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Abstract

The misfolding, amyloid aggregation, and fibril formation of intrinsically disordered proteins/

peptides (or amyloid proteins) have been shown to cause a number of disorders. The underlying 

mechanisms of amyloid fibrillation and structural properties of amyloidogenic precursors, 

intermediates, and amyloid fibrils have been elucidated in detail; however, in-depth examinations 

on physiologically relevant contributing factors that induce amyloidogenesis and lead to cell death 

remain challenging. A large number of studies have attempted to characterize the roles of 

biomembranes on protein aggregation and membrane-mediated cell death by designing various 

membrane components, such as gangliosides, cholesterol, and other lipid compositions, and by 

using various membrane mimetics, including liposomes, bicelles, and different types of lipid-

nanodiscs.

We herein review the dynamic effects of membrane curvature on amyloid generation and the 

inhibition of amyloidogenic proteins and peptides, and also discuss how amyloid formation affects 

membrane curvature and integrity, which are key for understanding relationships with cell death. 

Small unilamellar vesicles with high curvature and large unilamellar vesicles with low curvature 

have been demonstrated to exhibit different capabilities to induce the nucleation, amyloid 

formation, and inhibition of amyloid-β peptides and α-synuclein. Polymorphic amyloidogenesis in 

small unilamellar vesicles was revealed and may be viewed as one of the generic properties of 

interprotein interaction-dominated amyloid formation. Several mechanical models and phase 

diagrams are comprehensively shown to better explain experimental findings. The negative 

membrane curvature-mediated mechanisms responsible for the toxicity of pancreatic β cells by the 
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amyloid aggregation of human islet amyloid polypeptide (IAPP) and binding of the precursors of 

the semen-derived enhancer of viral infection (SEVI) are also described. The curvature-dependent 

binding modes of several types of islet amyloid polypeptides with high-resolution NMR structures 

are also discussed.
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1. Introduction

1-1. Protein misfolding and aggregation and their relationships with various diseases

Most proteins fold spontaneously into three-dimensional native structures, which are unique 

and functional, below the solubility limit (Fig. 1) [1, 2]; however, intrinsically disordered 

proteins exist under physiological conditions and lack defined stereostructures [3]. The 

numerous biological functions of proteins are fundamentally achieved by the highly 

regulated intermolecular interactions of proteins with other molecules [4]. Nevertheless, 

endogenous and exogenous stresses decrease the stability of proteins in native states, which 

often causes the concurrent formation of insoluble aggregates (Fig. 1) [5]. Various 

machineries, such as quality control systems, contribute to the maintenance of diverse 

protein homeostasis in the body by helping to correct folding as well as the efficient and 

timely clearance of deleterious aggregates and misbehaving proteins [6, 7]. A failure in this 

control system due to aging or accidental and sporadic errors reinforces misregulated 

interprotein interactions. It consequently leads to the irreversible formation and 

accumulation of protein aggregates in various organelles, cells, and tissues, which, in turn, 

gives rise to a number of disorders including not only neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s diseases, but also amyloidoses, including type II diabetes and 

dialysis-related amyloidosis, through the combined effects of the permanent loss of function 

and/or gain of toxic function [8–15].

Therefore, a large number of studies have targeted protein misfolding and aggregation and 

attempted to reveal their relationships to diseases based on whole protein behaviors together 

with protein folding and normal function. In the past two decades, the underlying and unique 

properties of the appearance (structure and morphology) and birth (mechanisms) of protein 

aggregates have been elucidated. Protein aggregates may be largely classified into three 

types: amyloid fibrils, protofibrils, and amorphous aggregates, depending on their structure 

and morphology, tinctorial properties, and aggregation mechanisms (Fig. 1). Amyloid fibrils 

are morphologically long in shape and commonly consist of one or multiple protofilaments 

that are rich in β-structures [16–18], whereas amorphous aggregates generally do not show 

ordered structures or a characteristic morphology [1]. Oligomers, which are preferably 

rounded in shape, exhibit highly variable structural properties, ranging from a well-

structured β conformation [19–21] to a largely disordered structure [22–24]. Thioflavin T 

