cl-Lamellar peaks

depending on Ca2+

concentration

g_�9`"
�.4/0129(3-)456�ifd�
Ca2+<7829
j:e:;º(f)�<�=>()?@

�
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Possible Attractive Interactions Between Ganglioside Sugar Chains

against steric, electrostatic, and hydration repulsions

�-Gal

1

2

3 4

5

6

1

2

3
4

5
6

Hydrophobic interaction

through a-planes of apposing �-

galactoses

GM1

Salt bridge by

Ca2+-Sugar binding

4
3

(ax)
(eq)

�-Gal

Non specific hydrogen 

bond between sugar chains

�
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• Micelle to vesicle transition depending on cholesterol content (GM1 > GD1b > GD1a � GT1b)
• Maximum miscibility of cholesterol in ganglioside aggregates (GM1 < GD1 � GT1)
• Ca2+-dependent vesicle adhesion (vesicle to lamellar transition; 85, 98, 100 Å for GM1, GD1a and GT1b)
• Interdigitated structure formation between sugar heads of apposing bilayer
• Reversibile vesicle adhesion (vesicle-to-lamellar) by Ca2+ addition and Ca2+ chelation.

Ca2+AA=EBCDE>FGH
Ca2+ A=EIIJKL>MN>OP

QRfSTUJ����Á���	
��
�
�����


����������������

��� !�"#

�$%&'�()*, +�)*, ,-./01234�

Membrane Adhesion Model
Induced by Ca2+

T. Hayakawa & M. Hirai, J. Appl.  Cryst., 36 (2003),489-493.

M. Hirai et al, J. Phys.: Condens. Matter, 17 (2005), s2965-s2977.

567,89:�;

<.=>?@ABCD4EF23�GHIJ�KL
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Ca2+
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[GM1]/[DPPC] = 0.1/1 mixed SUV

1%w/v DPPC, in D2O, 50 mM Hepes buffer at pH 7

Scattering Function

at 25°C

SANS

SAXS

[d-DPPC]/[h-DPPC]=

Scattering Function

at 55°C

SANS

SAXS

[d-DPPC]/[h-DPPC]=

Four different molar ratioFour different molar ratio

between d-DPPC and h-DPPCbetween d-DPPC and h-DPPC

"3#$%2010   [3]-3)-16
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gangl ioside DPPC
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6th

hydrophobic tail

Model of Ganglioside/DPPC Vesicle

Model Scattering Function

Is(q,R)  :  
D(R)    :  

Vesicle Scattering Function

Size Distribution Function

Under an appropriate physical

constrain in modeling analysis.

IS q,R( ) = 3 � 1V1 j1 qR1( ) / qR1( ) + � i � � i�1( )Vi j1 qRi( ) / qRi( )
i= 2

n

�
� 
	 

 

� 
� 
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� 

� 

� 
� 

0

1

�
2

dx

Ri = ri 1+ x 2 � i
2 �1( ){ }

1/ 2
,    D R( ) =

1

2��
�

R � R ( )
2

2� 2

� 

	 
� 


 � 

� 

� 
� 


 � 

I(q) = IS q,R( )
Rmin

�

� D(R)dR
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Scattering Function

at 25°C

�����

X���

+��)���|X���$*+,-
.�/0123

Reliability factor: 

R = 0.02-0.09 at 25 ˚C,   0.05-0.11 at  55 ˚C.

[d-DPPC]/[h-DPPC]=

R = Iexperiment(q) � Imodel (q)� / Iexperiment(q)�
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Width of each region Contrast of each region

M. Hirai et al., Biophys. J., 85 (2003) 1600-1610.

456#��789:�;<=>?@ABC@D�EF7�
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 [GD3]/[cholesterol]/[PC]=0.1/0.1/1

0.5 % w/v total lipids
in 50 mM Hepes, pH 7, 80% D2O at 25\C

SANS p(r)

function

Only SANS curve with K+ changes.

SAXS curve with Na+ or

K+ does not change.

