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Chapter 1. General introduction



1-1. Protein misfolding and amyloid fibrils

The correct folding of unfolded proteins to native structures is essential for their

biological functions. However, proteins undergo partial and large denaturation under certain

conditions and these processes are often linked to irreversible aggregation. Aberrant

aggregation of the peptides and proteins causes a number of neurodegenerative diseases (1).

Up to date, approximately 50 disorders have been shown to be associated with the misfolding

and aggregation of normally soluble, functional peptides and proteins (2). These disorders

have been caused by ageing or lifestyle.

Largely, the types of protein aggregates can be classified depending on the

morphology and degree of ordered structure. The aggregates which do not adopt unique

conformations are amorphous aggregates. In contrast, the ordered aggregates which contain

cross-P structures and are morphologically long in shape are amyloid fibrils. William Astbury,

a pioneering biophysicist, stretched a poached egg white into a fiber in the X-ray beam and

observed the cross-p fiber diffraction pattern in 1935 (3). Astbury reasoned that, in such

fibers, elongated protein strands must be stacked along the fiber axis forming protein sheets

that was parallel to each other. In 1968, the characteristic cross-p diffraction pattern was

observed when X-rays were directed on amyloid fibers, as Asbury’s suggestion (4). This
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cross-p diffraction was similar in six different proteins; each one was associated with a
different clinical syndrome. Based on these results, the diffuse reflection at 4.8 A spacing
along the vertical shows extended protein chains running roughly perpendicular to the fibril
and spaced 4.8 A apart. The even more diffuse reflection at ~10 A spacing along horizontal
shows that the extended chains are organized into sheets spaced ~10 A apart (5).

However, amyloid fibrils with large molecular sizes are inherently noncrystalline
and insoluble materials. Thus, these natures still hamper the determination of internal
molecular structures of amyloid fibrils by traditional methods with high resolution such as
X-ray crystallography and multidimensional nuclear magnetic resonance (NMR)
spectroscopy. Over 10-15 years, their internal molecular structures have been investigated
through the application of less traditional methods. One of the most powerful methods is
solid-state NMR (ssSNMR) spectroscopy. ssSNMR with various pulse sequences which are
tailored for molecular assemblies has shown its application to insoluble and non-crystalline
aggregates (6). Detailed structural information at the molecular level is essential for
understanding the underlying mechanism of the amyloid formation and help to the drug
design.

The whole fibrillar self-assembly process is divided to the two processes:



nucleation and elongation steps. The formation of transient nuclei is a rate-limiting step, thus

it takes a time. On one hand, the elongation step occurs rapidly. Amyloid fibrils can be

detected by the fluorescent agents such as Congo red and thioflavin T (ThT). ThT is the most

widely used to assay amyloid fibrils since it produces a strong fluorescence by binding to

amyloid fibrils (7). Therefore, ThT-based kinetic observation on the formation of amyloid

fibrils is mostly popular. As shown in Fig. 1, the period where ThT fluorescence does not

show the increase in the intensity in an earlier stage represents the nucleation step, and the

middle part where ThT fluorescence increases indicates the elongation step. The last plateau

phase shows the stationary states where the elongation reaction is finished.

>
&
E | ThT
£

|_

%H%H Time

Nucleation, Lag time Elongation
FIGURE 1. Typical kinetics of amyloid formation. Monomers of amyloidogenic proteins
are dissolved in solution. ThT is not bound to monomers. It takes a time to form nuclei, and
this term is called nucleation reaction. Followed by lag time, elongation reaction is started.
ThT is bound to elongating fibrils. After elongation reaction, monomers were depleted and

intensity of ThT becomes plateau.
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1-2. Interactions between amyloid-forming proteins and membranes

Many researchers have tried to demonstrate the mechanisms of the fibrillation

using a variety of amyloid-forming proteins. They found that the fibrillation occurred due to

several reasons including suppression of diffusion, solubility limit, and physicochemical and

conformational property of proteins (8-10). The concentration of proteins in vivo is normally

much lower than that for in vitro experiments. Thus, researchers searched for biologically

relevant factors which induced amyloid fibrillation in vivo and started to focus on the role of

lipid membranes. Since lipid membranes condense proteins which increases the effective

concentration, e.g., decreasing solubility, and reduces the diffusional dimension of the

proteins from three to two dimensions (11,12). Binding of amyloidogenic proteins to lipid

membranes also induces conformational changes of proteins. For example, amyloid B (AB)

peptides (Fig. 2a), which are the main constituents of the senile plaques in the brains of

Alzheimer’s disease patients, were bound to membranes containing GM1, one of glycolipids,

and the formation of amyloid fibrils of AB peptides was markedly enhanced (13). Intrinsically

disordered o-Synuclein (aSN) (Fig. 2b), of which accumulations are responsible for

Parkinson’s disease, changed the conformation to an extended a-helix. Interestingly, the

conformational transitions depended on the surface curvature and charge of the membranes



(14,15).
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FIGURE 2. Amino acid sequence of Ap and aSN. Primary amino acid sequence of AP

(1-42) (2) and aSN (b).
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1-2-1. Interactions between amyloid f and membranes

In vivo, AP peptides consist of 39-42 residues and are produced by sequential

cleavage of the transmembrane amyloid precursor protein (APP) by B- and y-secretase

(16,17). The difference in the length of AP peptides depends on the cleavage site by

y-secretase. The most typical types are AP (1-40) and AB (1-42) peptides, which consist of 40

and 42 amino acids, respectively. These peptides contain six positively charged residues, Six

negatively charged residues, and hydrophobic residues in the C terminal part. The AB (1-40)

and AP (1-42) peptides are found on the senile plaque and Ap (1-42) peptides are reported to

be more toxic than AB (1-40) peptides (18).

The concentration of AB peptides in vivo is about a few nM (9,17,19,20). However,

the fibrillation of AP peptides in vitro requires more than a few uM (21,22). To resolve this

discrepancy, lipid membranes were focused. Yanagisawa and coworkers reported that AP

peptides bound to GM1 accelerated the formation of amyloid fibrils (13). Subsequently to

this study, a lot of researchers examined the interaction between AP peptides and membranes.

Matsuzaki and colleagues suggested that the binding of AP peptides to GM1-containing

membranes induced a transition from random coil to a-helix at the low peptide/lipid ratio

(23). At the high ratios, the membranes promoted the transition to $-sheet-rich conformations,



which indicated the formation of amyloid fibrils due to the acceleration of nucleation on

membranes. Meanwhile, using model membranes, other studies showed that the propensity

and mechanism of aggregation of the amyloidogenic protein and peptide depended on the

component of lipids (12). Physicochemical properties of constituent lipids were found to be

an important factor for determining a pathway of aggregation of proteins.

One of the most critical physical features of the membranes in living cells is

curvature which has been less focused in some protein misfolding and aggregation.

Depending on the degree of curvature, it was conceivable that the binding mode and

conformational transitions of proteins on membranes or nucleation could be altered.

Therefore, | focused on the effect of a curvature of the membranes on the fibrillation of AB

(1-40) peptides. In the chapter 2, | showed that the membrane curvature was one of the key

factors to control amyloidogenesis of Ap (1-40) peptides.
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1-2-2. Interactions between a-synuclein and membranes

a-Synuclein (aSN) is divided into the three main regions on the basis of the

physicochemical property of amino acid residues: 1) the N-terminal region, which is

amphipathic in nature and contains a lot of positive charges at neutral pH. The N-terminal

region plays a central role in binding to membrane surfaces with a conformational shift to an

a-helical structure; 2) non-amyloid B component (NAC) region, which displays a high

tendency to aggregate into amyloid fibrils with high local hydrophobicity; 3) the C-terminal

region, which is highly negatively charged (24).

The N-terminal region has shown its capability of binding to negatively charged

small vesicles such as vesicles which mimicked (pre)synaptic vesicles. aSN was found

around the synaptic vesicle and nuclear membrane in cells (25,26). Accordingly, synuclein

was named after the property of the localization in cells. Despite of extensive endeavors,

biological functions of aSN still remain unclear.

Although the localization of aSN around nuclear membrane is needed to be more

obvious, a line of compelling evidence showed the presence of aSN around synaptic vesicles.

In this context, active studies on the interactions between aSN and synaptic vesicles has been

progressed (27). To mimic the membranes of synaptic vesicles in vitro, small unilamellar



vesicles (SUV) containing phosphatidylcholine (PC), phosphatidylethanolamine (PE), and

phosphatidylserine (SE) were used. It was reported that aSN, bound to this vesicles, changed

the conformation from random coil to a-helical structures and it was suggested that helical

structures were intermediates along the pathway of amyloid formation (28). However,

membrane-bound a-helical structures are thermodynamically stable states (29,30). Therefore,

it can be also rationalized that the transition of a-helical structures on the membranes to 3

structures of amyloid fibrils are not easy as generally expected.

In order to answer this question, in the chapter 3, | examined the interactions of

aSN with the two types of SUVs: one is presynaptic vesicle mimicking (mimic) SUVs and

the other is SUVs which consisted of DOPC lipids for control. Then, | investigated the

conformational transition of disordered oSN to other structural states. Treatment of

ultrasonication, which promotes the formation of amyloid fibrils (31,32), was simultaneously

introduced to form amyloid fibrils of aSN.

Considering the pathological and biological relevance, | further utilized the mutant

(aSNas3t) of familial Parkinson’s disease and two C-terminal truncation mutants (aSNyo3 and

aSN129). Moreover, to verify the importance of the charge in C-terminal region in the initial

conformational states and fibrillation propensity, | also introduced a charge-neutralized

10



Chapter 1

mutant (aSNnc). I showed that the degree of a-helix depended on the concentration of lipids

of mimic SUVs and was important for regulating amyloidogenicity of aSN.

11
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Chapter 2. Small liposomes accelerate the fibrillation of amyloid f§ (1-40)
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2-1. Introduction

Alzheimer’s disease is one of the most deleterious neurological diseases. The main

cause of this disease has been attributed to the deposition of amyloid  (AB) peptides in the

brain (8,22,33); therefore, a large number of studies have examined the mechanism

underlying the fibrillation of AP peptides in vivo and in vitro. AP peptides are produced by

the sequential cleavage of the amyloid precursor protein with § and y secretases. Although A3

peptides are initially disordered in solution, they fold to form an oligomeric nucleus, possibly

with a large amount of cross-f structures. Elongation then occurs, resulting in the formation

of mature amyloid fibrils (18,22,34). The structures and toxicities of oligomers, which are

directly responsible for cytotoxicity, were the recent targets of studies on Alzheimer’s disease

as well as other amyloidosis (35). In a previous study using NMR, it was reported that one of

the initial structures of oligomers was a non-f-sheet structure containing 3-10 helix in

solution (36).

Ap peptide concentrations in vivo were shown to be a few nM (~5 nM) (9,17,19,20),

whereas fibrillation in vitro requires an order of magnitude higher concentration (21,22). To

clarify the reason for this difference, many studies proposed that Ap peptides might interact

with lipid membranes, which decreases diffusional dimensions and increases the local

14
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concentration of AP peptides (13,37,38). Various studies showed that specific membrane

components (e.g. cholesterol, sphingomyelin, ganglioside, etc.) interact specifically with Ap

peptides, and this interaction has an important role in A fibrillation (13,39-43); however

other studies challenged this proposal (44,45). Recently, a two-step mechanism of membrane

disruption by AP peptides has been proposed, in which (i) AB oligomers bind to the

membrane to form ion permeable pores and (ii) the process of AP fibrillation causes

membrane disruption mainly due to the interaction of AP fibrils with gangliosides (43,46).

