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Biomembrane comprise diverse lipids and
proteins and form complex structures
without proteins
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| Model Membrane of Lipid Rafts

Sphingomyelin and Cholesterol Binary System




Approaches towards membrane lipids with
variable time and spacious scales

Our objective: Elucidation of the molecular
basis of lipid raft formation

piomembrane

Raman Imaging

Solid state NMR Macroscopic membrane

(3H NMR, REDOR) Ternary

system . o
y Fluorescent lifetime

Molecular level
several ns time scale

Molecular level
10 ps — 10 ms time scale Unary and binary
systems

Lipid behavior in various membranes
(mobility and intermolecular interaction) 3



Lipid rafts

GPl-anchored Glycosphingolipid Sphingomyelin (SM, SSM)
protein 0 OH

g % O MegN\/\O OWC13H27

ﬁ . N\n/C17H35
é o)

g %g @ %cm.estem (Cho)

Transmembrane
protein HO

" Resistance to solubilization with Triton X-100 (DRM)
*Ordered lipids (Lo phase) undergoes domain formation

*Implication in many cellular processes -

(signal transduction etc.) )
Molecular basis of

lipid raft formation

1) Simons,K.; Ikonen,E. Nature, 1997, 387, 569-572. 2) Pike, L. J. J. Lipid Res. 2006, 47, 1597-1598.
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How can we elucidate the conformatoin

and interactions of lipids in membrane?

O Lipid-lipid & lipid-protein

: S Elucidation of 3D structures
interaction in membrane

and interactions of lipids
O Drug-membrane interaction in membrane is essential

Difficulties in structure elucidation
X X-ray Crystallography
A Solution NMR

Solid state NMR
works in such weird systems ?



Micelles vs Bicelles
for membrane mimic

Micelles Bicelles

DMPC h%$/\/QKD\/ivom/\/\vA\/\/\vA\/
= Many exam ©© 0 structure

= High curvat

O
WJxW\AvAvN/\/\/\/\”ﬂOHS;

SM .
MesN/\/O\/p\/o\/\l/\/ N AN e nc.
OH

\
[OJNe)



Ordering of SM-d, bounad
In Cho-containing large bicelles

v “ 33.6 kHz ﬂ 35.3 kHz

+ Chol )

=

T T T 1 1 1 T 1
100 50 -50 -100 100 50 -50 -100

0 0
(kHz) (kHz)

10’-d,-SM/DHPC(4/1) 10’-d,-SM/DHPC/Chol (4/1/0.4)

10% Cho siginificantly ehnaces the ordering of SM bicelle
membranes



Size-dependent orientation of
bicelles along magnetic field

0 O 0 OH

+ .~/ -
- NN Me;N P '
°2 0 NN 0N N ey,
\ﬁ/\/o O\/\/OW HN C17H35
7 g
O O

tearoyl SM (major constituent)

‘\\
/ Small Bicelles -

= Planar bilayer structure
*Non-orientation along B,

GRS
Bo Q
@ NG .
High mobility of small
bicelles enables high
q>2.0 q<2.0 t resolution NMR spectra

' even for 1H nucleus.
q = [SSM] / [DHPC] “ 9




'H NMR NOESY of bicelles under MAS
0 B \/HN:F@?”C”H“

\{ SM liposome |
| sM/DHPC (1/2) bicelle |

=
:

6.0 2.0 4.0 3.0 2.0
MAS: 5 kHz, Mixing time: 30 ms, Temp.:37 °C 10



Conformation of SM head group deduced
from NOEs and J/coupling in small bicelles

Me3N ke

NOEs are similar between the
Cho-containing and Cho-free

bicelles
A 4
Conformation of SM is
SM/DHPC 1:2 similar between pure SM
Small bicelles and SM-Cho