(ThT) and Congo red dyes detect the structures of amyloid fibrils, thereby allowing the 

various types of aggregates to be distinguished from each other [25]. Biophysical methods, 
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such as circular dichroism [26] spectroscopy, Fourier transform-infrared spectroscopy (FT-

IR), X-ray crystallography and fiber diffraction, and solution and solid-state NMR 

spectroscopy, have been effectively used in the detection and characterization of protein 

aggregates [25, 27–32]. Microscopy, such as atomic force microscopy (AFM) and 

transmission electron microscopy [33], visually identifies aggregate types [34, 35]. Although 

many elaborate and complex models, including Ostwald ripening [36] and two-step 

nucleation [37], have been proposed to explain amyloid fibrillation, amyloid fibrils are 

generally considered to self-assemble from soluble monomers through the two-step 

mechanism: slow nucleation, which generates the lag time, is followed by the rapid growth 

of fibrils (i.e., elongation). In contrast, amorphous aggregation often occurs without 

appreciable lag times [38]. Protofibrils share common structural, morphological, and kinetic 

properties between amyloid fibrils and amorphous aggregates.

Recent studies reported key macroscopic (i.e., thermodynamic) and kinetic concepts of 

solubility and supersaturation for protein aggregation [2, 38–40]. Protein aggregation must 

occur over thermodynamic solubility under given conditions and supersaturation kinetically 

controls aggregation because the metastability of supersaturation produces the lag time for 

productive nucleation (Fig. 1). The metastability of supersaturation may serve as an energy 

barrier (i.e., activation energy). Furthermore, it is generally accepted that amyloid fibrillation 

is a generic property of polypeptide chains [41]. All proteins, even disease-unrelated 

proteins, retain amyloidogenic regions [42], namely, the amylome [43], and are capable of 

forming amyloid fibrils under specific conditions [44, 45], indicating the continual risk of 

protein misfolding diseases [46]. However, a physical phenomenon of supersaturation 

counteracts the amylome because the high metastability of supersaturation maintains 

proteins over the solubility limit in a soluble state (Fig. 1) [2, 47–53]. This buffering 

function may prolong solubility and protect organisms against aggregation-induced 

impairments.

Protein aggregation exhibits strong susceptibility to environmental conditions. Thus, 

different types of protein aggregates form as a result of changing conditions. For example, 

polymorphic amyloid fibrillation appears in response to changes in conditions, such as pH, 

ionic strength, and temperature [29, 54–57]. The degree of cytotoxicity and damage to 

tissues depends on the types of aggregates and amyloid fibrils [46, 58]. Therefore, the 

characterization of protein aggregation under various conditions plays an essential role in a 

comprehensive understanding of the context-dependent mechanisms of amyloid formation 

and the structure of amyloid aggregates. Many factors affect amyloid formation. Not only 

changes in pH, salt types/concentrations, temperature, and pressure, but also the presence of 

additives, such as metal ions, have been shown to promote/inhibit amyloid formation and 

induce alternations in the aggregation pathway [59–66]. Membranes have been one of the 

most important biologically relevant contributors to amyloidogenesis because most proteins 

are exposed to the environments of various biological membranes. A number of roles have 

been demonstrated for biomembranes: representatively, membranes condense proteins, 

which increases the effective concentration (i.e., a decrease in the metastability of 

supersaturation and lag time (Fig. 1)), and reduce the diffusional dimension of proteins from 

three to two dimensions, which affects amyloidogenicity [26, 67–71]. Furthermore, the 
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binding of amyloidogenic proteins to lipid membranes induces conformational changes in 

proteins for amyloid formation.

