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The pathological hallmark of Alzheimer’s disease (AD) is the form of senile plaque in
the gray matter of the brain. Among the senile plaques of AD patient brain tissue, the primary
component of ‘the plaque is amyloid beta (Af). Although it is pobularly regarded that the
 toxicity of AB is derived from small or larger oligomeric AB, the formation mechanism of the
AP aggregation is not clear. The AB binding to several photopolymerized oligosaccharides
containing sialic acid was investigated in an effort to develop new ways to prevent Af
toxicity. From the primary pathological change in AD, the structure of AR combined with
ganglioside GM1 (GM1), a glycosphingolipid, was indentified by fractionation and
immunochemical AP detection. Several recent reports revealed that GM1 forms a seed
complex with AB and accelerates the formation of toxic AP oligomers and/or AB fibrils,
which have been implicated as a cause of neuronal death in AD. In order to investigate the
interaction between GM1 and A in detail, the author studied the polymerizing reaction of
AB40 on GM1-containing supported planar lipid bilayers (SPBs) on mica and SiO; substrates
using atomic force microscope (AFM) and fluorescence microscope (FM), and examined the
GMI1 structure in the SPBs active for the AP40 aggregation by molecular dynamics (MD)
computer simulations. These SPBs contained various compositions of sphingomyelin (SM),
cholesterol (CHOL) and GM1, and were treated at physiological salt concentrations.

In the present study, a unique structure of GM1, which accelerates the formation of AP
oligomers, was investigated. Previous liposome studies showed that AP fibrils form when
AB40 monomer and liposome containing GM1, CHOL and SM at the ratio of 20:40:40 are
incubated at 37°C and that GMI plays the crucial role for the initial step of the AP fibrils
formation. It is well known that the A fibril does not grow from AB40 monomer solution
without a specific "seed", for which fragments of A fibril are generally used. GM1 is one of
major gangliosides distributing at the gray matter of the brain, thus it is quite important to
clarify the mechanism how the GM1 works as the seed of the AP fibril formation on the

molecular level. The author prepared SPBs consisting on GM1, SM and CHOL on mica and



Si0,/Si(100) as model cell membranes, and investigated the phase separation behavior,
molecular distribution and the activity of AP fibril formation in the GM1-containing SPBs.
" The author found that the phase separation and the domain structure of the SPB highly
depend on the substrate material. Unique triangular domains are often observed only on the
mica surface, and the AB40 fibril formation proceeds on the phase-separated SPB on mica,
while no phase separation occurs and no fiber-like structure grows on the SPB ‘on the SiO,
surface. In order to investigate the detailed structures and orientation of the lipid molecules
and the sugar chains of the GM1 head group, the author performe(i MBD simulation of lipid
bilayers consisting of ions, water boxes and lipid molecules. The models with various lipid
ratios were constructed and structural optimization was performed by using NAMD program.
The author included the effects of the substrates by arranging immobile water molecules at
one side of the bilayer to mimic the "structured water layer" at the solid-water interface. The
author proposes interdigitated lipid disorder domain (ILDD) model for the GM1-rich region
in the SPB on mica, in which the hydrocarbon tails of the lipids are inserted into the opposite
leaflet partially and have disordered orientation. Clustering of the sugar chains at the GM1
head groups occurred at the ILDD domains, and this GM1 cluster will be the active site for
the formation of the seed of AB40 fibrils.

In the former half of the doctorél thesis, the author described the formation of SPBs
composed of SM/CHOL/GM!1 on mica and SiO,/Si(100), their phase separation behavior and
AP40 reaction on the SPBs. These SPBs were formed by vesicle fusion method on the SiO,
and mica surfaces. On mica substrate, triangular domains were often observed in a 40:40:20
SM/CHOL/GM1 SPB after the SPB was incubated at 37 °C for 24 h. The size of the triangle
was different from sample to sample. Even in the triangle domains, further phase separation
is observed after longer incubation time. The morphology and height of these SPBs were
measured with AFM, and the distribution of SM and GM1 was identified by using FM and
CTX-B assay, respectively. After adding the AB40 solution to the SPB on mica, A fibrils are
formed in the GM1-rich area. Moreover, after adding AB40 to a 50:50 GM1/CHOL SPBs on

mica, the A fibrils are also observed. But on the SiO, substrate, any phase separation was



not observed and globular AB40 agglomerates were formed instead of the fibrils.