11
Yamaguchi, T. Suzuki, T., Yasuda, T. Oishi,T., Matsumori, N., Murata, M. Bioorg. Med. Chem. 20, 270-278 (2012).



How REDOR works |

Synchronous irradiation
to magic angle spinning

S,
P 15 13C i
: : d13C
: I :
O @ 1 N-non-— 5 N-irradiated REDOR Decay
: irradiated

Accuracy is <0.1 Angstrom !
T. Gullion, J. Schaefer, J. Magn. Reson., 1989, 13, 57

*REDOR data; A. Naito, et al., J. Phys. Chem. 1996, 100, 14995 12



How REDOR works |

MAS (Magic Angle Spinning): S,

Magnetic field

Strength
)]
Bo /\
e o Dipole Coupling
\/Tr t
o % ¥s h
D= 16
Integration = O
AS
< [=1-[o(V2nz D) +ZZ — [ (25D
0
REDOR: S
Magnetic field
Strength AS/ISg
10 .
Q @
B, / .
® Tr t
e Pulse Integration > O 0 - . _ , ,
c r 0 4 8 12 16 20
T, (ms)

J.: Vessel Function, nz: REDOR dephasing time y: Gyromagnetic Ratio of | nucleus. y: That of S nucleus
h: Plank const., 1,: Permeability of Vacuum 13

Gullion, T. et al. Adv. Magn. Reson. 13, 57 (1989); Gullion, T. et al. J. Magn. Reson. 89, 479 (1990).



3C{:>N}REDOR used for evaluation of mobility

and orientation

2 —
Do = Dy« Snols 3cos” 01

Wobbling Smol
h

Rotational axis

Dipole coupling of
rapidly moving mol.
depends on

Mol. axis angle &
Wobbling Smol




REDOR data for **C-1>N-labeled SM
in SM/Chol and SM only membranes .. *

1.2
= D.,=
& 4 | cn=265 Hz .
7] SM-Chal
=]
0.8
SM -13C,2-1°N-SM
0.6 D..,=150 Hz (D,=1302 Hz)
Cl — o SM/Cho: D, =265 Hz
SM only: D =158 Hz
0.2 -
0o 1 2 3 4 &5 B T N0 \O/E\/\le"ﬂ
Non-irr. S, Dephasing time (ms) H' e Ci7Has
1-13C,2-1°N-SM 1 @
Irradiated S Y
rradia 1’-13C,2-15N-SM/Chol (1/1)

50 % wt D,0
MAS 5 kHz, Temp. 45°C,

Scan 2896, T 4.0 ms

e C . | J.._nlu_hlLJ-_A_

L L] B T T ¥ L] T I Ll T B ' T T T l*il

]
200 150 100 50 0 15

1) Gullion, T et al. Adv. Magn. Reson. 1989, 13, 57-83.



REDOR reveals Smol and orientation

or amld bond
’xy. ?g 2 \ j

Not only conformatlon but orientation
IS not affected by Cho. Difference is |n mobDbility

1 N\ N

C1l /15N C2’ /N Cl1/™N C2 /N C3/™N

D, (Hz) 1302 232 233 1073 229
D, SM/Chol 265 12 63 82 33
D. SMonly 158 2 69 55 48

Rotational axis

2 —_
D, = Dy eSnole 3cos”6-1

Major conformer in SM-Chol: Smol: 0.94, (a, B) =J166°, 32°
Major conformer in SM only : Smol: 0.70, (a, ) §158°, 35° 6




Cho ordering effect and orientation lead to
intermolecular H-bonds

J\;)\NK-}
(r

High mobility

H-bonding
Formation Lo domain
) (raft-like)
« SM/Chol
Disruption

17



Motion capture of alkyl chains of membrane
lipid by °H NMR

Rotation axis

Quadrupolar AV,
Compling 63.8 kHz S
Small >
)
(o
Av
v 1 O\
)
Mobility
Large :
J —i Molecular motion capture
Me3N+\/\o o/\l/\/\/\/\/\/\/\/\ Moud 5 8 10 _12 14 16 18
3 \/\O P\O/Y\/\/\/\/\/\/\/\
Dz Dz D2 Dz D2 I32 D2 — 3
‘D; g e e et e Wms