Amyloid fibrillation of various proteins, other than AP peptides, in lipid

membranes has been extensively studied. Lipid membranes are known to be involved in the

fibrillation of a-synuclein and human islet amyloid polypeptide, which are associated with

Parkinson’s disease and type 2 diabetes, respectively (14,47-49). Various kinds of lipids that

affect amyloid fibrillation have also been studied, and the findings obtained revealed that

electrostatic interactions between proteins and membranes facilitated the binding of proteins

to the membranes as well as their fibrillation (14,50,51). The size or radius of liposomes may

also be an important factor for determining these interactions: a-synuclein binds to small

unilamellar vesicles and islet amyloid polypeptide interacts with highly-curvature membranes

(52-54).

15



However, the role of membrane properties on the fibrillation of AP peptides has not yet

been elucidated in detail. Previous studies using giant unilamellar vesicles of

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) suggested that AP peptides binding

caused membrane deformation (55,56). A simulation study revealed that the accumulation of

AP peptides deformed membranes to produce highly curved membranes (57).

Thus, the deformation of membranes may be one of the key factors that accelerate

fibrillation. Moreover, the presence of AP peptides in the synapses in vivo caused a

dysfunction in synaptic vesicles with a diameter of approximately 40 nm (58). Because the

binding of AP peptides to a membrane and the subsequent deformation is a linked

phenomenon, the presence of deformed membranes may accelerate the binding and

fibrillation of AB. Membrane curvature, one possible type of membrane deformation, can be

controlled by changing the radius of liposomes; therefore, studies are needed to verify the

relationship between membrane deformation, binding, and fibrillation.

| herein examined the effects of liposomes of various diameters on the amyloid

fibrillation of AP (1-40) in order to determine whether the fibrillation depends on the

membrane curvature and consequent increase in water-accessible hydrophobic regions. |

chose DOPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as the liposome

16
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components, because AP binding was reported to bend phosphocholine membranes (57) and

phosphocholine, a zwitterionic lipid, allowed us to focus on the effects of membrane

curvature while minimizing the effects of electrostatic interactions (39,59). It was previously

observed that, although AB (1-40) is relatively easy to keep in monomeric states, AP (1-42)

forms nuclei for spontaneous fibrillation much faster than AP (1-40) (60). Consequent

explosive fibrillation of AP (1-42) resulted in a large number of short fibrils, minimizing the

interaction with the surface. Thus, to address the effects of membranes, | chose Ap (1-40),

although it will be important to compare AP (1-40) and AP (1-42) to obtain further insight

into the interactions of Ap with membranes.

The results of the present study revealed that membrane curvature is an important

factor for determining the amyloid fibrillation of AP (1-40). Liposomes of larger sizes

decreased the length of amyloid fibrils, and this was accompanied by an increase in the

amount of amorphous aggregates. These results suggest that amyloid fibrillation on

membranes competes with amorphous aggregation, thereby providing an insight into the

mechanism underlying synaptic vesicle impairments.

17



2-2. Experimental procedure

Materials—Lyophilized AB (1-40) purchased from Peptide Institute Inc. (Osaka, Japan)

was dissolved in a 0.05% (w/w) ammonia solution at a concentration of 100 uM and stored at

—80 °C. Phospholipids: DOPC, POPC, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS),

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)

(Rho-DOPE) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Thioflavin T

(ThT) and 8-anilino-1-naphthalenesulfonate (ANS) were obtained from Wako Pure Chemical

Industries Ltd. (Osaka, Japan) and Sigma-Aldrich Co. (St. Louis, MO) respectively. All other

reagents were obtained from Nacalai Tesque (Kyoto, Japan).

Preparation of liposomes—Liposomes were prepared as previously described (61).

Briefly, lipids (~10 mM) were stored in methanol stock solutions. Lipid films were prepared

by drying appropriate amounts of the stock solution in a stream of dry nitrogen, followed by

desiccation for at least 1 h to ensure removal of the organic solvent. Appropriate buffer

solutions were added and vortexed to rehydrate the lipid films. After ten freeze-thaw cycles,

lipid suspensions were extruded 20 times through 50-, 100-, or 200-nm polycarbonate

membranes (Whatman, Clifton, NJ) using a miniextruder (Avanti Polar Lipids, Inc., Alabaster,

AL) just before use. Liposomes with a diameter of 30 nm were prepared by an ethanol

18
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injection method with slight modifications (62). Appropriate lipids (~100mM) in methanol

were diluted to 10% (v/v). After vortexing, the lipid suspension in the tubes were set on a

water bath-type ultrasonic transmitter with a temperature controller (ELESTEIN

SP070-PG-M, Elekon Sci. Inc., Chiba, Japan), which applied repetitive ultrasonication pulses

to samples from three directions (63). The temperature was set to 37 °C and ultrasonic pulses

were applied with repeats of 1 min ultrasonication and 9 min quiescence for 3 h. After

ultrasonication, this suspension was centrifuged to precipitate multilamellar liposomes or/and

aggregations of lipids followed by the collection of the supernatant. As this supernatant may

contain methanol, it was dialyzed against an appropriate buffer twice. After dialysis, the

concentration of lipids was quantified. Liposome sizes were measured by dynamic light

scattering using DynaPro Titan (Wyatt Technology Co., Goleta, CA), using vesicles of 100

uM DOPC. Liposomes containing the fluorescence lipid (Rho-DOPE) (0.1% mol) or DOPS

were prepared using the same procedure as described above.

Analytical ultracentrifugation—The sedimentation velocity data were obtained by a

Beckman-Coulter Optima XL-A analytical ultracentrifuge (Beckman Coulter, Miami, FL).

The samples were first centrifuged at 3,000 rpm (700 g) for 5 min to stabilize the absorbance

and temperature. Next, centrifugation was performed at 60,000 rpm (250,000 g) and 4 °C.

19



Absorbance data at 220 nm were collected at an interval of 20 min at the radial increment of

0.003 cm in the continuous scanning mode. The absorbance data were analyzed by using

sedfit (http://www.analyticalultracentrifugation.com/default.ntm) to obtain the sedimentation

coefficients. The parameters of solvent conditions (partial specific volume, density and

viscosity) were calculated by using sednterp (http://sednterp.unh.edu/#).

Total internal reflection fluorescence microscopy (TIRFM), atomic force microscopy

(AFM), and transmission electron microscopy (TEM)—The prism-type TIRFM system was

used to observe individual amyloid fibrils. The details of this system were described

previously (64,65). Briefly, an aliquot (14 ul) of sample solution was deposited on a quartz

glass slide, and a fibril image was obtained with TIRFM. | used an Ar laser (532 nm) and a

He-Cd laser (442 nm) to excite ThT and rhodamine, respectively. AFM images were obtained

using a Digital Instruments Nanoscope Illa scanning microscope (Veeco Instruments Inc.,

Plainview, NY) as reported previously (66). TEM images were obtained using a HITACHI

H-7650 transmission microscope (Hitachi, Tokyo, Japan) at 20 °C with a voltage of 80 kV

and magnification of 30,000. The sample solution (5 pl) was spotted onto a collodion-coated

copper grid (Nisshin EM Co., Tokyo, Japan). After 1 min, the remaining solution was

removed with filter paper and 5 upl 2 % (w/w) uranyl acetate was spotted onto

20
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collodion-coated copper grids. After 1 min, the remaining solution was removed in the same

manner.

Amyloid fibrillation and ThT fluorescence assay—The formation of Ap (1-40) fibrils

was examined at 10 uM in 10 mM sodium phosphate buffer (pH 7.5) containing 5 uM ThT,

100 mM NacCl, and DOPC or POPC liposomes at various concentrations. These solutions

(200 pl) were added to the 96-wells microplates (Greiner-Bio-One, Tokyo, Japan) and a seal

was affixed (PowerSeal CRISTAI VIEW, Greiner-Bio-One, Tokyo, Japan). The plates were

set on a microplate reader (SH-9000, Corona Electric Co., Ibaraki, Japan) and amyloid

fibrillation was monitored by ThT fluorescence. It is noted that, although the morphology of

AP fibrils is likely to depend on agitation of solution (67), | used the fibrillation conditions

without agitation. The fluorescence intensity of ThT at 490 nm was measured with an

excitation wavelength of 450 nm at 37 °C. The lag time of fibrillation was defined as the time

at which ThT fluorescence reached 10% of the maximum.

ANS assay to evaluate hydrophobicity—ANS fluorescence was measured using the

Hitachi fluorescence spectrophotometer F4500 with the excitation wavelengths at 350 nm.

The fluorescence of ANS was monitored by adding 2 uM ANS to the solution. The

concentrations of liposomes and amyloid fibrils were 2 uM, respectively.

21



Isothermal titration calorimetry—Isothermal titration calorimetry (ITC) of Ap (1-40)

monomers to the two different sizes of DOPC liposomes (30 nm and 100 nm) in 10 mM

phosphate buffer (pH 7.5) containing 100 mM NaCl was performed by using a VP-ITC

instrument (GE-Healthcare, Waukesha, WI) at 37 °C. The concentrations of Ap (1-40) in the

syringe and liposomes in the cell were 100 uM and 5 mM, respectively. The reference power

for the baseline was set to 10 pcal/s and the initial delay was 1800 s. Titration of AP (1-40)

was comprised of 23 injections with the spacing time of 900 s or 300 s and the filter period of

2 s. The injection volume was 12 pL for each and the stirring speed was 242 rpm.

The heat of dilution (and mixing) of AP (1-40) titrated to the same buffer was also

measured. The apparent values of the change in enthalpy (*AHping) and the association

constant (*K;) were obtained by the fit of the binding isotherms to the one-site binding

model incorporated in Origin 7.1. By using the following relationships, *PAGping = —RT

IN(**PKy) = ®PAHping — T ®PASying, the apparent thermodynamic values of the change in Gibbs

free energy (*PAGping) and entropy (**PASping), were further calculated. The apparent

dissociation constant (**K4) was obtained based on the relation of *PK, = 1/*"K.. It should be

noted that *PAHping Values are more susceptible to the fit than *PK, values.
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2-3. Results

Preparation of liposomes and Ap solution

To investigate the effects of the liposome size on the fibrillation of AB (1-40), |

prepared liposomes of four sizes (~ 200, 100, 50, and 30 nm) and analyzed the Kinetics of

fibrillation monitored by ThT fluorescence. | first confirmed the size of DOPC liposomes

with TEM (Fig. 1a-d) and dynamic light scattering (Fig. 1e-h). The results obtained indicated

that | could prepare liposome samples of distinct sizes with relatively small distributions. 1

call the respective preparations 30, 50, 100, and 200 nm liposomes.

To check whether AB (1-40) samples before the fibrillation experiments were

monomeric, | conducted a sedimentation velocity measurement (Fig. 1i, j). The sedimentation

coefficient distribution for AR (1-40) solution revealed a sharp peak at ~0.3 S. Using this

value, | calculated the molecular weight to be ~4,700, consistent with that of AB (1-40)

monomer, 4,300.