A deeper understanding of the mechanisms underlying amyloid fibrillation in the presence 

of membranes is one of the central goals in this field of research. The key question is “What 

are the properties of membranes that affect amyloidogenesis?”, and the general answers will 

be i) the components of membranes, ii) types of lipids, and iii) membrane curvature. Since 

several reviews have already described and summarized how lipid types and membrane 

compositions influence the structures and aggregation behaviors of many amyloid proteins, 

including Aβpeptides [13], hIAPP [72], and α-synuclein (αSN) [73, 74], we herein focus 

exclusively on the impact of membrane curvature on amyloid generation. We will review 

how the aggregation behaviors of Aβ peptides depend on curvature, and describe how αSN 

binds to the model membranes of synaptic vesicles with high curvature by changing its 

structure in the membrane-bound state. The effects of membranes on αSN amyloid 

formation and inhibition will be explained based on comprehensive mechanical models. We 

also show how IAPP amyloid formation influences membrane curvature as well as its 

mechanical and etiological links to islet cell toxicity. The membrane curvature-dependent 

binding modes of several types of IAPPs at the atomistic level, which are closely related to 

the amyloidogenicity of IAPP, will be addressed. A novel mechanism for the marked 

enhancement in infection by human immunodeficiency virus will be suggested based on 

negative curvature-induced membrane fusion by a highly amyloidogenic seminal peptide.

1-2. Size-dependent differences in physicochemical properties and the general usage of 
biomembrane-mimicking vesicles of distinct sizes

The biological membranes of organelles and cells have various shapes [75]. The cylindrical 

shapes of membrane tubes are observed under a dynamin coat, and the necks of membrane 

buds have the shape of a saddle. Synaptic vesicles are morphologically spherical in shape. 

These differences in shape engender an important physicochemical property of membranes, 

namely, curvature [76, 77]. Membrane curvature has been shown to affect the functions of 

proteins, which interact with membranes [76, 78]. Thus, in order to examine the effects of 

membrane curvature on protein functions in detail, several types of vesicles of different sizes 

were tailored for in vitro studies. Three types of vesicles are widely utilized: giant 

unilamellar vesicles (GUV), large unilamellar vesicles (LUV), and small unilamellar 

vesicles (SUV). The sizes of vesicles are in the following order: GUV > LUV > SUV (Fig. 

2). Thus, the degree of curvature is in the order of SUV > LUV > GUV [79].

GUV are generally used instead of cell membranes because its diameter is ~5 μm and 

greater. The local membrane curvature of GUV was suggested to be almost flat relative to 

LUV and SUV [80]. GUV with the labeling of fluorescent lipids provide the advantage of 

visibility in fluorescence microscopy for observations of changes in membrane surfaces, 

such as membrane disruption, tubulation, and phase separation [81–83]. However, the 

preparation and quantification of GUV are not simple and, thus, difficulties are associated 

with obtaining key information, including detailed stoichiometry. In order to improve the 

usability of model membrane-based studies by overcoming quantitative issues, LUV and 

SUV have often been introduced. The diameter of LUV is ~100 – 500 nm, and may be 
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regulated by the pore sizes of polycarbonate membranes. SUV of ~15 – 50 nm are prepared 

using ultrasonication [84]. LUV and SUV labeled with fluorescent lipids are not suitable for 

fluorescence microscopy because they are observed as spots and do not provide productive 

information [85]. However, it is markedly easier to control the concentrations of LUV and 

SUV than that of GUV, and, thus, they may be used in in vitro studies that require precise 

and accurate stoichiometric analyses and interpretation [79, 84]. Based on these findings, we 

focused on LUV and SUV in the stoichiometric discussion in this review.

The distinct sizes of LUV and SUV create a difference in the packing defect due to 

membrane bending and curvature [76]. Therefore, SUV show more packing defects than 

LUV. Packing defects are also affected by lipid compositions because the size and shape of 

lipid head groups and hydrophobic tails as well as the fluidity of membranes depend on the 

types of lipids [76]. The importance of packing defects in not only the functions of proteins, 

but also interactions between proteins and membranes has been demonstrated [33, 86, 87]. 

The sizes of viruses, mitochondria, and lysosomes are similar to that of LUV and the 

diameters of SUV and synaptic vesicles are similar. In order to investigate interactions 

between membranes and proteins in the exocytosis of synaptic vesicles, LUV and SUV are 

used to compare the effects of membrane curvature on protein functions [88, 89]. In the past 

two decades, LUV have also been utilized in studies on protein misfolding and aggregation 

with less focus on SUV [90, 91]. The following sections will be useful for understanding 

how SUV and LUV may be used in the study of protein aggregation.