SAXS curves

SANS curves

SANS Rg
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JH, flux of H2O; JD, flux of D2O

PH, PD : permeability of H2O and D2O

FCH, FCD, FSH, FSD: molar fractions of H2O and D2O in the water

pool of the vesicle and in the solvent,

C, molar concentration of water; VC, volume of the water pool;

S, surface area of the vesicle

TThe flux of the permeability of water 

molecules across the vesicle membrane

Due to the initial conditions (FCH=1, FCD=0 at t=0),

VB, rB are the volume and average scattering density

of the bilayer; rS,  the average scattering density of

the solvent

Change of contrast of SUV is given as

Change of Rg of SUV is given asg g g �=exp(-PSt/VC), Rgi and Rgf are the radii of

gyration at initial and final times,

Eq. 1Eq. 1

Eq. 2Eq. 2

Eq. 3Eq. 3

Eq. 4Eq. 4

���/���Wl�mn�W�2�

RHow to explain the change of Rg observedHow to explain the change of Rg observed
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Rgi, Rgf and P for the SUV with

the addition of 50 mM KCl are

obtained to be 98.0±0.5 Å,

124.9±1.1 Å, and (5.4±0.5)x10-3

cm/s, respectively.

;<=>?@AGD3W�����9�����(>fg9h7$BRK+

�?<IJK8l�mn�����(^
GD3-�����9�dD�A_�<Bbc456K�K+�?<IJK�
!"S��R���<���8`(K+�?<�Ð8W����<�D
c><���������82��(�j�����(^

10-2

10-4

10-6

10-8

10-10

10-12

H2O

urea
glycerol

tryptopan
glucose

Cl-

K+

Na+

high permeability

low permeability

cm/sec

Permeability coefficient through
synthetic lipid bilayers
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+ KCl + NaCl
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M. Hirai el al., J. Appl. Crystal., 2007, 40, s159-164.M. Hirai el al., J. Appl. Crystal., 2007, 40, s159-164.

Change of contrast profileChange of contrast profile
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Various physiological events in a cell, such as signaling through
membrane traffics are known to take place under a highly crowded
molecular environment where the total macromolecular concentration is
approximately 350 mg/ml in a cytoplasm .

A presentation of the interior of
a bacterial cell
Goodsell, D.S. Trends Biochem. Sci. 16 (1991) 203

d��$B�j���������
�B !"

ribosome

protein

d��B#$%&¨'()*+,�

浸透圧のラフトモデル膜に対する影響は？浸透圧のラフトモデル膜に対する影響は？
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� os = (μ ex � μ b ) /Vw = (μ b0 � μ b ) /Vw

Due to steric hindrance, the osmolytes are hardly distributed into lipid bilayer.

When the osmolytes do not coexist��ex = �b0 .

When osmolytes coexist, by the decrease of the chemical potential of the bulk water (�b0��b),

osmotic pressure (�os) is generated;

 su
rfa

c
e

 H
yd

ro
p

h
ilic

 H
e
a
d

 Hydrophobic

core

�b

Osmolytes such as Polyvinylpyrrolidone (PVP) or Dextran, ...

chemical potential of 
lipid bilayer surface

�b０

chemical potential of
the bulk water

PVP

: before
  polymer addition

: after
  polymer addition

H
yd

ro

H
e
a
d od

�F

�Vw

� 

� 
� 

� 

� 
� 

T

= 	
 os

Osmo-elastic 

coupling

�ex
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shape and the size 

or or …

lipid bilayer width (~ 60  Å)  

correlation between alkyl chain

including dynamic fluctuation of chains.

ation betwee

ng dddddddddddynamic flu

n alkyk l chhhhhhhhhhhhaaaaaaaaaaaaaaaaaaaaiiiiiiiinn

[GM1]/ [chol.]/ [DOPC] = 0.1/ 0.1/ 1

wide q-range (d = ~2200-2.6 Å)

ヘルスケア2010   [3]-3)-25

Spring-8 2008
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%

LUV of [GM1]/ [chol.]/ [DOPC] = 0.1/ 0.1/ 1

The WAXS curve in the q range of ~0.04-0.2 Å-1

reflects the bilayer structure (thickness).

The single broad peak at q = ~0.1 Å-1 split in double

peaks depending on the increase of PVP

concentration.

�������	

The WAXS curve below q =~0.02 Å-1 reflects the

shape of the LUV.

The shoulder q = ~0.01 Å-1 disappears once at

PVP=5%, and it appears again above PVP=15%.