The absence of oligomeric aggregates was further confirmed by native-PAGE followed

by Western blotting with antibodies to AP (1-40) monomers (data not shown). In addition, |

observed the kinetics of AP (1-40) fibrillation with samples with and without

ultracentrifugation to remove possible aggregates, where | also checked the effects of 30 and

23



100 nm liposomes. | did not observe significant differences between AP (1-40) samples with

and without ultracentrifugation (data not shown). Therefore, | used Ap (1-40) preparations

without ultracentrifugation assuming that | can address fibrillation of AB (1-40) monomers.
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FIGURE 1. Preparation of liposomes of various sizes and Ap monomers. (a-d) TEM images of

liposomes of various diameters: 30 (a), 50 (b), 100 (c), and 200 nm (d). The scale bar represents 100

nm. (e-h) Distribution of liposome diameters determined by TEM and dynamic light scattering. The

liposome diameters prepared were 30 (e), 50 (f), 100 (g), and 200 (h) nm. (i) Sedimentation boundary

profiles of Ap monomers. Sedimentation pattern was recorded at 60,000 rpm and 4 °C by monitoring

the absorbance at 220 nm, and fitted traces at intervals of 20 min are shown. (j) Sedimentation

coefficient distributions derived from sedimentation boundary profiles of AR monomers.
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Dependence of fibrillation on the liposome concentration

I monitored the fibrillation of 10 uM AP (1-40) in 10 mM phosphate buffer (pH 7.5)

containing 100 mM NaCl and 5 uM ThT at 37°C using amyloid-specific ThT fluorescence

(7). It has been reported that AP (1-40) fibrils with twofold symmetry with twisted

morphology predominate when fibrils are grown in vitro with agitation of the AP (1-40)

solution, while fibrils with three-fold symmetry with straight ribbon morphology predominate

when fibrils are grown without agitation (67). Throughout the paper, | prepared the fibrils

without agitation, because agitation might affect the morphologies of liposomes.

Spontaneous fibrillation without agitation occurred with a lag time of 12 h (Fig. 2a).

The straight and long morphology of mature fibrils was confirmed by TIRFM, AFM, and

TEM (see below). These results were consistent with the findings of the previous studies

(60,68).

To examine the effects of liposomes on the fibrillation of 10 uM AP (1-40), | added 30

or 100 nm liposomes at 10, 50, 100, 250, 500, 750, and 1000 uM (Fig. 2a, d). | observed a

significant acceleration in fibrillation in the presence of 30 nm liposomes at 10 uM, as

revealed by a decrease in the lag time from ~12 h to ~7.6 h (Fig. 2a inset): The relative lag

time in 30 nm liposomes at 10 uM was 0.6 (Fig. 2b). Further increases in the liposome
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concentration slightly decreased the lag time. 1 compared the amount of fibrils by the ThT

intensities at the end of the measurements (i.e. final ThT intensities at about 40 h). When the

ThT intensity decreased after the maximum, I used the maximal ThT intensity. The final ThT

intensity was similar to that in the absence of liposomes at all the liposome concentrations

examined (Fig. 2c). In contrast, the presence of 100 nm liposomes at various concentrations

slightly decreased the lag time (Fig. 2d inset and 2e). The final ThT intensity in the presence

of 100 nm liposomes was independent of the liposome concentration within an acceptable

level of error (Fig. 2f).

These results suggested that 10 uM liposomes were sufficient to examine the effects of

liposomes on the fibrillation of 10 uM AP (1-40). The binding equilibrium between A (1-40)

and liposomes that affected amyloid fibrillation may have been established even at low

concentrations of liposomes. Thus, | used 10 uM DOPC liposomes to examine the effects of

liposomes of various sizes on the fibrillation of A (1-40).
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37 °C without shaking. (a,d) Kinetics monitored by ThT fluorescence in the absence and presence of
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the average lag times. Black dots and dots with the other colors indicate the average lag time without

lipids (to) and with liposomes (tpipop), respectively. (b, c, e, f) Dependencies of the relative lag time (b,

e) and maximal ThT amplitude (c, f) on the 30 nm (b, ¢) or 100 nm (e, f) DOPC liposome

concentrations. Dotted lines are the values obtained in the absence of liposomes. The error bars and

grey zones indicate the standard deviation among three experiments.
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Dependence of fibrillation on the liposome size

The kinetics of AP (1-40) fibrillation was examined in the presence of 10 uM DOPC

liposomes of various diameters (i.e. 30, 50, 100, and 200 nm) (Fig. 3a). The size of DOPC

liposomes notably affected both the lag time and final ThT intensity (Fig. 3c, d). The lag time

was the shortest for the 30 nm liposomes, and increased with the size of liposomes, returning

back to the value in the absence of liposomes at 100 or 200 nm liposomes (Fig. 3a inset, c).

On the other hand, the maximal ThT intensities observed in the presence of 30 or 50 nm

liposomes were similar to that in the absence of liposomes and were larger than those in the

presence of 100 or 200 nm liposomes (Fig. 3d). The slope of the elongation process after the

lag time was slightly less steep in the presence of 100 or 200 nm DOPC liposomes (Fig. 3a).

These results suggested that small liposomes accelerated fibrillation without changing the

final amount of fibrils, while the larger liposomes decreased the amount of fibrils without an

apparent decrease in the fibrillation rate.

| performed the same experiments with POPC liposomes at 10 uM (Fig. 3b). Both the

lag time and final ThT intensity revealed similar dependencies on the size of liposomes to

those observed for DOPC liposomes (Fig. 3b inset, ¢, and d), although the final ThT

intensities of POPC liposomes were smaller than those of DOPC liposomes. The smaller final
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ThT intensities of POPC liposomes might be caused by the difference of the membrane

surface properties due to the difference of acyl chains or of the temperature of gel-liquid

crystalline phase transition: Transition temperatures are -17 and -2 °C for DOPC and POPC

membranes, respectively. Although there were some differences between DOPC and POPC, |

could observe a similar effect of liposome size on the kinetics of AB (1-40) fibrillation. These

results suggested that the size-dependent effects of liposomes might be common to various

liposomes. | then attempted to address why 30 and 50 nm liposomes significantly promoted

the nucleation reaction while larger liposomes reduced the maximal ThT value without

notable effects on the lag time.
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FIGURE 3. Effects of liposomes of various sizes on AB amyloid fibrillation. (a, b) Kinetics

monitored by ThT fluorescence in the absence (black) or presence of DOPC (a) or POPC (b)

liposomes of 30 (pink), 50 (yellow), 100 (green), or 200 nm (blue) at 37 °C without shaking.

Liposome and AP concentrations were 10 UM. The insets show the average lag times. (c, d)

Dependencies of the relative lag time (c) and maximal ThT amplitude (d) on the liposome size. Dotted

lines are the values obtained in the absence of liposomes. The error bars and grey zones indicate the

standard deviation among three experiments.
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Hydrophobic surface of membranes exposed to a solvent

In order to clarify the mechanism underlying the promotion of nucleation by small

liposomes, | assumed that AP (1-40) interacted preferentially with the parts of membranes

where water molecules could penetrate. The penetration depth of water representing

water-accessible hydrophobic regions may depend on the size of the liposomes and may be

larger (deeper) for small size liposomes. Smaller liposomes (< 50 nm) may have more of

these regions than larger liposomes. A previous study reported that the insertion of the

C-terminus of AP peptides that contained a series of hydrophobic amino acids into

membranes was crucial to the structural conversion of monomeric Ap peptides to amyloid

fibrils (69). Moreover, the interface between the head groups and acyl chains of lipids was

shown to be responsible for the binding and conformational conversion of AP peptides

(70,71). Hence, a more detailed characterization of the relationship between the kinetics of

AB fibrillation and hydrophobicity of liposomes will be important.

To examine this hypothesis, | assessed the water-accessible hydrophobic surface of

liposomes by measuring ANS fluorescence at 2 uM in the presence of various sizes of DOPC

liposomes at 2 uM (Fig. 4a). ANS is a hydrophobic dye, the fluorescence of which increases

markedly in a hydrophobic environment, and is often used to detect water-accessible
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hydrophobic regions in the intermediates of protein folding (72). Using this assay, |
speculated that 1 might be able to detect the exposure of the hydrophobic groups (i.e. acyl
chains) of membranes.

The fluorescence intensity of ANS was low at a maximum of 520 nm in the absence of
liposomes (Fig. 4a). The fluorescence of ANS increased, following the addition of 30 nm
liposomes at 2 uM, with a blue shift being observed in the maximum to 500 nm, which
suggested the partial burial of the dye in a hydrophobic environment. The increase observed
in ANS fluorescence and the blue shift were less for larger liposomes. (Fig. 4a, b). These
results indicated that the water-accessible hydrophobic regions (or solvent penetration)
depended on the size of liposomes: smaller liposomes exposed more hydrophobic regions to
the solvent than larger liposomes.

To address the dependence of ANS fluorescence on the liposome size, | calculated the
distance between two head groups of lipids, d. As shown in Fig. 4c, | assumed a simplified
model in which the inner leaflet was ignored and the lipid of the outer leaflet was represented
by a rectangular parallel piped. According to this model, the inside circumference was
7(R-21) and the number of rectangles was represented by N = 7(R-21)/A%°, where R, I, and A
are the diameter of a liposome, the height of a lipid, and occupied area for each lipid
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molecule, respectively. Consequently, d was calculated by: d = zR/N-A®®. The estimated
value of d was plotted against R (Fig. 4c), which showed that d was inversely proportional to
R. The dependence of d on the diameter of liposomes was consistent with that of the ANS
fluorescence of DOPC liposomes with a liner relationship between the ANS fluorescence and
d, thereby arguing the critical role of membrane curvature (Fig. 4d). Importantly, the lag time
of amyloid fibrillation showed a linear relationship with d, which indicated that membrane
curvature and consequently water-accessible hydrophobic surfaces were critical for
determining the lag time. (Fig. 4e).

On the other hand, the fluorescence of ANS increased in the presence of 2 uM AR
(1-40) fibrils, with a slight blue shift being observed in the maximum to 510 nm (Fig. 4a).
Thus, the fluorescence of ANS may also be useful for monitoring conformational changes in
AP (1-40) as well as those of lipids. A further blue shift in the fluorescence of ANS to 480 nm
occurred following the addition of 30 nm liposomes at 2 uM and this was accompanied by an
increase in the intensity of fluorescence. The subtracted fluorescence spectrum suggested that
the binding of AP (1-40) fibrils to membranes led to the additional binding of ANS (or a more
hydrophobic environment on the pre-bound ANS molecules). The extent of the blue shift and
increase in fluorescence intensity were less, following the addition of 100 nm liposomes at 2
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uM, suggesting that additional ANS binding may be less for larger liposomes.
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FIGURE 4. Exposed hydrophobicity of liposomes and its effects on the fibrillation of AB. (a)

Fluorescence spectra of 2 uM ANS in the absence and presence of 2 uM DOPC liposomes and 2 uM

AP fibrils. Black dotted line: ANS alone. Black solid line: AP fibrils. Blue dotted line: liposomes of

200 nm in diameter. Blue solid line: A fibrils and DOPC liposomes of 200 nm in diameter. Magenta

dotted line: liposomes of 30 nm in diameter. Magenta solid line: AP fibrils and liposomes of 30 nm in

diameter. (b) ANS fluorescence (20 uM) at the maximal wavelength in the presence of 2 uM

liposomes at various diameters in the presence (red) and absence (orange) of 2 uM AP fibrils. Blue

circles indicate the difference between the presence and absence of AP fibrils. (¢) The relationship

between the distance, d, between two head groups of lipids and the diameter of DOPC liposomes. (d,
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e) Dependencies of ANS fluorescence at 500 nm (d) and lag time () on d. Dashed lines indicate the

ANS fluorescence (b) or lag time (e) in the absence of liposomes. The error bars indicate the standard

deviation among three experiments. All experiments are conducted at 37 °C.
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Fibril morphology

I examined the morphologies of fibrils prepared in the presence of DOPC liposomes

with various diameters using TIRFM, AFM, and TEM (Fig. 5). | used liposomes in which

rhodamine-labeled lipids were included for TIRFM so that I could also monitor the location

of the liposomes. Liposomes were deformed by interaction with surfaces; therefore, the exact

morphology of liposomes could not be detected by my measurements. The three

methodologies covered a wide range of dimensions from nm to um.

In the absence of liposomes, AB (1-40) fibrils were straight with a length up to several

uM. They were well dispersed without clustering. Fibrils were still long and dispersed in the

presence of 30 or 50 nm liposomes, although some clusters and fibril clumps were observed.