P deut I ch
erdeutero-acyl chain Library of site-specifically 2H-labeled SM

Palmitoyl-sphingomyelin (PSM) 6



Synthesis of 2H-labeled fatty acids

O O 1) SOCl,, 80 °C, 16 h 6 O NaBD
> ROJ\@JVCmHzmH . >
RO f OH 2) CH3(CH5),MgBr (m=15-n), Cul n MeOH-CHCI5(2:1),
THF, rt, 2 h 0°C,2h
= =4, m=11. R=Et ’
R=EMeorEt  30.64%(2 steps) noem 93%
O D OH TsCl, Et;N, DMAP TR NaBD,
RO CrHom+1 > RO CmHamq+1 R >
n CH,Cly, rt, 45 h n DMSO, 80 °C, 14 h
n=4 m=11.R = Ft 74% n=4,m=11,R=Et 54%
( )
Q D o h NaOH Q D D
ROJJ\% m2m+1 HO)Lf%/CmHZnH
n MeOH-THF, 60 °C, 2 h n
n=4 m=11, R=Et quant 4:n=4.m=11




Synthesis of ?H-labeled SM

0] OH . OH
6 steps E 1) TBAF, THF, 20 min, quant P
HO/\l)LOH —»  TBSO” Y N “CiHy - — > PivO Ci3Hop7
NH, NHBoc 2) PivCl, pyridine, -30 °C, NHBoc
. 30 min, 78%
L-serine
1) TBSOTT, 2,6-lutidine, " Et.N, DMAP s N
CH,Cl,, 0 °C, 45 mi 3
022 min QT8S [O “CI benzene, rt, 1.5 h Ho, ,O OTBS
96% Me;f P :
» HO C13H27 > €3 \/\0' \O % C13H27
2) DBU, MeOH, rt, 22 h NHBoc 2) Me3N, CH3CN, 80 °C NHBoc
89% 65 h, 75% (2 steps) L )
Ho, 0 QTBS 1-9
MeN o~ Pl P CoHar
NHBoc DCC, p-nitrophenol, THF
rt, 18 h
TFA, CH,CI,
0°C,3h 02N\©\ o
1)EtsN, DMAP OJJ\CWH%D2
THF, rt, 15 h 11a-i
2) TBAF, THF
0°C,17h
Y
Me N O 6 ?H
3 \/\O O/\l/\/\/\/\/\/\/\/\ 2',2"d2', 3.,3.'d2', 4',4"d2', 6',6"d2', 8',8"d2',
HN 10',10'-d,-, 12',12'-d,-, 14',14'-d5-, 16',16'-d>-SMs

o 2234 6 8 10 12' 14' 16

20



Depth-dependent order of SM by H NMR

/N

Mobility

Q splitting Av (kHz)

60

50

40

30

20

10

45°C Raft (SM/Chol =1/1)
o ® o
® o
$
o
8® ® o,
o
Non-Raft ®
(100% SM)
o
o
3 56 8 10 12 14 16 18

carbon number

Matsumori, N.; Yasuda, T. et al. Biochemistry 2012, 51, 8363-8370.

60

50

40

30

20

10

0

<Sphingosin chain>

45 Raft
C o ©® © (sM/Chol=1/1)
o
oo ®
[ ° ® o PY
© o
Non-Raft °
° (100% SM) o
)
2234 6 8 100 127 14 16 1%
carbon number  <Acy chain>

Cho cyclic core

Both alkyl chains
interact with Cho
similarly.

21



Contents

I Domain Formation in Membrane

Sphingomyelin and Phosphatidylcholine System




Comparison between SM and PC

Both SM and saturaed PC are known to form Lo domains

. o d OH 1 o o‘Po 1 0
MGSN\/\O,P\&)/\(\/:\/\/\/\/\/\/\ EN0" \O/EY\OJ\:/\/\/\/\/\/\/\
1
[N : i O\n/\/l\/\/‘\/‘\/\/\/\/
\ O 7 | XA 4

-------

What is the difference between SM and
PC in formation of Lo domains.