MD was used to simulate the detailed structure of GM1 molecules in the SPBs on mica
and SiO, substrates. In order to simulate the effect of mica substrate, a fixed water layer was
set under the lipid bilayer models. The oxygen atoms of the water molecule were set at the
same level and arranged in a hexagonal lattice. The distance of each oxygen atom in the fixed
water layer was 0.52 nm corresponding to the unit cell size of mica. Because of the
distribution of GM1 and SM is different between in and out of the triangle domains, the ratio
of GM1/SM/CHOL is varied in different lipid bilayer model. After equilibration for 10
nano-seconds, the thickness of each model was determined so that the simulation data were
consistent with experimental results.

The experiment and simulation results show that the AB40 fibrils observed at the all
GM1 concentrations examined on the mica surface are attributed to the molecular
conformation of GM1 clusters induced by the clustering effect of GM1 molecules, and by the
strong interactions between the GM1 head group and the water molecules bound closely to
the ditrigonal cavities in the mica surface. These effects cause the ILDD structure in the
GM1-rich areas. The detailed molecular conformation of GM1 in each domain in the SPBs
on Si0O, and mica surfaces has been determined, and these results represent an important step
in the precise molecular characterization of AB-GM!1 interactions.

In the latter half of the doctoral thesis, the formation mechanism of the ILDD, which is
observedl in the GM1/SM/CHOL bilayers on a mica surface and accelerates the formation of
AP fibrils, is investigated by MD simulation. GM1 molecules have the tendency to form
clusters via the intermolecular hydrogen bond at their hydrophilic headgroups. Under the
influence of the mica surface and the fixed water layer, the GM1 cluster forms the ILDD
structure. In order to investigate the effect of GM1 concentration in the formation process of
the ILDD, the ratio of GM1/SM in the lipid bilayer model was varied. The effect of SiO;
surface was simulated by setting a fixed water layer with random water arrangement under
the lipid bilayer model. The MD simulation results show that the ILDD structure is stable

both on mica and SiO, surface. But it was not observed on the SiO, surface experimentally,



that is, the phase separation to the SM- and GM1-rich micro-domains is not induced on the
Si0O, surface. This indicates that not only clustering effects but also the surface effects on the
mica are essentially necessary to induce the phase separation. On mica surface, the ILDD
structure is formed and each size increased through the coalescence during incubation.
Because the coalescence process is sensitive to the slight uncontrollable change in the
'experimental conditions, sometimes the triangular domains were not observed.

Briefly, in the GM1-containing SPBs, the activity for the AP40 aggregation and the
shape of the agglomerates depend on the molecular conformation of GM1, which varies
depending on the substrate materials. On mica substrate, the GM1 molecules at the GM1-rich
area are significantly active for the AB40 fibril growth, thus work as the seed of the AB
aggregation. A;:cording to the MD results, the author proposes that ILDD structure is
.essential in the GM1-rich area in the SPBs on mica. The detailed knowledge about the GM1
molecular conformation obtained in this work will be valuable for the future researches on

the detailed mechanisms of interaction between A and GMI1.
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DOHFEETED LR TNBED), 2) REEET ABDOEEERISHEE 500, (3) 28
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REMTRENTWD, F2 ETH., LREORM) LQ) KEADLDOEREFERK Y I
L—a VORBERBPEBENTWS, FRICLY, ZAK KAV OIMIIL GM1 Y v F2HE,
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MBABILBbot, SAHRNAL VANDZERBOEL L S0, L0 T EEOREL % EH
WWEHAIL, 2N b DESRE L &0, BHEE I a2 L—Ya il d> T, TRTRLOMICEIT 5
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B 1 RBOZANPMERZETAIREKE OBEEERNAENREEEZRILLTHD I LEZHLR
{2 L7z, GMI1 5F08 ABDEREIZE DD Z LT BN TV oA, AR T, BEEEN GMI
DFOEEICREEFTDIZ ., PIDTHLMI L, EI3ETI, O LD RESEER,
<A WREOHRLBEEKLIEE_EBREL OREERICNA., GML FFDb 27 T A F—HK
B L > THBRBENTWAEI L, vA IREAOREKBORELEB LLBE _EBORE
MO & . IRE ST OTBEEDHTIC L VLM LT,
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