In the TIRFM images, the locations of liposomes revealed by rhodamine fluorescence always

overlapped with amyloid fibrils, which indicated that the liposomes were the sites of amyloid

nucleation. The sizes of liposomes were markedly smaller than those of the fibrils.

AFM images indicated that fibrils became shorter and amorphous aggregates

accumulated, with an increase in the size of liposomes, as was evident from AFM images

obtained in the presence of 100 and 200 nm liposomes. TEM images in the presence of 100

and 200 nm liposomes revealed that fibrils associated with the ruptured liposomes. TIRFM
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images in the presence of 100 and 200 nm liposomes showed the significant clustering of
fibrils. TEM images in the presence of large liposomes showed thick and short fibrils. Taken
together, the morphologies of AP (1-40) fibrils observed by TIRFM, AFM, and TEM
depended on the size of the coexisting liposomes, which indicated that fibrils became shorter
and clustered with an increase in the size of the liposomes and the amount of amorphous

aggregates increased.
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FIGURE 5. TIRFM, AFM, and TEM images of fibrils under DOPC liposomes of various sizes.

The concentrations of AP and liposomes were 10 uM. In TIRFM images, fibrils and liposomes were

monitored separately by ThT (blue) and Rhodamine (red), respectively. The scale bars of TIRFM,

AFM, and TEM are 10 um, 1 pm, and 100 nm, respectively.
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Binding of AB (1-40) to liposomes characterized by ITC

In order to examine the interactions between AP (1-40) and DOPC liposomes, |

performed ITC measurements (Fig. 6). Liposomes with the sizes of 30 nm and 100 nm were

chosen to address the effects of high and low curvatures, respectively, on AB (1-40)

fibrillation. Consecutive titrations of Ap (1-40) to 30 nm liposomes in the ITC cell showed

the positive ITC peaks with gradual decreases in the intensity (Fig. 6a). The heats of dilution

and mixing of AP (1-40) to buffer were much smaller than those of AB (1-40) titrations to

liposomes (Fig. 6a, inset). Thus, endothermic reactions indicated intermolecular interactions

between AR (1-40) and 30 nm liposomes.

On the other hand, ITC thermogram of AB (1-40) titrations to 100 nm liposomes

showed exothermic peaks which decreased gradually in amplitude (Fig. 6b). The extents of

heat were larger than those observed when A (1-40) was titrated to 30 nm liposomes (Fig.

6a). These data suggested that, although Ap (1-40) was bound to both of 30 and 100 nm

liposomes, the detailed mechanisms were distinct.

To obtain further insights into interactions between AP (1-40) and liposomes, |

evaluated apparent thermodynamic parameters based on analyses of binding isotherms. The

values of ®"Ky of AB (1-40) for 30 nm and 100 nm liposomes were 67.1 uM and 36.4 uM,
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respectively. These values were smaller than those of a-synuclein binding to the liposomes

(=30 nm) which mimicked presynaptic membranes (**°Ky = 261 uM) or the liposomes which

consisted of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (*"Ky = 93 uM)

(28). Accordingly, ®PAGping (-6.3 kcal/mol) of AB to 100 nm liposome was smaller than that

of AB to 30 nm liposome (-5.9 kcal/mol). These indicated that apparent binding affinity of AP

(1-40) to DOPC liposomes was slightly stronger than those of a-synuclein to model

liposomes and that affinity of Ap to 100 nm liposome was slightly stronger than that to 30 nm

liposome.

Interestingly, the sign and amplitude of *°AHping and *PASying were different depending

on the size of liposomes. The AB-30 nm liposome binding was driven by the positive entropy

change (T*PASping = 14.3 kcal/mol) to overcome the unfavorable endothermic reaction

(*PAHping = 8.4 kcal/mol). On the contrary, the AB-100 nm liposome binding was favored by

the negative enthalpy change (**"AHping = -62.0 kcal/mol) to overcome the entropy loss (T

8PAShing = -55.7 kcal/mol). The large value of *PAHying in the AB-100 nm liposome binding

may imply the complex mechanism in comparison with the AB-30 nm liposome binding.

Similar complicated ITC results were observed for the a-synuclein binding to liposomes

consist of 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (73).
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Moreover, biphasic patterns of each ITC peak in titration of Ap to 100 nm liposomes

suggested apparent two processes: the fast process with a sharp and intense peak was

followed by the slow process with a broad and low intensity peak (Fig. 6b). These indicated

that binding of Ap to 100 nm liposomes was not a simple intermolecular interaction, although

further studies are required to clarify the details of the liposome size-dependent binding of

AB.

As can be seen in the ITC thermograms (Fig. 6), the binding reactions between A

(1-40) and liposomes did not saturate, which brought uncertainty of the fitting. Thus, the

error values of K, were large. Calculation of other thermodynamic parameters by using K,

with the large error further increased uncertainty. In order to obtain a saturated curve which

can decrease errors, it was required to increase the concentrations of Ap (1-40) in the syringe.

However, the concentration of ApB (1-40) (100 uM) used was already high and it was not

practical to further increase the AB (1-40) concentration due to the formation of nonspecific

aggregations. Although decreasing temperature to delay nonspecific aggregation might be an

alternative possibility at higher AB (1-40) concentrations, there were concerns about

changing the binding mode and/or aggregation pathway compared to those at 37 °C. Thus, |

conclude that, although the errors were large, the ITC results clearly showed the distinct
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bindings of AP (1-40) to the two kinds of liposomes and suggested that the binding mode and

aggregation pathway of Ap (1-40) depend on the degree of membrane curvature.
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FIGURE 6. Isothermal titration calorimetry of DOPC liposomes with AB (1-40). (a, b) ITC

thermograms (upper panel) and binding isotherms (lower panel) on titrating 30 nm (a) or 100 nm (b)

liposomes with AR (1-40) are shown. ITC thermograms were obtained after the baseline correction.

The spacing time between the first and second titrations was 900 s in A. The inset in A below the

thermogram of AP titration indicates the small endothermic heat of dilution and mixing on Ap (1-40)

to buffer. The same scale of heat was used for comparison. The concentrations of liposomes were

expressed by the molar ratio in binding isotherms those of lipid monomers based on the study by

Otzen and coworkers (73). The solid lines in lower panels indicate the fitted curves.
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Effects of anionic phospholipids on the fibrillation

In order to address the role of electrostatic interactions between AB (1-40) and

membranes in fibrillation, | examined the effects of liposomes composed of DOPC and

DOPS at a ratio of DOPC:DOPS = 1:1 (i.e. 50% DOPS liposomes). DOPS is one of anionic

phospholipids reported to accelerate fibrillation of A (1-40) and it has been suggested that

phosphatidyl serine (PS) groups of DOPS liposomes interact with positive-charged Lys

residue at the C-terminus of AP (1-40) (59). However, the dependence on the size of

liposomes has not been examined. | monitored the fibrillation AB (1-40) in the presence of 50%

DOPS liposomes of various sizes (Fig.7a). Only the 30 nm liposomes with 50% DOPS

shortened the lag time (Fig.7b).

| then prepared the 30 nm liposomes composed of 100% DOPC, 50% DOPC and 50%

DOPS, or 100% DOPS and monitored the fibrillation of Ap (1-40) in the presence of these

liposomes (Fig.7c, d). The liposomes containing 50% DOPS promoted the nucleation

reaction as well as 100% DOPC liposomes. However, the degree of promotion of DOPS

liposomes was small.

Thus, although the DOPS liposomes were reported to accelerate the AP (1-40)

fibrillation (59), | saw no clear acceleration under the conditions. On the contrary, | observed
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slightly adverse effects to suppress the accelerating effects produced by small DOPC
liposomes. It is possible that, under my experimental conditions, the electrostatic interaction
between negative-charged head group of PS and positive-charged amino acid residues of AP
(1-40) tightly trapped the AP (1-40) molecules on liposomes so that further nucleation

became difficult.
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FIGURE 7. Effects of DOPS on the DOPC-dependent fibrillation of Ap (1-40). (a, b) The kinetics

of AP (1-40) fibrillation in the presence of 50% DOPS liposomes of 30 (pink), 50 (yellow), 100

(green), or 200 (blue) nm in diameter or without lipids (black) (a) and the dependence of relative lag

time on the liposome size (b). The inset in A represents the average lag time at various liposome sizes.

(c, d) The kinetics of AP(1-40) in the presence of 100% DOPC (pink), 50% DOPS (purple), and 100%

DOPS (blue) liposomes of 30 nm in diameter (c) and the dependence of relative lag time on the

DOPC content (d). The inset in C represents the average lag times at different contents of DOPS.
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2-4. Discussion

I herein showed that DOPC liposomes markedly accelerated the fibrillation of AP

(1-40), and that these effects depended on the size of liposomes even at the same total

concentration of phospholipids: smaller liposomes more strongly accelerated fibrillation.

Acceleration was suppressed by an increase in the liposome size. The amount of fibrils

decreased and that of amorphous aggregates increased.

To understand these distinct effects of liposomes on fibrillation, I assumed two types of

interactions between AP (1-40) and liposomes; one was productive binding leading to

nucleation and fibrillation and the other was non-productive binding that formed amorphous

aggregates (Fig. 8a, b). An analysis of the water-accessible hydrophobicity of liposomes

probed by ANS binding and estimation of curvature suggested that small liposomes with

higher surface curvature had more water-accessible hydrophobic regions and were effective

for producing amyloid nucleation. Small liposomes with larger water-accessible hydrophobic

regions interact with AP monomers weakly, concentrate them adequately to initiate

nucleation. Although the binding of AB (1-40) to larger liposomes could also occur, it may be

non-productive for amyloid nucleation because the local concentration was not sufficiently

high to break supersaturation. Alternatively, although the local concentration was high, bound

AP (1-40) molecules were tightly trapped on the surface of membranes and, thus, were
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unable to diffuse and transform to seed competent conformations. The ITC measurements

showed that affinity of AB to 100 nm liposome was slightly stronger than that to 30 nm

liposome, consistent with the tighter binding and trapping of the Ap (1-40) on the larger

liposomes. These two types of interactions may propagate beyond liposome surfaces, leading

to amyloid fibrillation or amorphous aggregation in bulk solvent.

The competitive mechanism between productive and non-productive binding (Fig. 8a)

was analogous to the competition between amyloid fibrillation and amorphous aggregation in

the absence of liposomes, as represented by a phase diagram of amyloid fibrillation

dependent on salt and protein concentrations. Amyloid fibrils have been shown to form in the

supersaturated solutions of responsible proteins via a nucleation and growth mechanism

(63,74-76). Supersaturated regions can be classified into two types depending on the stability

of supersaturation (Fig. 8c) (63). Supersaturation was remarkably stable in the metastable

region, at which the solute concentration was slightly above the solubility, and seeding was

essential to break supersaturation and make fibrils. Spontaneous fibrillation could occur after

a certain lag time in the labile region, in which the driving force of precipitation increased.

Various kinds of agitations such as shaking (77), stirring (78), or ultrasonic irradiation

(31,32,66) have been shown to effectively force spontaneous fibrillation under these
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supersaturated regions. One possible mechanism responsible for agitation-induced fibrillation

is the concentration of amyloidogenic proteins at the hydrophobic air-water interface

produced by agitation (63,79). Ultrasonication is known to produce cavitation bubbles with

hydrophobic surfaces, and stirring or shaking will also increase the hydrophobic air-water

interface. The hydrophobic air-water interface adsorbs proteins, concentrates them, and

produces various aggregates including seed competent aggregates. Once amyloid fibrillation

starts on the seeds, it even propagates to bulk regions without a hydrophobic surface.