��
�����	
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PVP concentration &
osmotic pressure in mixed solutions
PVP conc. (w/v)  P (N/m2) P (atm)

0 - -

5 1.27E+04 0.125

10 4.30E+04 0.424

15 1.09E+05 1.08

20 2.28E+05 2.25

25 4.16E+05 4.11



アルキル鎖のパッキング・揺らぎの変化

f (q) =
1

q� 2�
exp

ln(q /qmax )( )
2

2� 2

� 

� 
� 

� � 

� 

	 
� 


 � 

The peak around q~1.4 [1/Å] reflects the packing of

the alkyl chain . The variance, �2, of the fitting

function reflects the fluctuation of  the alkyl chains.

ヘルスケア2010   [3]-3)-27

The osmotic pressure induces the ordering of the

alkyl chain packing and suppresses the chain

fluctuation. This tendency is evidently seen for the

case of lipid mixtures containing GM1.

��������
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-I-./012
3

[GM1]/ [chol.]/ [DOPC] = 0.1/ 0.1/ 1
at PVP = 0 %

HydrophobicHydrophobic

corecore

outerouter

solventsolvent

innerinner

solventsolvent

00

relativerelative

contrastcontrast

radius[radius[��]]
~31~31 ~9~9 ~12~12~~~~~~~~~~~99999999~~~~~~~~~~9999999999999~8~8 ~~1111111111112222222~~~11111111111112222222~~~~~1.5~1.5

GGM1M1 oligosaccharide head groups protrude oligosaccharide head groups protrude

from the lipid from the lipid bilayerbilayer surfacesurface

Hydrophilic headHydrophilic head
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Hydrophobic

 core

inner

solvent

outer

solvent

inter-bilayer

solvent

The model used is a

double-layered vesicle

(a liposome including

a smaller one inside).

relative

contrast

radius [Å]

0

[GM1]/ [chol.]/ [DOPC] = 0.1/ 0.1/ 1
at PVP = 25 %
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(1) LUV (large uni-lamellar vesicle) �/0123452� 6789:;<=>?"@AB$%��
��	C=D��EFGHIJ��	2KL2MNOGP�
��
���Q�RSTUV6
7W

(2) GM1/67�899�/:;-.(DOPC)<�=�>?+�GM1/DOPC�������	

��
��������9�/�����������	��B�������

(3) RSFXYZ)*HIJ�	[�\]^Z_G`abcdef52UVZ)7ghiFj
7W

Schematic picture of the

observed transition

Presence of

glycosphingolipids is

essential !!
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�:��Y�7��JK#LM?#N(

SPring-8, PF  etc. &  J-PARC, JERI, etc.#ABCDE
O[P)QRSO[P)QRS*�+�TUVWV�X�YZ[\\*�+�TUVWV�X�YZ[\\

]^_%&�,>#`Y�ab
ccc,d5\ce]fgfe]]]f^_
ccchij\cefgfe]f^_klm$%\]`nf^_fgfof^_^
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cccrj�FG \c]`nfge]f^_
a^KsLM�X
ccc/s\
`ngot]0
cccbu\evfwxc1
cccKsydez{#��d6|\g}_f~gh�
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At SPring-8
  SR-WAXS  : ]`]nf�l�fo]f^_�e

  SR-USAXS : ]`]]nf�lf^_�e
J-PARC
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Vacuum shield

6$78�9:���;<(TAIKAN:=�) at J-PARC
;<�>.?����;<3

Detector arrangement

Medium-angle

Detector bank

Small-angle

Detector bank

Ultra-small-angle

Detector bank

High-angle

Detecor bank

Back detector bank

��fn]e]�t�n;

Scattering chamber

Biological shield

Neutron

Cold moderator
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JRR-3
SANS-U

SANS-J-II

PNO

Micro structure

TAIKAN

NOVA

iMATERIA

Nano structure

6000 Å  -  0.2 Å
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shape region

intra-structure

atomic region

Debye formula

lysozymelysozyme myoglobinmyoglobin ��-lactogloblin-lactogloblin

I(
q

)

I(
q

)

small difference

TAIKAN can cover all hierarchal structure levels of proteins.

TAIKAN will be far beyond the limit of low-resolution analysis in SANS!!
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New Frontier

Structural Biolpysics

New Frontier

Structural Biolpysics

Japan Atomic Energy Agency

JRR-3M

High Energy Accelerator Research Organization

Photon Factory

Japan Proton Accelerator Research Complex

Japan Synchrotron Radiation Research Institute

LetLet’’s Leap Before You Look in Structural Biology & Biophysicss Leap Before You Look in Structural Biology & Biophysics
Complementary Use of Neutron & Synchrotron X-ray Scattering

Facilities in Japan
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