2. Aggregation of amyloid β peptides in membrane environments

Amyloid β (Aβ) peptides consist of 39-42 residues and are produced by the sequential 

cleavage of the transmembrane amyloid precursor protein by β- and γ-secretases. 

Differences in the lengths of Aβ peptides depend on the cleavage site by γ-secretase [92–

94]. Aβ(1-40) and Aβ(1-42) peptides are the most common types and have been implicated 

in the pathogenesis of Alzheimer’s disease. These two peptides both have nine positively- 

and negatively-charged residues and hydrophobic residues mainly in the C terminus. 

Aβ(1-40) and Aβ(1-42) peptides have been detected in senile plaques in the form of amyloid 

fibrils, and Aβ(1-42) peptides have been reported to exhibit higher cytotoxicity than 

Aβ(1-40) peptides. Thus, two additional hydrophobic residues in the C terminus make 

Aβ(1-42) more aggregation-prone and disease-related than Aβ(1-40) [95].

Previous studies suggested that nanomolar concentrations of Aβ peptides are present in vivo 
[93, 96–98], which is a lower concentration of Aβ needed for amyloid generation in vitro. A 

number of studies at the test tube level showed that more than a few micromolar 

concentrations of Aβ peptides are required for amyloidogenesis [99, 100]. Therefore, in 

order to obtain a plausible resolution for this issue, researchers have focused on the lipid 

membranes at which Aβ localizes from biological and pathological viewpoints. Yanagisawa 

and coworkers revealed the binding of Aβ peptides to ganglioside GM1, which accelerated 

the formation of amyloid fibrils [67]. A number of studies were subsequently performed in 

order to investigate the interaction between Aβ peptides and membranes in more detail. 

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

model membranes induced a structural transition in Aβ from a random coil to an α-helix at a 
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low peptide/lipid ratio without aggregation (15 μM of Aβ(1-40) with 600 μM of GM1/

cholesterol/SM (40:30:30) SUVs) [101]. However, membranes promoted the transition to β-

sheet-rich conformations at high peptide/lipid ratios, which indicated that the formation of 

amyloid fibrils was expedited due to the acceleration of nucleation in membranes. Many 

other model membrane-based studies demonstrated that the propensity for and mechanisms 

underlying Aβ aggregation depended on the membrane components and physicochemical 

properties of constituent lipids. For example, a high level of cholesterol prevented fibrillation 

[102], while fibrillation was accelerated in low-polarity environments using a mixture of 

GM1, cholesterol, and SM and resulted in cytotoxicity [103]. Acidic lipids such as 1,2-

dimyristoyl-sn-glycero-3-phosphor-rac-(1-glycerol) (DMPG) also accelerated fibrillation 

due to a direct interaction between the surfaces of membranes and Aβ [104].

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

has attracted less attention in protein misfolding and aggregation in membrane 

environments. Pannuzzo and colleagues reported that the binding of Aβ to membranes bent 

membranes and increased curvature [105]. These findings also raised the question of 

whether differences in curvature affect the binding mode of Aβ to membranes and amyloid 

fibrillation. However, in spite of the importance of membrane curvature for protein 

aggregation, an insufficient number of detailed studies have been conducted. Therefore, we 

focused on the effects of membrane curvature on the amyloid formation of Aβ(1-40) and 

(1-42) peptides using lipid bilayers of different sizes [48]. We reviewed the key roles of 

membrane curvature in controlling the amyloidogenesis of Aβ(1-40) and (1-42) peptides.

2-1. Membrane curvature-dependent aggregation of Aβ peptide(1-40)

We initially examined the effects of the sizes of model membranes, i.e., curvature, on the 

amyloid fibrillation of Aβ(1-40) under physiological conditions (pH 7.4, 100 mM NaCl, and 

37 °C) using the two types of vesicles, SUV with high curvature and LUV with low 

curvature [48]. We used 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) for the preparation of lipid 

bilayers because Aβ binding was previously shown to bend phosphocholine membranes, 

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

membrane curvature by eliminating the influence of electrostatic interactions between Aβ 
and membrane surfaces.