Water-accessible hydrophobic surfaces produced by membrane curvature may play a

similar role in membrane-assisted amyloid fibrillation to the air-water hydrophobic surface of

cavitation bubbles induced by ultrasonic irradiation. AR monomers may be concentrated

effectively by absorption to the hydrophobic surface due to membrane curvature. Thus, the

membrane-assisted acceleration of fibrillation might be similar to the agitation-induced

acceleration of fibrillation in the labile region (Fig. 8).

In the phase diagram, excessively strong precipitation forces produced glassy

amorphous aggregates in which molecules were trapped in non-amyloidogenic

conformations.

One possible mechanism underlying aggregation is that promiscuous interactions
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between molecules produce various conformational states. In a similar way, various types of

interactions on the membrane may trap the monomers preventing rearrangements to

seed-competent conformations. The evenly dispersed charged head groups of phospholipids

may contribute to preventing the bound AP monomers form associating to the

seed-competent conformation. Thus, | considered that membrane-assisted amorphous

aggregation corresponded to amorphous aggregation under strong forces of precipitation (Fig.

8).

Ban et al. (80) previously reported the amyloid fibrillation of AB (1-40) in real time at a

single fibrillar level at pH 7.0 with TIRFM combined with the use of ThT. They used the

surfaces of various chemically modified substrates. Extensive fibrillation was generally

observed on surfaces with negative charges. In contrast, fibril growth was largely suppressed

on positively charged or hydrophobic surfaces. A previous study reported that Ap fibrillation

was facilitated by negatively charged acidic phospholipids rather than neutral phospholipids

(81). Because the pl value of AP is approximately 5, the net charge was slightly negative

under neutral pH conditions. These results indicated that strong electrostatic attraction tightly

trapped the AB (1-40) monomers on the surface so that subsequent lateral movement and

nucleation were inhibited. The inhibitory role of a strongly hydrophobic surface can be also
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explained in a similar manner assuming that the hydrophobic surface interacts with the

hydrophobic residues of Ap (1-40). These results support the view that there are two types of

membrane binding, one leading to amyloid fibrillation and the other to amorphous

aggregation.

Finally, although lipid rafts have been considered to play an important role in Ap

fibrillation (13,39-42), the underlying mechanism remains unclear (44,45). It is possible that

the lipid raft carries the site of productive binding as proposed here more than the other lipid

membranes. My proposal that there are two types of membrane binding for amyloidogenic

proteins, one leading to amyloid nucleation and the other to non-productive binding and

amorphous trapping, may be common for various amyloidogenic proteins. The specific

removal of amyloidogenic proteins may be possible by preparing liposomes with only

non-productive binding.
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FIGURE 8. Schematic models of amyloid nucleation and amorphous aggregation on the

surface of liposome membranes. (a-b) Schematic mechanism of the AB (1-40) fibrillation in

the presence of liposomes. In the presence of smaller liposomes, AB (1-40) interacts with the

surface of membrane weakly and this weak interaction promotes the nucleation. AP (1-40) is

easy to remove due to this interaction and the elongation reaction is similar to without lipids

(). In the presence of larger liposomes, AP (1-40) interacts with the surface of membrane

more strongly than that of smaller liposomes. This stronger interaction makes it difficult to

induce nucleation and leads some A peptides to amorphous aggregates. Other AP peptides

54



Chapter 2

exist in medium and they form amyloid fibrils or amorphous aggregates (b). (c-e) Schematic
phase diagram of conformational states of Ap (1-40) in the absence (c) or presence of small

(d) or large vesicles (e). The locations of the protein solutions as studied here are indicated by

dots.
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Chapter 3. Study on the mechanism of amyloidogenesis of a-synuclein on
presynaptic membrane mimics
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3-1. Introduction

Parkinson’s disease (PD) is one of the most deleterious neurological diseases. One of

the main causes of PD has been suggested to be the deposition of amyloid fibrils of

a-synuclein (aSN) in the Lewy bodies (82). aSN is an intrinsically disordered protein which

does not take defined three-dimensional conformations under physiological conditions. It

consists of 140 amino acids and can be largely categorized to three regions: amphipathic

N-terminal region (1-60), hydrophobic non-amyloid  component (NAC) region (61-95), and

predominantly negatively-charged C-terminal region (96-140) (24).

In vitro experiments have shown that the fibrillation of aSN was susceptible to

experimental conditions such as pH, salt concentration, temperature, and the presence of

other amyloidogenic proteins or metal ions (83-85). Meanwhile, structural and

physicochemical aspects of aSN have indicated that the fibrillation of aSN was also related

to the length of C-terminal region. It was suggested that the difference in the length of

C-terminal region included effects of the electrostatic contribution based on the large number

of acidic amino acid residues: 15 residues in total at neutral pH (86-88). Deletion of

C-terminal residues promoted the formation of amyloid fibrils. Various oSN mutants

including the three familial variants for PD (A30P, E46K, and A53T) showed changes in the
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propensity of aggregation and kinetics of amyloid fibrillation (89-92). AS3T aSN mutant,

which was the first mutant identified in the familial PD, promoted the fibrillation of aSN

(89).

On the other hand, in vivo studies showed that aSN was localized in presynaptic

nerve terminals and localization of aSN might be involved in a normal physiological function

of aSN such as fusion of presynaptic vesicles (93-95). Moreover, amyloid fibrillation of aSN

and its aggregates including amyloid fibrils and oligomers have shown cytotoxicity of

neuronal cells (96). Coaggregation of aSN with lipid molecules was also observed (97). It

was shown that aSN was bound to synaptic vesicles (98). This conformational change was

also confirmed in vitro in the presence of micelles of sodium dodecyl sulfate (SDS) or

liposomes of various lipids such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC) (98-101). Small unilamellar vesicles (SUV) which mimicked the membranes of

presynaptic vesicles by assembling 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),

and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and DOPC in a ratio of 5:3:2

(referred to hereafter as Mimic) (28,102). This o-helical structure achieved by

binding-induced folding reactions was suggested to be very stable (30). In addition, helical

states in mixtures of water and either alcohol or SDS at low concentration were suggested to
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be on-pathway intermediates for the formation of amyloid fibrillation (103,104), though there

has been no compelling evidence for this (105). Recently, Fusco and coworkers have reported

that N-terminal and NAC regions of aSN adopted helical structures on binding to SUVs

although the exact binding regions depending on the species of lipids are not examined (28).

Galvagnion and coworkers performed pioneer work on the mechanisms of fibrillation on

SUVs prepared from the phospholipid 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine

(DMPS) (106). They showed that the presence of SUVs increased the rate of amyloid

formation of aSN although they did not consider physiological conditions such as the

presence of salts and lipid components of presynaptic vesicles.

Amyloid fibrillation proceeds via two steps: nucleation which produces a lag time

thereby being a rate-limiting step and elongation where monomers are incorporated to active

ends of fibrils for the rapid fibril growth. In order to facilitate nucleation, various agitation

such as stirring and shaking has been applied to spontaneous fibrillation of monomers.

Previously, Ohhashi et al. and So et al. (31,32) obviously demonstrated that ultrasonication

was an efficient tool for accelerating fibrillation of amyloidogenic proteins and revealing the

hidden propensity of amyloidogenicity through the promotion of nucleation.

In the current study, therefore, considering the effective fibril formation and
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biological relevance of aSN, I examined the mechanism of aSN fibrillation by using

ultrasonication and two-types of SUVs at the various concentrations of lipids ranging from 0

to 5 mM: one is a Mimic SUV and the other is a DOPC SUV for control. | revealed dual

effects of Mimic SUVs on amyloidogenesis of aSN, promotion and inhibition of the

formation of amyloid fibrils depending on the total concentration of lipids. While the

fibrillation of aSN was promoted at a low concentration of lipids for Mimic SUVs, at a high

concentration of lipids, the fibrillation was inhibited. Regardless of lipid concentrations for

DOPC SUVs, the fibrillation was not accelerated.

Interestingly, as the concentration of lipids of Mimic was increased, the initial

conformation of aSN changed from disordered states to a-helix-rich states as monitored in

CD spectroscopy. However, significant structural transitions to a-helix were not detected

when DOPC was added. Solution-state NMR spectroscopy further revealed binding regions

of aSN for each SUV.

In order to examine the mechanism of aSN fibrillation in terms of initial bound

conformation of aSN to SUVS, | used four aSN mutants: a familial mutant of aSN (aSNas3t),

C-terminally truncated two mutants which C-terminal 27 (aSNjo3) and 11 residues (aSN129)

were eliminated, and a C-terminal (130-140) charge-neutralized mutant (aSNyc). Although
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all of mutants did not show remarkable changes in the conformation and behavior of fibril

formation with DOPC SUVs, a lipid concentration-dependent conformation transition from

disorder to helical states and distinct trends of fibrillation on Mimic SUVs were observed.

On the basis of these findings, | suggested that initial conformation of aSN

including charged states and length of aSN and concentrations of lipids were key to

determine a pathway to amyloid formation.
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3-2. Experimental procedures

Materials—DOPC, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine  (DOPS), and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti Polar
Lipids Inc. (Alabaster, USA). Thioflavin T (ThT) was obtained from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). All other reagents were obtained from Nacalai Tesque (Kyoto,
Japan).

Expression of aSN—Non-labeled aSN was expressed in Escherichia coli BL21
(DE3) (Novagen, Madison, WI) and purified as described (107). Briefly, aSN in fractured
cells with ultrasonication was precipitated by ammonium sulfate at 75% (v/v). After
centrifugation and dialysis, the solution containing aSN was applied to a Resource-Q column
(GE Healthcare, Waukesha, WI), and then further purified by a COSMOSIL Protein R
column (Nacalai Tesque, Kyoto, Japan). The purity of the solution was confirmed to be more
than 95% by SDS-PAGE and MALDI mass spectroscopy. N labeled aSN was expressed in
BL21 (DE3) in BL media as a 5 mL pre-culture. Next, pre-culture of M9 media of 120 mL
was inoculated and cultured overnight. Main culture of M9 (880 mL) was inoculated. The
way of purification of 15N labeled aSN was same as described above. aSN mutants (aSNasaT,
aSN103, aSN129, and aSNyc) were expressed and purified in Kawata and coworkers in Tottori
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University.

Preparation of SUVs—The compositions of vesicles used in this paper were

DOPC and DOPC:DOPE:DOPS = 2:5:3 (Mimic). SUVs were prepared as previously

described (108). Briefly, lipids were stored in chloroform stock solutions. Each composition

was prepared at 10 umol or 25 umol in a glass tube. Lipid films were prepared by drying the

solution in a stream of dry nitrogen, followed by desiccation for at least 1 h to ensure removal

of the organic solvent. Buffer solutions of 1 mL were added to the glass tube and vortexed to

rehydrate the lipid films. After ten freeze-thaw cycles, lipid suspensions were sonicated for

10 min on ice (TOMY, Tokyo, Japan). Then, to remove any titanium particles, the vesicles

dispersion was centrifuged for 5 min at 8,000 rpm at 25 °C (Hitachi, Tokyo, Japan).

Amyloid fibrillation and ThT fluorescence assay—aSN was first dissolved at 200

uM in 20 mM sodium phosphate buffer (pH 7.4) containing 0.1 M NaCl. To measure protein

concentration, absorbance at 280 nm was used. The formation of aSN fibrils was examined at

50 uM oSN in 20 mM sodium phosphate buffer containing 5 uM ThT, 0.1 M NacCl, and lipids

of DOPC or Mimic SUVs at a desired concentration (0, 0.5, 1, 2, 3, 4, and 5 mM). Sample

solutions of 200 uL were applied to three wells of a 96-wells microplate (Greiner-Bio-One,

Tokyo, Japan) and a seal was affixed (PowerSeal CRISTAI VIEW, Greiner-Bio-One, Tokyo,
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Japan). The plate was placed on a water bath-type ultrasonic transmitter with a temperature
controller (ELESTEIN SP070-PG-M, Elekon Sci., Chiba, Japan), which can apply repetitive
ultrasonication pulses to samples from three directions (32). The frequency of the ultrasonic
waves was 17-20 kHz and the power output was set to 350 W. The periods under
ultrasonication and quiescence were set as 1 min and 9 min, respectively. Fibril formation at
37 °C was monitored by ThT fluorescence hourly for 24 h with a microplate reader (SH-9000,
Corona Electric Co., Ibaragi, Japan). The fluorescence intensity of ThT at 490 nm was
measured with an excitation wavelength of 450 nm. Measurements were conducted with the
multipoint measurement mode, and fluorescence values at 9 points in each well were
averaged. The intensity of ThT fluorescence in each condition was described as the average
value in the fluorescence values of three wells.