Systematic comparison between SM and saturated PC

Space : Atomic ~ Molecular ~Entire membrane
Time : nanosecond ~ millisecond

Lipid constituents : Unary system ~ Ternary system

The structure properties make SM preferentially form lipid rafts >



Comparison of chain mobility between SM and PSPC

60

° Raft o Raft
50 - 50 C__ a
M s Commns ® (SM/Chol=1/1) ., Pt (PC/Chol =1/1)
~ / N, ) ’ & °
N F \ / A °
I 40 1 ‘. 10 - 1 [ ) 1
4 i * $ , [ I
D\ N \e ® / l 1‘ ‘ ! ¢
=l =30 N A @ e 30 4 ]
=] < 8 S~ _-- ® O V[ 1 e
S > 50 Non-Raft ° 20 o / ° o °
) S () (100% SM) ° "~==" Non-Raft °®
> =10 e 10 i (100% PC) @
)
O O T T T T T T T T T T T T T T T T , O T T T T T T T T T T T T T T T T ’
x 2’34 6’ 8 |10’ 12" 14 16 1% 2’3 4 6’ 8| 100 12° 14 16 18
carbon number  <SM acyl chain> carbon number  <PSPC acyl chain>
¢ 0.0 M 5 MeN. O_‘P"O 'j\/\/\/\/\/\/\/\
MeaN. -~ P, A ABAIIAIZAIEALEAIB N~o \o/\é/\ol
1
1 1
< SM-Chol > ; < PSPC-Chol> :
i i
1 1
o HO

H

The rigid tetracycle of Cho is located more deeply in SM membrane
Probably due to hydrogen bond network by amide groups of SMs

1) Matsumori, N.; Yasuda, T. et al. Biochemistry 2012, 51, 8363-8370. 2) Yasuda, T. et al. Biophys. J. 2014, 106, 631-63824



Temperature dependent ordering of SM and PC
at low Cho concentration

60

55

50

45

40

Q splitting Av (kHz)

35

20 mol% Cho Y 33 mol% Cho
> < 55 i
o T s o
< 50 $
RN ‘ > ¢ °
\‘~\\'\\\' < o
. \:\. o 45 O
@ 10,10-d,-SM - Cho 0.y E 4  910/10%d,SM-Cho
® 10',10'-d,-PSPC - Cho N ® 10',10"-d,-PSPC - Cho

T T T T T T T ? O 35 T T T T T T T 1
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55

Temperature (‘C)

Temperature (°C)

SM-Cho membrane is more tolerant to temperature change than PC-Cho membrane.
(Lesser temperature dependence)

Yasuda,

Higher thermal stability

SM intermolecular H-bond (membrane surface)

Cho ordering effect (membrane interior)

T. et al. Biophys. J. 2014, 106, 631-638.
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Evaluation of membrane fluidity in nanosecond

time domain Fluorescent

Ifetime experiment

Fluorescent lifetime t 10*
The average time that fluorophore

remains in the excited state (ns) 10°

Dependence on lipid phase state 102

Example :SSM+33 mol% Cho
30 C

Measuring
data

==

Intensity [Counts]

Gel phase

L, phase

:
| : ! Esgs si # Ez 0
$ %y
SAA0AL SUSEL LANIYY
Fluidity Low High
Lifetime Long Short
HO\I]/\/\/\/\/\N\///\/
o) 2 mol% of
trans parinaric acid (tPA) total lipids

Ao =295 nm, A, =405 nm

i

200 240 280 320 360 400

time [ns]

40 80 120 160

%k Deconvolution by two lifetime
components

n

[(t)= ) wexp(-t/7)

i=1

= a,exp (-t/t,) + o,exp (-t/t,)

T,, T, .. lifetime of each component

fractional amplitudes of
each component

oy, 0y ..