DOPC vesicles with diameters of 30, 50, 100, and 200 nm were added to solution containing 

Aβ(1-40) monomers, and aggregation kinetics were traced using the intensity of ThT 

fluorescence. The sizes of the DOPC vesicles had a dynamic impact on the amyloid 

fibrillation of Aβ(1-40) (Figs. 3 and 4A, B). Smaller vesicles (SUV of 30 and 50 nm) 

shortened the lag time and accelerated fibril growth (i.e., elongation) (Figs. 3A and 4B); 

however, the larger vesicles (LUV of 100 and 200 nm) did not significantly affect the lag 

time (Figs. 3D and 4B). Analyses of images obtained from TEM, AFM, and total internal 

reflection fluorescence microscopy (Fig. 3B and E) as well as the intensity of ThT 

fluorescence (Fig. 4A) revealed that i) SUV promoted the formation of amyloid fibrils and 

ii) LUV induced shorter amorphous-like amyloid fibrils. Similar amyloid-forming processes 

were observed when POPC SUV and LUV were incubated with Aβ(1-40).
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In an attempt to obtain mechanical insights into the aggregation mechanisms of Aβ(1-40), 

we characterized the binding of Aβ(1-40) with either SUV of 30 nm or LUV of 100 nm 

using isothermal titration calorimetry (ITC) (Fig. 3C and F). The ITC thermogram of the 

Aβ(1-40) titration to SUV of 30 nm showed a series of positive ITC peaks with gradual 

decreases in intensity, and endothermic reactions indicated intermolecular interactions 

between Aβ(1-40) and SUV (Fig. 3C). On the other hand, consecutive titrations of Aβ(1-40) 

to LUV of 100 nm showed gradual decreases in the amplitude of negative ITC peaks, which 

were indicative of exothermic binding and distinguishable from endothermic Aβ(1-40):SUV 

interactions (Fig. 3F). In addition, the extent of heat was larger and apparent affinity was 

stronger than those observed when Aβ(1-40) was titrated to SUV of 30 nm. Thus, these 

results revealed i) weak interactions between Aβ(1-40) and model membranes based on 

gradual changes in titration heat in the ITC thermogram, ii) the higher affinity of Aβ(1-40) 

for LUV than SUV, and iii) distinct binding modes of Aβ(1-40) depending on the difference 

in curvature in view of the reaction heat (endergonic vs exergonic). Similar endothermic and 

exothermic reactions were observed for the binding of magainin 2 amide and its analogs to 

LUVs and SUVs composed of POPC/POPG (3:1), respectively [106].

We then hypothesized that differences in packing defects between SUV and LUV [76] 

affected interactions between Aβ(1-40) and model membranes, thereby influencing the 

aggregation behavior and pathway of Aβ(1-40). In this context, packing defect-related 

hydrophobicity was tested using the fluorescence of 8-anilino- 1-naphthalenesulfonate 

(ANS). ANS is a dye that senses hydrophobic environments by enhancing its emission 

fluorescence, and is often used to detect the water-accessible hydrophobic regions of 

intermediates during protein folding [107]. The fluorescence intensity of ANS and vesicular 

size showed a linear relationship (Fig. 4C), which indicated that SUV with higher curvature 

and hydrophobicity has more packing defects than LUV, as suggested by the previous 

findings of other groups [108].

Collectively, we advocated models of the Aβ(1-40) aggregation pathway in membranes with 

distinct curvature based on the two types of interactions between Aβ(1-40) and model 

membranes (Fig. 5): one is the productive interaction leading to fibrillation-competent 

nucleation for typical mature amyloid fibrils and the other is the non-productive interaction 

that leads to amorphous-like amyloid formation in place of mature amyloid fibrils. The 

water-accessible hydrophobicity of model membranes probed by ANS binding and 

estimation of curvature suggested that SUV with higher surface curvature had more water-

accessible hydrophobic regions and was effective for producing canonical amyloid 

nucleation. SUV with larger water-accessible hydrophobic regions weakly interacted with 