CD measurements—Far-UV CD spectra were measured with a Jasco 820 CD
spectrophotometer (JASCO Corp., Tokyo, Japan). The condition of buffer solution and the
concentration of aSN and lipids were same as described above. Measurements were
performed at 37 °C using a quartz cuvette with a 0.1 mm path length, and the results were
expressed as mean residue ellipticity [0].

NMR spectroscopy—aSN samples, which were uniformly labeled with *°N, were
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prepared using 20 mM sodium phosphate buffer (pH 7.4) containing 0.1 M NaCl and 10%
D,0 for *H->N heteronuclear single quantum correlation (HSQC) measurements. All HSQC
spectra of 0.1 mM *°N-labeled aSN in the absence and presence of DOPC or Mimic lipids at
0, 2, 6, 10, and 20 mM at 15 °C in an AVANCE-III H/D 800 spectrometer equipped with a
cryogenic probe (Bruker BioSpin, Rheinstetten, Germany). Data were processed by
NMRPipe and analyzed by Sparky.

AFM measurements—AFM images were obtained using a Digital Instruments
Nanoscope Illa scanning microscope (Veeco, Santa. Barbara, CA). A 20 ul sample solution of
100 uM oSN without lipids or with 5 mM DOPS or Mimic lipids was spotted onto freshly
cleaved mica and left on the surface for 1 min. The surface was washed four times with 20 ul
water and then blown off with compressed air. The scanning tip was a Si microcantilever and
the scan rate was 1.0 Hz. The average height of the fibrils was estimated based on the peak

height values measured.
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3-3. Result

The importance of initial conformational states of aSN for fibrillation

In order to examine the initial structures of wild-type aSN (aSNwr) at various

concentrations of DOPC and Mimic lipids, | performed the far-UV circler dichroism (CD)

spectroscopy (Fig. 1a). The far-UV CD spectrum of aSNwr showed no characteristic peak,

which indicated largely disorder conformation. In the presence of DOPC lipids, although the

slight increases in the CD intensity at around 220 nm were observed, the gradual increase in

the concentration of DOPC lipids to 5 mM did not show drastic changes in the CD intensity,

suggestive of minimal structural changes of aSNy to a-helix.

Kinetics of aSNwr fibrillation in the absence of lipids under quiescent conditions

was observed by ThT fluorescence every 1 h. No marked increases in ThT fluorescence were

observed even after 50 h of incubation (Fig. 1a), which indicated no formation of amyloid

fibrils. The addition of 0.5 and 5 mM DOPC and Mimic lipid in the absence of

ultrasonication did not induce fibrillation after 50 h of incubation (Fig. 1a).

Kinetics of aSNwr fibrillation in the presence of 0.5 mM DOPC lipids and

ultrasonication was monitored with ThT fluorescence. Ultrasonic treatment was repeated with

a cycle of 1-min ultrasonication and 9-min quiescence for 24 h. The time-dependent ThT
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fluorescence showed the sigmoidal curves with a lag time of ~15 h, which were typically

observed in the spontaneous fibrillation of amyloid proteins. The far-UV CD spectrum also

showed a typical pattern of cross-B structures of amyloid fibrils. Accordingly, it was

concluded that amyloid fibrils of aSNwt were formed with 0.5 mM DOPC SUVs and

sonication.

The increases in the concentration of DOPC lipids, 1, 2, 3, 4, and 5 mM, also

showed sigmoidal increases in ThT fluorescence (Fig. 1a). The maximum intensity of ThT

fluorescence and lag time did not depend on the concentration of DOPC (Fig. 2a, c). The

final far-UV CD spectra also showed the cross-f structures although spectra at 4 and 5 mM

DOPC were different from the other spectra to some extent (Fig.1a). AFM images clearly

showed the presence of short fibrils formed in 5 mM DOPC lipids and the absence of

amorphous aggregates.

Effects of Mimic vesicles on the formation of amyloid fibrils of aSNwt were

investigated. The initial structural states of aSNwr significantly depended on the

concentration of Mimic lipids (Fig.1a). The increase in the concentration of Mimic lipids

increased CD intensities at around 210 and 220 nm, which indicated the conformational

transition aSNwr to a-helix-rich structures and was consistent with the previous studies (28).
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The formation of amyloid fibrils was also dependent on the lipid concentration in an opposite

way of increasing helix. At the low concentration of Mimic lipids (0.5-3 mM), the fibrillation

was promoted with showing the shortened lag time and high ThT fluorescence intensity (Fig.

2b, ¢). The maximum intensity of ThT fluorescence showed decreases with increasing lipid

concentrations from 1 to 3 mM. The CD spectra indicated typical profiles of amyloid fibrils

(Fig. 1a). However, at higher concentrations of lipids, 4 and 5 mM, no marked increases in

ThT fluorescence were detected (Figs. 1a and 2b). The CD spectra still indicated helical

structures (Fig. 1a). There were no appreciable aggregates in the AFM image obtained in 5

mM Mimic lipid although few short fibrils were observed.

The effects of ultrasonication on SUVs were most likely to be minimal since the

power of ultrasonication for fibrillation was weaker than that for the preparation of SUVs. All

of measurements were simultaneously performed using a 96-well plate. Consequently,

artifacts on the current findings are excluded. However, these results suggested that the

binding modes between aSNy and vesicles played the key role in whether the fibrillation

was promoted or inhibited.
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FIGURE 1. The conformational transition of aSN with distinct liposomes monitored by

various methods. a-e) The far-UV CD spectra of wild-type aSN (aSNwrt) (), a familial

mutant of aSN (aSNasst) (D), C-terminally truncated two mutants which C-terminal 27

(aSN103) (c) and 11 residues (aSN129) (d) were deleted, and a C-terminal charge-neutralized

mutant (aSNyc) (e) were recorded immediately after the sample preparation (left panel) and

incubation (right panel) in the presence of DOPC (upper panels) or Mimic SUVs (lower

panels), respectively. Time dependent changes in ThT fluorescence at 485 nm were also

monitored (middle panel). The insets in (a) show kinetics of fibrillation without lipids and

with 5 mM DOPC and Mimic lipids without sonication. At the right, AFM images after

reactions are shown without lipids and with 5 mM DOPC or Mimic. The scale bar represents

1 um and the height of fibrils are shown below AFM images. Three major parts of aSN and

mutated locations are schematically indicated with the residue number and color in the

uppermost: N-terminal region (NTR) (blue), non-amyloid B component (NAC) (grey), and

C-terminal region (CTR) (red). Distinct concentrations of lipids (DOPC or Mimic) were

colored by black (0 mM), light blue (0.5 mM), blue (1 mM), green (2 mM), orange (3 mM),

pink (4 mM), and red (5 mM) as indicated in the lower right.
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FIGURE 2. ThT fluorescence-based assay for amyloid formation at the various

concentration of lipids. a-c) The maximum intensity of ThT fluorescence with lipids of

DOPC (a) and Mimic SUVs (b) and lag time (c) for amyloid fibrillation of 5 kinds of aSNs

were plotted against the concentration of lipids (0, 0.5, 1, 2, 3, 4, and 5 mM). The data of

aSNwrt, aSNasat, aSN103, 0SN129, and aSNyc were displayed from the left. The lag times

with DOPC or Mimic lipid and without lipids were indicated by red, green, and black circles,

respectively. The data which did not provide reliable lag time due to low ThT fluorescence

were indicated by asterisks. The average and error values were obtained from measurements

in triplicate.
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The effect of the difference in the binding between aSN and vesicles on the fibrillation

In order to obtain detailed insights into the importance of the binding modes in the

fibrillation, | investigated the initial secondary structure and Kkinetics of fibrillation of A53T

aSN mutant (aSNas37) in the presence of two-types of SUVs. This point mutation was one of

familial PD mutants and was reported to change the binding mode of aSN to membranes

since a hydrophobic residue of Ala was replaced to a hydrophilic Thr residue.

The far-UV CD spectrum of aSNasst without lipids showed a typical profile of

unfolded proteins was almost similar to that of aSNwr (Fig. 1b), which indicated that initial

secondary conformations of aSNasst and aSNwr were both identical. The addition of DOPC

lipids changed CD spectra of aSNasst With the slight increases in CD intensity at around 220

nm. The changes in CD spectra of aSNasst were also very similar to those of aSNwr and

consistent with the previous study (109), suggesting that DOPC binding-induced

conformational changes between aSNasst and aSNwr were comparable.

The kinetics of aSNassr fibrillation in the presence of DOPC lipids was not

different from that without DOPC (Fig. 1b). Thus, the lag times at the distinct concentration

of lipid were all similar (Fig. 2c). The maximum intensity of ThT did not depend on the

concentration of DOPC (Fig.2a). The CD spectra of aSNassr after incubation showed a
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typical cross B-sheet structure of amyloid fibrils with a minimum around 215 nm (Fig. 1b).

AFM images showed a number of short and thin fibrils without lipids and the absence of

amorphous aggregates (Fig.1b). However, fibrils with 5 mM DOPC were thicker than those

without lipids. The number of fibrils at 5 mM DOPC lipids appeared to be smaller than that

without lipids. On the basis of the similar maximum intensity of ThT fluorescence and

morphological differences in fibrils as shown in AFM images, the increase in the CD

intensity with the increases in the concentration of lipid increased may be explained by

polymorphic natures of amyloid fibrils.

Next, the initial secondary structures of aSNassr in the presence of Mimic lipids,

the gradual addition of Mimic lipids increased the CD intensity at 220 nm as shown in

aSNwr (Fig. 1b), indicating the conformational transition to o-helix-rich structures. The

kinetics of the formation of aSNasst amyloid fibrils was different from those of aSNwr (Fig.

1b). The increase in ThT fluorescence of aSNasst was faster than that of aSNwr (Figs. 1a, b).

The lag time of aSNassr was shorter than aSNwr (Fig. 2¢), which agreed well with the

previous study (89). The increases in the concentration of Mimic lipids changed ThT-based

kinetics. At low and medium concentrations of lipids (0-2 or 3 mM), the kinetics and

maximum intensity of ThT fluorescence were all similar (Figs. 1b and 2b) with similar lag
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times of approximately 6 h (Fig. 2c¢), indicating no marked effects of Mimic lipids on the

fibrillation. At higher concentrations of lipids over 3 mM, however, the slower kinetics with

prolonged lag times by approximately 2 h (4 mM) ~ 5 h (5 mM) (Fig. 1b, 2c) and the

decreases in the maximum intensity of ThT fluorescence (Fig. 1b, 2b) were observed.

The far-UV CD spectra of aSNasst samples below 3 mM Mimic lipid after

incubation showed typical patterns of amyloid fibrils with a minimum intensity at around 215

nm (Fig. 1b). However, at 4 and 5 mM lipids, the far-UV CD spectra predominantly

suggested not only cross-f but also a-helix conformations.

The AFM images at 0 and 5 mM DOPC lipids showed a number of fibrils (Fig. 1b).