ND
oy




Membrane fluidity on nanosecond time scale

SM/33 mol% Cho i
70 i

T« Cho-poor gel-like + L, | Lo+ Ly Nogelphase existsabove T,,,
= 50 °
40 o
v ®
° Over T, L, domain [
g 30 . > 45 °C) o Ly domain
Q 20 * o o °
= 10 - e e o
° o S
0
15 20 25 T30 35t 400C 45 50 55 Under T, Cho-poor
emperature (C) (< 45 °C) gel-like L, domain
domain

T, @ @ Longer lifetime

- Lower fluid domain
r, ® @ Shorter lifetime Gel phase
- Higher fluid domain Wcﬁ (TT (T?mﬁ
— |

memeremom (UL B0

NMR cannot detect the coexistence of domains.

.. . o Low concentration of Cho -
Lipid cluster with short lifetime Similar behavior with gel phase

27



Hypothetical model for interconversion of nano-domains

Below Tm
(<20 °C)

Above Tm
(>49 C)

L, domain L, domain Ly domain L, domain Ly domain L, domain

)

1) Chachaty, C. et al. Biophys. J. 2005, 88, 4032-4044. 30



Difference in dynamic behavior between SM and

PC iIn Cho ntalnlng blnarv svstems

M - 'I- 6 810" 12 14" 16" 18 PSPC ° :3
:I:E§£§\4r :I:E§£§\«T
| HO

2H NMR Hydrogen bond

Lipid mobility Present network Absent
at atomic level
Deeper Location of Cho Shallower

Fluorescent ",,Smaller Temperature dependence of Larger \‘,
lifetime < i lipid ordering E
Membrane flt | i
nanosecond tim These data suggest that SM-SM ver |
H-bonding plays major roles rather than i
time |}

SM-Cho interaction. .29



Can SM form macroscopic domains without Cho ?

SM: Sphingomyelin (C18) DHSM: Dihydrosphingomyelin (C18)
a)SM OH b) DHSM
N NP w \ / o, 0
e \/\O/ \0/\|/\/\C13H27 VS o \ /\I/\\/\ CoaHr

Cq7H3s

g

@)

-Major SM in human
- Raft model lipid

- Relatively abundant SM homologues
+ - Form more stable Lo domains than SM

- O
Me K‘ O\P’/O )l\/\/\/VW\/\/\/
3 \/\O/ \O/\l/\o =S
O\n/\/\/\/\=/\/\/\/\

@)

DOPC: Unsaturated PC, a typical Ld lipid in the presence of SM and Cho

Kinoshita, M., Goretta, S., Tsuchikawa, H., Matsumori, N., Murata, M., Biophysics 9, 37-49 (2013). 30



DHSM forms macroscopic domains without Cho
DHSM

SM =70
70 - . 1 7> 60 {60
a Uniform . L
4 U . 1
60 - Z 504 Uniform s
) x
: g‘ \\ 1 1 2 ‘
Tl o 40 . 8 J40
L , v LA, . |
a ] \‘ = 30 L \\ ':I“)
c 404 ° # . Phase separateq
& ] \\ 7)) I — |7
s0d % Phase separated 00 02 04 _ 06 08 10
L Mol. Ratio of DOPC
T =
20 —— : . : . : :
0.0 0.2 0.4 0.6 0.8

Mol. Ratio of DOPC

Separated MixXed again

+DOPC
Kinoshita, M., Matsumori, N., Murata, M. Biochim. Biophys. Acta 1838, 1372-1381 (2014). 3 1