Aβ monomers, but adequately concentrated Aβ to initiate productive nucleation. Although 

the binding of Aβ(1-40) to LUV with lower curvature and smaller hydrophobic regions also 

occurred with higher affinity than SUV, it may not be fully productive for generating mature 

amyloid fibrils because the local concentration of Aβ(1-40) may not be sufficient to break 

the metastability of supersaturation. Alternatively, although the local concentration was 

sufficiently high, bound Aβ(1-40) molecules were tightly trapped on the surface of 

membranes and, thus, were unable to diffuse and transform to seed-competent 

conformations. These interactions of Aβ(1-40) with LUV may eventually result in the 

production of ThT-positive short amorphous-like amyloid fibrils.
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In this section, we described the curvature dependence of the binding mode and affinity, 

aggregation kinetics, and types of aggregates of Aβ(1-40). The effects of the curvature-

dependent aggregation process and final aggregates on the membrane integrity of and 

toxicity against cells will provide more biologically and pathogenetically relevant 

implications. Not only the high-resolution structures of Aβ(1-40) in SUV and LUV, but also 

a molecular dynamics simulation will be a challenge for obtaining a more thorough 

understanding of the mechanical binding mode and nucleation at the atomistic and 

molecular levels.

2-2. Aggregation of Aβ peptides, including their peptide fragments

Although Aβ(1–40) is more prominent in physiological cellular environments, Aβ(1–42) is 

considered to be more neurotoxic possibly due to its higher propensity for aggregation [95]. 

However, the aggregation of Aβ(1-42) has been studied in less detail than that of Aβ(1-40) 

due to its strong propensity for aggregation, which has markedly hampered reproducible and 

accurate experiments and the efficient application of various biochemical and biophysical 

methods. In this section, we describe how different membrane curvatures impact on the 

aggregation behaviors of Aβ(1-42) with comprehensive models of the polymorphic and 

dilution-like inhibitory mechanisms. The stability of amyloid structures generated in model 

membranes and salt effects on Aβ amyloidogenesis will also be addressed.

2-2-1. Distinct self-assembly process of Aβ(1-42) in SUV and LUV—Aβ(1-42) 

aggregation depending on the sizes of the model membranes of POPC (SUV of ~30 nm and 

LUV of ~140 nm) was examined [53]. No significant changes in the secondary structures of 

Aβ(1-42) due to the addition of SUV by varying the concentration of POPC were observed 

before or after the incubation. Random-coil and β-sheet structures at any concentration of 

POPC were revealed before and after the reaction, respectively. However, the kinetic 

parameters of Aβ(1-42) amyloid formation (lag times, elongation rate constants, and the 

maximum intensities of ThT) largely depended on the concentration of POPC: lag times 

became longer and then shorter, elongation rates became higher, and the maximum 

intensities of ThT fluorescence decreased as the POPC concentration increased (Fig. 6A–D). 

Morphological analyses using AFM and TEM revealed the formation of long and short 

amyloid fibrils at low and high concentrations of POPC (high and low peptide/lipid ratios), 

respectively (Fig. 6I).

On the other hand, LUV affected the amyloidogenicity of Aβ(1-42) itself without a change 

in the initial (random coils) and final (β-rich) structural states. The increase observed in the 

POPC concentration (the lipid/peptide ratio) resulted in a decrease in the ThT fluorescence 

intensity at the stationary stage. Fitting analyses confirmed that amyloid fibrils formed 

without marked differences in their lag times or elongation rate constants at low and 

intermediate POPC concentrations (Fig. 6E–H). At high POPC concentrations, no amyloid 

fibrils or any other types of aggregates were detected (Fig. 6E–H and J). These results 

demonstrated that increases in the amounts of LUV prevented Aβ(1-42) amyloid formation, 

and indicated that the soluble molecular species of Aβ(1-42) remained in an unstructured 

state. Intermolecular affinity between Aβ(1-42) and two types of POPC vesicles was found 

to be weak in nature based on the lack of the appreciable binding heat of ITC thermograms.
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Thus, the patterns of Aβ(1-42) amyloid formation varied with the curvature of model 

membranes, even at the same lipid concentration (the peptide/lipid ratio), and we suggested 