At 5 mM Mimic lipid, few fibrils were also detected and were thinner than those at 5 mM

DOPC. All these results suggested the coexistence of molecular species of helical structures

and fibrils at the high concentrations of Mimic lipids.
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Residue-based NMR investigation on interacting residues of aSN with vesicles

In order to examine binding regions of aSNwr for two-types of SUVs and
conformational changes depending on the concentrations of component lipids, | performed
the multi-dimensional NMR measurements of °N-labeled aSNwr. The low temperature for
'H->N HSQC measurements (15 °C) was used for obtaining more NMR cross peaks by
minimizing the loss of peaks due to the fast hydrogen-deuterium exchange between amide
protons and bulk protons.

The *H-">N HSQC spectrum of aSNwr in the absence of SUVs showed the narrow
distribution of peaks centered at approximately 8.5 ppm with the intense peak intensity,
which indicated largely unfolded conformations and was well consistent with other studies
(Fig. 3a). In order to reveal residues responsible for binding with SUVs, titration of 2, 6, 10,
20 mM DOPC or Mimic lipids to 100 uM aSNwr solutions was carried out. No changes in
the chemical shifts were observed (Fig. 3a). Thus, I examined the changes in the peak
intensity of aSNwt in the absence and presence of lipids by taking advantage of local
flexibility-dependent NMR peak intensity. Sharp peak intensity of aSNwr will be lost beyond
the detection level due to the severe peak broadening coming from the complex formation
with large molecular sizes of SUVs. However, highly flexible residues which are not bound
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to SUVs will retain the peak intensity by overcoming fast relaxation.

For the peak intensity analysis, the peak intensity without (lp) and with lipids (I)

was normalized by dividing intensity of each residue by the average intensity of 120-140

residues and compared by taking a ratio of 1/l (Fig. 3b and 4b). The addition of DOPC lipid

of 2 mM did not change the ratio of 1/l (1+0.05) (Fig. 3b). As the concentration of DOPC

was increased to 6, 10, and 20 mM, 1/l, values of the N-terminal and NAC region slightly

decreased (Fig. 3b). These results indicated the weak intermolecular interactions between

aSNwt and DOPC SUVs and the minimal conformational changes of aSNwr.

More dynamic changes in 1/l were detected in the presence of Mimic lipids (Fig.

4). At 2 mM Mimic lipid, the I/ly value of the N-terminal and NAC region was roughly 0.7

and gradually increased along residue numbers (Fig. 4b). The profile of /1, was very similar

to that at 6 or 10 mM DOPC lipids. The more significant decreases in 1/l were observed

when the concentration of Mimic lipids were increased to 6, 10, and 20 mM (Fig. 4b). 1/l

values of the N-terminal and NAC regions at 6, 10, and 20 mM of Mimic lipids were roughly

~0.39, 0.32, and 0.06, respectively, and gradually increased along residue numbers (Fig. 4b).
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FIGURE 3. NMR spectroscopy of wild-type aSN and peak intensity analyses at the
various concentration of DOPC lipids. a) The superposition of *H-""N HSQC spectra of
N-labeled aSN at 2 (blue), 6 (orange), 10 (red), and 20 mM lipids (purple) of DOPC. b) The
ratio of the peak intensity of aSN (I/Ip) with (I) and without (lIo) DOPC was plotted as a
function of the residue number of aSN. The concentration of lipid used were shown in each
panel. The data points in N-terminal region covering the C-terminal residual peaks were

removed.
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FIGURE 4. NMR spectroscopy of wild-type aSN and peak intensity analyses at the

various concentration of Mimic lipids. a) The superposition of *H->N HSQC spectra of

N-labeled aSN at 2 (blue), 6 (orange), 10 (red), and 20 mM lipids (purple) of Mimic. b) The

ratio of the peak intensity of aSN (I/Ip) with (1) and without (o) Mimic was plotted as a

function of the residue number of aSN. The concentration of lipid used were shown in each

panel. The data points in N-terminal region covering the C-terminal residual peaks were

removed.
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The effect of the C-terminal region of aSV on its amyloidogenesis

C-terminally-truncated aSN has shown to be accumulated in Lewy bodies and

more rapid fibrillation than that of aSNwrt: however, the effects of vesicles on the fibril

formation of C-terminally-truncated aSN mutants remain unclear. In order to investigate

interactions between C-terminally-truncated aSN mutants and SUVs and their effects on

fibrillation, I used the two aSN mutants which C-terminal 27 residues from 104 to 140

(aSN103) and 11 residues from 130 to 140 (aSN129) Were truncated, respectively (87).

| first examined the formation of amyloid fibrils of aSNje3 in the absence and

presence of SUVs (Fig.1c). The initial secondary structure of aSNg3 in the absence of SUVs

was investigated by the far-UV CD spectroscopy. The far-UV CD spectrum showed a typical

pattern of disordered proteins without a characteristic peak (Fig. 1c). The addition of DOPC

lipids slightly increased the CD intensity of aSNios. The faster increase in ThT fluorescence

than that of aSNwt was observed. The far-UV CD spectrum of aSNjp3 without lipids

indicated the formation of fibrils with a minimum at ~218 nm (Fig. 1c). A number of fibrillar

aggregates were detected in the AFM image.

Kinetics, monitored by ThT fluorescence, were not altered with DOPC lipids and

did not depend on the concentration of lipids. The lag time was all around 3 h (Fig. 2c)
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although the maximum intensity of ThT fluorescence was low compared to that in the

absence of DOPC lipids (Fig.2a). The far-UV CD spectra in the presence of DOPC lipids

after incubation suggested cross B-structures of amyloid fibrils with minimum at ~222 nm

(Fig. 1c). The AFM image at 5 mM DOPC lipids showed that the clusters of amyloid fibrils.

The sticky propensity of fibrils at 5 mM DOPC lipids may be involved in the decreases in

ThT fluorescence compared to that without DOPC lipid.

As observed in full-length oSN, Mimic lipids increased the CD intensity of the

initial structure at 210 and 220 nm (Fig. 1c), which indicated the induction of a-helical

structures in a concentration-dependent manner (Fig.1d). ThT-based monitoring of amyloid

fibrillation at the various concentrations of Mimic lipids showed the increases in ThT

fluorescence after a lag phase. As the concentration of Mimic lipids increased, the lag time

was shortened from ~3 to ~1 h (Fig. 2c) and the maximum intensity of ThT fluorescence

mostly decreased except for data at 3 mM Mimic lipid (Fig. 2a).

The secondary structures of the final products were also examined using the far-Uv

CD spectroscopy. The CD spectra revealed the two-types of cross B structures of amyloid

fibrils which showed a minimum at ~225 nm at 0-3 mM of Mimic lipids and at ~220 nm at 4

and 5 mM of Mimic lipids (Fig. 1c). The AFM image at 5 mM of Mimic lipids demonstrated
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the formation of amyloid fibrils even at a higher concentration of Mimic lipids (Fig. 1c). All

these results indicated the formation of amyloid fibrils at all the concentrations of Mimic

lipids used. However, it should be mentioned that the low maximum intensity of ThT

fluorescence and high CD intensity at the high concentration of Mimic lipids may be

attributed to the polymorphic natures of amyloid fibrils.

Next, | investigated the conformational changes of aSNjy9 with SUVs and the

formation of amyloid fibrils of aSNjy9 in the absence and presence of SUVs (Fig.1d). The

initial secondary structure of aSNipe without SUVs was examined using the far-UV CD

spectroscopy. The far-UV CD spectrum displayed a typical pattern of largely disordered

proteins without a characteristic peak (Fig. 1d). The trace of ThT fluorescence for aSNiyg

without SUVs showed a sigmoidal curve of amyloid formation with a lag time of ~13 h and

the far-UV CD spectrum showed the pattern of amyloid fibrils (Fig. 1d). The AFM image

revealed the presence of short fibrils.

The increment of the DOPC concentration slightly increased the CD intensity of

aSN1y9 as observed other aSNs. The kinetic experiments which monitored ThT fluorescence

at the various concentration of DOPC lipids showed the promoted nucleation reaction with

shortened lag times (7-8 h) without the concentration dependence of DOPC except for 5 mM
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DOPC (Fig. 2a, ¢). The maximum intensity of ThT fluorescence was all high and also did not

show the significant DOPC concentration dependence. At all of the concentration of DOPC

lipids, the far-UV CD spectra after incubation of more than 20 h showed the cross

B-structures of amyloid fibrils although the intensity and wavelength of minimum intensity

more or less differed (Fig. 1d). The AFM image at 5 mM DOPC showed the clusters of fibrils

as observed in that of aSNgz fibrils at the same DOPC concentration.

The addition of Mimic lipids showed drastic changes in conformation and

aggregation behavior of aSNj29. With the increase in the concentration of Mimic lipids, the

characteristic peaks at 210 and 220 nm in the far-UV CD spectra of the initial structures

appeared and their CD intensities gradually increased (Fig. 1d), which indicated that the

increase in the extent of a-helical structures.

Time-dependent monitoring of ThT fluorescence revealed the two distinct effects

on Kinetics of fibrillation of aSNy,: promotion of fibrillation at the low concentration of

Mimic lipids ranging from 0.5 to 3 mM with a lag time of ~5 h and inhibition of fibrillation

at the medium and high concentration (4 and 5 mM) with a lag time of ~9 h for 4 mM (Fig.

2). Even after a long incubation more than 20 h with ultrasonication, | could not observe the

increase in ThT fluorescence at 5 mM Mimic lipid.
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The maximum ThT intensity significantly decreased at 4 mM Mimic lipid and

almost no ThT fluorescence was obtained at 5 mM (Fig. 2b). The far-UV CD spectra of

aSN19 Sample solutions after the reaction indicated the formation of B-sheet-rich structures at

the low and medium concentrations of Mimic lipids, however, at the high concentrations of 4

and 5 mM, the spectra still showed the pattern of a-helical structures. In AFM image at 5 mM

Mimic lipid, no appreciable fibrils and/or aggregates were observed. Considering all results

of CD, ThT assay, and AFM images, the high concentration of Mimic lipids stabilized

a-helical conformations of aSNige. Finally, various results on aSNig3 and aSNjyg raised a

strong possibility that the C-terminal region was responsible for amyloidogenicity of aSN.
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The effect of charges in the C-terminal region on its amyloidogenesis

In order to clarify the contribution of negative charges in the C-terminal region of

aSN to its conformational transition and amyloidogenicity on SUVs, I further used a

charge-deleted full-length mutant of aSN in which four Glu residues and one Asp residue

located between positions 130 and 140 were replaced by Asn residues (aSNnc) (87).

The soluble monomers of aSNyc in the absence of SUVs showed a far-UV CD

spectrum of largely disordered proteins as observe in other aSNs used here (Fig. 1e). The

real-time observation of ThT fluorescence showed the rapid increase in the intensity of ThT

(Fig. 1e) with a lag time of 7 h (Fig. 2c). This result indicated the faster fibrillation of aSNnc

than that of aSNwr, which was consistent of the previous study by Izawa and coworkers (87).

The far-UV CD spectrum indicated the formation of amyloid fibrils. A number of fibrils were

also observed in the AFM image (Fig. 1e).

The far-UV CD spectra at the various concentrations of DOPC lipids from 0 to 5

mM showed that the addition of DOPC changed the initial secondary structures of aSNyc to

more structured states with the increases in the CD intensity (Fig. 1e). The increases in the

CD signals depended on the concentration of DOPC lipids. ThT assay showed a variety of

kinetic traces of aSNyc depending on the concentration of DOPC lipids. At the low and
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medium concentration of DOPC lipids, the increases in ThT fluorescence appeared to be

suppressed although the increases in the concentration of DOPC lipids to 2 and 3 mM

recovered ThT fluorescence (Fig. 1e). The maximum intensity of ThT fluorescence increased

with the increase in the lipid concentration (Fig. 2a). The CD spectra after the reactions

showed cross B-structures of amyloid fibrils although the intensity of CD signals was low

(Fig. 1e). In the AFM image at 5 mM DOPC lipid, a number of fibrillar aggregates were

detected. Polymorphic property of amyloid fibrils or coexistence of other aggregates

including cross B-structures-containing oligomers and amorphous aggregates may account for

dynamic changes of results, e.g., the distinct kinetics, maximum intensity of ThT

fluorescence, and CD spectra depending on the concentration of DOPC lipids.