Approaches towards Membrane Lipids with
Variable Time and Spacious Scales

Elucidation of the molecular basis of
lipid rafts formation

piomembrane

Raman Imaging

2H solid state NMR Entire membrane level

(2H NMR) Ternary

system . o
y Fluorescent lifetime

Several ns time scale

Molecular level
10-1000 ps time scale Unary and binary
systems




Domain separation of ternary SM/Cho/DOPC
as observed by microscope and ?H NMR

Solid state 2H NMR

Fluorescence microscope . G .o OH
MesN\/\O:PZO : ~-C2Has
D _D
GUV Sample : SM/Cho/DOPC (1/1/1 HN C7H;
P /Cho/ 0 1/172) _ 10’,10’-d,-SM oSt
+ 0.2 mol% Bodipy- PC (A, = 488 nm) 0 )
T:30°C 51.5kHz 0 C

0o_.,0

4

0
MegN" o~ o Pl g AN Ciatas s \
) \ N N
! o |- 36/0 kHz
Ld-specific fluorescent dye
SM rich 748
(L, 48)

. 1 375 B ) ’ AU
DOPC rich % g8 10,10"d,-SM/Cho/DOPC (1/1/1) (D?H
(L, #8) NMRZARZ L

Two pairs of doublets

GUV of SM/Cho/DOPC (1/1/1)

33



Fractional abundance of Ternary SM/Cho/DOPC
system as revealed by ?H NMR

83 % (43%)
Cho 80 % (41% 20 % (19%)
DOPC 31 9% (16%) 69 % (65%)

\ 040 ¢H J
“ \/\Of KO/Y\/\/\/\/D\/D\/\/\ A
HMN
Y\/W\%/VW i
o HO

10'-d,-Sphingomyein b 3-d4-Chol

|||||||||||||||||||||



Depth-dependent order of Lo and Ld domains
in SM-Cho-DOPC system

g n:+ o  ©OH
Me: 1-»..-"‘“‘0 GWMM
HH
SM GEF A4 6 8 10 12" 14" 16 18

3

60
N . 30°C
i 50 i . b ]
3 40 ¢ -
£ 30 A
k & A A N L
-
N 20
A ® Ssm/Chol
A B SM/DOPC/Chol
10 (SM rich 57 +#8)
& SM/DOPC/Chol
0 I | I I I I | I I I | | (DOPC rich & &at8)
o Q! 10 19 147 16 A SM/DOPC
Lo domains of ternary and binary systems showed similar ordering
)

Occurrence of SM-only domains even in ternary systems
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Il Raman Imaging of Raft Model Membrane

Development of new Raman Tagged Sphingomyelin




Labelled lipids for fluorescence spectroscopy
do not reproduce original lipids due to balky
substituents

/Fluorescencelmaging — 3 \
T TR

R pee! |

0” o NEt,

biomembrane raft
\/ Q. OH -o 0 ™=

‘P’/ = /7 = Drawback:
- \/\0, \o = c13Hz7 NH Dye \/\ P\ = 1sHa

7  +alteration of lipid structure

HN*Dye HN \n/Cnst * lower packing ability

k o * lesser accumulation in the raft //

( Raman Imaging e on r

W+\/\or \OW ibla
n

xiocf
1=

Advantages of such a model:

* structures of lipid and analogue are similar
* should retain most of lipid properties

* should closely mimic native lipid behaviour

biomembrane raft

~\u



Small Raman tags of SM for imaging

0,0 2in

N

R _P<
M\O O/\I/\/\/\/\/\/\/\/\
HN m/\/\/\/\/\/\/\/v

@)
R: \&/ .\ HO™ D3C +,CD3
_Ng \/N : \+ _N. >
SM alkyne-SM (1) diyne-SM (2) SM-dg (3)
o) OH
0. ° OH dy-4-nitrophenyl - 0.y L
o COOH 10 steps \;P\o/\l/_\/\c y toarate, Et,N, DMAP | g xo/\l/\/\/\/\/\/\/\/\
NHBoc - “\'_/_O NH, TFA e . ” \N‘—/_ HNWW\/\/\/\N
Boc-L-Serine :—/N+ THE Tt 1o = o} ?
HO -0 JP QH
—— \,p\o/\l/'\/\/\/\/v\/\/\
NiCl,6H,0 - _/—0 N
Cul, TMEDA N+ Y\/\/\/\/\/W\/
- . /%/ o 2
THF, air HO

42%

Goretta, S. A., Kinoshita, M., Mori, S., Tsuchikawa, H., Matsumori,N., Murata, M.
Bioorg. Med. Chem. 2012, 20, 4012-4010. 38



Diyne moiety shows strong intensity in
background-free area

Closeup

Quartz N,
-1 Triple bond

%N
-t
w
N

2263+~

-2 Diyne

.