new mechanical models of curvature-dependent polymorphic amyloidogenesis as well as the 

inhibition of the amyloid generation of Aβ(1-42) (Fig. 7). SUV shows low packing 

efficiency among lipids (i.e., packing defects) [78, 88, 109–112], which may provide 

inhomogeneous hydrophobic clefts in the lipid bilayer [76, 78, 110]. In contrast, LUV shows 

fewer packing defects and lower hydrophobicity [48, 88, 111]. Aβ(1-42) monomers may 

bind to several types of hydrophobic clefts (binding sites) in SUV with different affinities 

through mainly hydrophobic interactions (Fig. 7A and B) [113, 114]. The accumulation of 

Aβ(1-42) at individual binding sites increased local concentrations of Aβ(1-42) and induced 

productive nucleation, which resulted in the formation of the distinct morphology of 

amyloid fibrils with different kinetics, i.e., polymorphs of amyloid fibrils (Fig. 7A). 

Different lengths of amyloid fibrils in equilibrium may be broadly referred to as 

polymorphs. Other experimental findings, such as TEM, CD, FT-IR, or NMR, will 

strengthen the suggestion of polymorphs. Caution is needed when the polymorphism of 

amyloid fibrils is addressed based on the lengths of amyloid fibrils. Similar polymorphic Aβ 
amyloid formation was observed when the physicochemical properties of surfaces were 

changed [115, 116].

Aβ(1-42) binds to the surfaces or shallow hydrophobic clefts of LUV, and increases in local 

concentrations at higher peptide/lipid ratios lead to amyloid formation (Fig. 7C). However, 

an increase in the amount of LUV inhibits Aβ(1-42) amyloid fibrillation due to insufficient 

local concentrations, i.e., dilution effects, for productive nucleation (Fig. 7D) [48], as 

observed in Aβ fibrillation with nanoparticles [117, 118]. Further decreases in the peptide/

lipid ratio in SUV showed the same dilution-like inhibitory mechanism of Aβ(1-42) amyloid 

generation (Fig. 8A). The concept of the local concentration and peptide/lipid ratio may be a 

common and simple interpretation for the acceleration and blockade of amyloid formation in 

a membrane environment regardless of the sizes of biomimetic model membranes.

2-2-2. Conformational stability of different curvature-induced Aβ amyloid 
fibrils—Studies on the stability of amyloid fibrils have greatly contributed to advances in 

our understanding of the physical and thermodynamic natures of proteins together with 

knowledge on globular proteins [39, 119]. They are also beneficial for elucidating the prion-

like behaviors of amyloid fibrils via cell-to-cell propagation [120, 121] because the 

surrounding conditions for intercellular transmission may affect the structural stability of 

amyloid fibrils. In addition, amyloid stability and reversibility may be viewed as key factors 

to maintain proteostasis in terms of protein turnover and amyloid clearance [122–124] and 

are useful for examining polymorphic amyloidogenesis.

The hierarchical structures of amyloid fibrils elucidated using X-ray crystallography and 

solid-state NMR spectroscopy appear to be very stable [125–129]; however, amyloid fibrils 

showed nearly complete denaturation (i.e., depolymerization or dissociation) to monomers 

or other types of aggregates. External perturbations, including temperature [119, 122], 

chemical denaturants [130, 131], pressure [65, 66], mechanical perturbation [132], and the 

presence of additives, including polyphenols [133, 134], destabilized and denatured amyloid 

fibrils (several tens of kJ mol−1 of a change in Gibbs free energy) (Fig. 9). Previous studies 
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reported that the stability of amyloid fibrils was similar to that of globular proteins [39, 119, 

122, 135]. In contrast to the intramolecular interaction-steered folding of globular proteins, 

the stability of intermolecular interaction-driven amyloid formation depends on the critical 

concentration for aggregation, as described for micellization. Therefore, dilution also 

modulates amyloid stability [99, 124]. Increases in intra- and intermolecular contacts often 

stabilize globular proteins [136], and the binding of SDS or some types of salts enhanced the 

stability of amyloid fibrils against high temperatures (Fig. 9) [119].