In the presence of Mimic lipids, aSNnc adopted a-helical structures with showing

minima at 210 and 220 nm in a lipid concentration-dependent manner (Fig.1e). The kinetics

of ThT fluorescence also depended on the concentrations of Mimic lipids (Fig.1le and 2c).

The max intensity of ThT decreased as the concentration of Mimic lipids increased (Fig. 2b).

At 0-3 mM of Mimic lipids, the kinetic profiles of aSNnc showed a typical sigmoidal

increase in ThT fluorescence of amyloid fibrillation. The lag time of nucleation was

approximately 5 h (Fig. 2c). At the high concentration of Mimic lipids, 4, and 5 mM, no
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appreciable increases in ThT fluorescence were observed even after an incubation of 24 h.

The far UV-CD spectra at 0-3 mM lipid concentrations showed the patterns of B-sheet-rich

structures, although that at 3 mM included a-helix structures. However, those at 4, and 5 mM

indicated o-helix-rich structures (Fig. 1e). The AFM image at 5 mM Mimic lipid, any

aggregates were not detected. Thus, aSNyc formed fibrils at the low concentration of Mimic

lipids, however, at the high concentration of lipids, aSNyc did not form fibrils and

maintained the initial structures of a-helix. Since the aggregation behaviors of aSNyc were

different from those of aSNwT, negative charges in the C-terminal part of aSN affect its

amyloidogenicity.
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3-4. Discussion

This study clearly indicated that the initial structure of non-o-helical aSN was

important for forming amyloid fibrils in the presence of SUVs. Thus, in order to correlate

amyloidogenesis and a-helical conformations, I examined the content of a-helical structures

and the other secondary structures of aSN at the various concentrations of DOPC or Mimic

lipids using a software of BESTSEL (http://www.bestsel.elte.hu) (110). BESTSEL accurately

predicted the content of the secondary structures of proteins and aggregates such as a-helix,

B-sheet, and the other structures including random coils and turn structures, based on the CD

spectrum (Fig. 5).

The predicted results showed that the amount of a-helix significantly increased as

the concentration of Mimic lipids increased while the amount of the others decreased. The

results clearly indicated a Mimic SUV-induced conformational transition to a-helix of aSNwt

at the high concentration of Mimic lipids, which inhibited the formation of amyloid fibrils.

The full length familial mutant, aSNas3t, showed the similar conformational change and

fibrillation profiles, although the point mutation at Ala53 affected amyloidogenesis of aSN.

However, the correlation of helicity and amyloidogenicity disappeared with the

deletion of the C-terminal region of aSN. aSNjg3 with the high content of a-helix at the high
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concentration of Mimic lipids formed amyloid fibrils (Fig.1c and 5c¢). Interestingly, aSN12g

showed the both properties of full-length aSNs and aSNjg3 (Fig. 1d and 5d). Meanwhile, a

full-length charge-deleted mutant of aSNyc recovered the aggregation pattern of aSNwr

although inhibitory effects appeared at the lower concentration of Mimic lipids than the other

full-length aSNs (Fig. 1e and 5e). These findings suggested that the charged state and the

length of unfolded region that was not bound to membranes were responsible for

amyloidogenicity and should be also considered with a-helical structures.

Taken all together, | suggest the schematic models which describe the various

pathways for the formation of amyloid fibrils of aSNs in the presence of Mimic vesicles at

the distinct concentrations on the basis of the charged state and the length of unfolded region

(Fig. 6).

aSN including more than half of the C-terminal region was dissolved in solutions

(Fig. 6a(i)). At the low concentration of Mimic lipids when the ratio of proteins to vesicles is

very high, full-length aSNs weakly interact with Mimic SUVs, (Fig. 6a(ii)). As the

concentration of Mimic lipids increases, binding proteins/vesicles decreases and the extent of

a-helix increases (Fig. 6a(iii), (iv)).

NMR data (Fig. 4) and the results of the initial secondary structure (Fig. 1a)
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indicated that the parts of aSN binding to Mimic vesicles were similar between at 6 and 10

mM Mimic lipids, but the extent of a-helical structure was different. Therefore, it was

suggested that the binding of aSN to the vesicles of Mimic and the conformational change to

a-helical structure depended on the concentration of Mimic lipids (Fig. 6a(iii), (iv)). The

conformational change due to the high concentration of Mimic vesicles and binding of a-SN

to the vesicles might affect the fibrillation.

Therefore, the binding modes of full-length aSNs are different at each

concentration of Mimic lipids. These differences may cause distinct kinetics of the fibrillation

(Fig. land 5a). At the low and middle concentration of Mimic lipids, the formation of

amyloid fibrils is promoted by an efficient nucleation through a weakly-bound aSNs and a lot

of free aSNs (Fig. 6a(v)). However, at the high concentration of Mimic lipids, the fibrillation

is inhibited due to the high stability of a-helical structures which hamper a conformational

transition to cross B-sheet structures of amyloid fibrils. The high binding affinity of a-helical

structures for Mimic SUVs decreases the number of free aSNs for nucleation.

On the other hand, the pathway of the formation of amyloid fibrils of C-terminal

truncated mutants of aSNs, aSNi3 and aSN12g, is discriminated from that of full-length aSNs

(Fig. 6b). The deletion of the C-terminal region accelerates amyloid fibrillation due mainly to
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the attenuation of the intermolecular electrostatic repulsion thereby enhancing an efficient

nucleation and elongation of fibrils (Fig. 1c, d, and 4b). In addition, considering the small

dependence of lipid compositions on kinetics of fibrillation of aSNj03 and aSN1y9 (Fig. 1c, d,

and 2), intermolecular hydrophobic interactions in the NAC region are key to nucleation (Fig.

1c and 6b).

Recently, it has been reported that the number of vesicles and aSN molecules in a

functional synaptosome, which is an isolated synaptic terminal from a neuron, are ~400 and

~3000, respectively, i.e., the ratio of aSN to vesicles is ~10 (111). Galvagnion and coworkers

have shown that lipid wvesicles enhanced amyloid fibril formation when

1,2-dimyristoyl-sn-glycero-3-phospho-L-serine  (DMPS) to oSN was below 40, which

corresponded that the ratio of aSN to vesicles was 100 (106). In this study, when the ratio of

Mimic lipids to aSN was below ~80, which corresponded that the ratio of aSN to vesicles

was 50, amyloid fibril formation was enhanced.

The lipid composition and reaction buffer used in the current study was different

from that used by Galvagnion and colleagues. The negative charge of the surface of Mimic

SUVs decreased by ~30% compared with that of DMPS SUVs under the assumption that the

number of lipid molecules per one SUV was same. So, it was reasonable that
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proteins/vesicles ratio in this study was increased. It should be highlighted that our

experimental conditions of the lipid composition and reaction buffer with the ionic strength

were closer to physiological conditions than those of Galvagnion and coworkers. Therefore, |

could reach a biologically and pathologically important conclusion: under normal

concentrations of aSN in a synaptic terminal, the concentration of synaptic vesicles was

sufficient enough to inhibit the formation of amyloid fibrils. However, the disruption of the

balance of a ratio of aSN to vesicle by the failure of quality controls in cells may trigger to

the formation of amyloid fibrils. As revealed in this study, mutation can also change this

balanced ratio. Although the more compelling results are required, one of familial PD,

aSNas3t, and C-terminal truncated mutants, aSN1o3 and aSN129, might be higher ratio of aSN

to vesicle than that of aSNwr, under the same concentration of Mimic lipids.

The fibrillation pathway of aSN is highly complicated in the presence of vesicles.

However, this study proposed that the initial structure was important in the formation of

amyloid fibrils, binding modes of aSN to SUVs depended on the concentration of vesicle

lipids, and the charge state and length of C-terminal region affected the fibrillation. | expect

that the current findings and suggestions can provide insights into understanding of the

mechanism of amyloidogenesis of aSN in a synaptic terminal.
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FIGURE 6. The models of the pathway of the fibrillation of aSN in the presence of

Mimic vesicles. a) The model of aSN including more than half of the C-terminal region. (i)

Monomers dissolve in the solution and are fluctuated. (ii-iv) proteins interact with vesicles in

a concentration of lipids dependent manner. Proteins of (ii) and (iii) states can form amyloid

fibrils (v). The state of (iv) inhibits the fibrillation. b) The model of aSN lacked the

C-terminal region. The binding of this type protein to vesicles depends on the concentration

of lipids, but the fibrillation is not affected. Due to intermolecular strong hydrophobic

interaction, proteins tend to form not only amyloid fibrils but also amorphous aggregates.
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Chapter 4. Conclusions
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Demonstration of the underlying mechanisms of amyloid fibril formation is still

challenging, a lot of general aspects on amyloidogenesis have been revealed. Disruption of

membranes, which are critical to maintain cell homeostasis, leads to the cell death. Synergetic

effects between amyloidogenesis and cytotoxicity through interactions of the amyloidogenic

peptide and proteins should be clarified.

In this thesis, based on the physiological and pathological relevance, | showed the

effects of lipid membranes on the formation of amyloid fibrils of AP peptides and aSN

proteins. Generally, depending on the composition of lipids and other components such as

shape, temperature, and pressure, physicochemical parameters of lipid membranes (cf.

surface charges, fluidity, packing defects, and phase transitions of lipid membranes) are

change (112). Thus, these properties altered interactions with the peptide and proteins and

their behaviors of aggregation thorough distinct initial conformational states on membranes.

In the second chapter, I revealed that AP (1-40) peptides interacted with DOPC

SUVs which carried no net charge on their surfaces at the various degree of curvature.

Although distinct degrees of curvature did not change the initial random coil-like

conformations of AP (1-40) peptides, the aggregation behaviors depended on curvature. The

high curvature of DOPC SUVs with high packing defects efficiently promoted the formation
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of amyloid fibrils of AP (1-40) peptides. On the other hand, at low curvature, the fibrillation

of AP (1-40) peptides was inhibited by forming amorphous aggregates. Thus, packing defects

played an important role in acceleration of the formation of amyloid fibrils of Ap (1-40).

In the third chapter, I showed that the initial conformations of aSN depended on the

surface charges between DOPC and Mimic SUVs and a critical factor to determine

amyloidogenicity of aSN. aSN could sense the differences in surface charges and alter their

conformations to more stabilized states. The high degree of a-helical structures kept to their

initial conformations even after long incubation with ultrasonic treatment. However, the low

degree of a-helical structures showed the efficient formation of amyloid fibrils. Interestingly,

C-terminal charge deleted mutants with a-helical structures showed the formation of amyloid

fibrils, which indicated that the charged state and length of unfolded proteins should be also

considered in amyloidogenesis.

Although AP and aSN are definitely different proteins, co-accumulations of both

proteins are detected in vivo. Moreover, AP enhances the aggregation and accumulation of

aSN in brains (113). Thus, recent studies claim that Alzheimer’s disease and Parkinson’s

disease are mutually linked and the study on the mechanisms of the aggregation behaviors of

either AP or aSN in the presence of both proteins under the biologically more relevant
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conditions such as the presence of model membranes is required.

Finally, I expect that my study is helpful to understand the mechanisms of amyloid

fibrillation under the conditions where biological membranes interact with aggregation-prone

proteins.
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