Intensity (a.u.)

2132 ’2184

W -3 Deuterated
: -SM

: -DOPC

; M— Chol

T T T T T | I — i g y———
1000 1200 1400 1600 1800 2000 2200 2400 2100 2200 2300

Raman shift (cm™)

Cui, J., Lethu, S., Yasuda, T., Matsuoka, S., Matsumori, N., Sato, F., Murata, M. Bioorg. Med. Chem. Lett.
25, 203-206 (2015).



Diyne SM shows similar behavior to
original lipid on °H NMR

H NMR Spectra

()

DOPC
SM

SM
Diyne-SM Diyne-SM

-30 | 0 | 30 -3l0 0 3l0

kHz kHz
(a)d,-SM/DOPC/Cho (1/1/1 mol), and
(a)d-Cho/DOPC (1/1 mol), (b) d,-diyne SM/DOPC/Cho (1/1/1 mol) at 25 °C.

(b)S_M/d'ChO/DOPC (1/1/1 mol), and Cui, J., Lethu, S., Yasuda, T., Matsuoka, S., Matsumori, N., Sato,
(c)diyne SM/d-Cho/DOPC (1/1/1 mol) at 25 °C. F., Murata, M. Bioorg. Med. Chem. Lett. 25, 203-206 (2015). 40



Diyne probe mimics SM in Lo domains
on supported monolayer

-~z

=
\(_‘i L ] L) L] L L) L)
=
(72 ]
| -
<
b =
Fluorescence — O 10 20 30 40 50 60
Scale (pm)
Fluorescence Raman Fluorescence + Raman

Quartz-supported monolayer Diyne-SM/Cho/DOPC (1/1/1 mol)



Concentration graduation of SM revealed
by Raman imaging

10 20 30 40 50 60
Scale (pm)

Monolayer of diyne-SM/DOPC/Cho (1:1:1)

42



Summary

Site-selective 2H labeling precisely discloses depth-

dependent mobility of alkyl chains of SM and PC in Lo and Ld
membranes

Intermolecular hydrogen-bonds play a key role in SM-SM
interaction, which may lead to formation of raft-like Lo
domains.

Nano-domains largely consisting of SM can be formed in the
presence or absence of Cho.

Formation mechanism of SM/Cho-rich rafts in
biological membranes 43




Hypothetical nano-sized cluster of SM
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SM-Cho interaction results in stable SM-SM
hydrogen bond formation while SM-Cho
affinity is not high

High mobility Low mobility
Hydrogen Bond | |
Lo phase association
dissociation
Ld phase ;
(non-raft)

SM 100%




Lo domain-forming ability in SM and PSPC memb.
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Mean lifetime (ns)

Temperature dependence of mean lifetime
In SM and PSPC membrane containing Chol

Mean lifetime :
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Similar behavior to the data from °H NMR

The decreasing degree of lifetime in SM membrane is smaller with increasing temperature.

The local mobility of acyl chain in phospholipids is closely correlated

to the entire membrane order. 52
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Temperature (°C)
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Figure 7. The partial molecuar area of chol in (blue) diyneSM/chol and
(red) SSM/chol binary monolayers at 5 mN/m was estimated from Figure 5

c and d.

Table 1. Areal compressional modulus of SM Cg,,* (mN/m)
at 5 mN/m.

Xchol=0 Xchol = 0.5
(LE phase) (ordered phase)

diyneSM 33+10 13020
SSM 47x+10 12020
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