Based on these findings, the conformational stability of Aβ(1-42) amyloid fibrils, which 

made direct contact with membranes, and the effects of membrane curvature were examined 

using temperature and dilution as outer stresses. Increases in temperature from 37 to 110 °C 

decreased the CD signal intensity of amyloid fibrils formed in the absence and presence of 

either SUV with distinct concentrations of POPC or LUV (Fig. 8B and C). Far-UV CD 

spectra at 110 °C and after cooling to 37 °C were similar, and round aggregates without 

amyloid fibrils were observed in AFM images following heat scanning. These findings 

suggested that POPC membrane curvature and polymorphic properties did not markedly 

affect the stability of Aβ(1-42) amyloid fibrils, and the irreversibility of the heat 

denaturation of amyloids was attributed to amorphous aggregation. A decrease in the 

concentration of Aβ(1-42) to 1 μM by dilution, which is less than the critical concentration 

for amyloid formation, reduced ThT intensities with the incubation time (Fig. 8D), 

indicating the denaturation of amyloids. Although no marked differences were observed 

between the amyloids formed in the absence and presence of LUV, an increase in the 

stability of polymorphic amyloid fibrils formed in SUV at different concentrations of POPC 

against dilution was noted.

Therefore, it was concluded that the curvature of the POPC model membranes used here did 

not markedly affect the conformational stability of Aβ(1-42) amyloid fibrils for thermal 

stress; however, the stability of amyloids formed in the absence and presence of SUV was 

affected by dilution to some extent. More case studies based on various membrane 

compositions are required in order to obtain the general features of amyloid stability in a 

membrane environment with different curvatures, which will provide therapeutic 

perspectives for the better removal of amyloid fibrils.

2-2-3. Amyloidogenesis of two types of Aβ peptides—Packing defects in SUV with 

high curvature also induced the polymorphic amyloid formation of Aβ(1-40) in buffered 

solution without additional salts [48, 53, 137]; however, its amyloidogenicity was lower than 

Aβ(1-42). Aβ(1-40) did not form amyloid fibrils in LUV at the same POPC concentration 

range in SUV. The presence of additional salts (100 mM NaCl) increased the 

amyloidogenicity of Aβ(1-40) in SUV and still retained the polymorphism. The addition of 

salts markedly accelerated Aβ(1-40) amyloid formation in LUV. Thus, the importance of the 

salt concentration for the transition of non-productive nucleation to productive nucleation by 

condensing Aβ peptides in model membranes, particularly for LUV, was demonstrated.

Large differences in the amyloidogenicity of Aβ(1-40) and Aβ(1-42) depending on the 

curvature of vesicles are most likely attributed to the hydrophobic interaction between the C 

terminus of Aβ and membranes. Two additional C-terminal hydrophobic residues of 
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Aβ(1-42) may promote nucleation more efficiently than Aβ(1-40) [138]. The more rigid C-

terminal regions of Aβ(1-42) may also be related to membrane interactions and 

amyloidogenicity [139, 140]. Salt-enhanced hydrophobic interactions may be viewed as an 

accelerator of amyloid generation in LUV.

Overall, vesicle size-dependent differences in packing defects may be a key factor regulating 

the amyloid aggregation of Aβ peptides. Aβ amyloid fibrillation in membranes with large 

packing defects may be more deleterious to cells due to high amyloidogenicity than that on 

larger flat surfaces. Aβ sequestration by flat membranes at low Aβ/lipid ratios may help 

maintain Aβ solubility. Biological membranes play a role in elucidating the pathway of 

protein aggregation by adjusting the degree and metastability of supersaturation over the 

thermodynamic solubility limit [38, 49], which is essential for (non-)productive nucleation 

[48, 124]. Further examination of curvature-dependent Aβ aggregation in terms of the phase 

transition using charged lipids and other membrane components will provide valuable 

mechanical, thermodynamic, and kinetic insights into the molecular mechanisms underlying 

Aβ amyloid fibrillation and amorphous aggregation.

3. Parkinson’s disease and αSN aggregation in presynaptic vesicles

Parkinson’s disease is the second most neurodegenerative disorder and affects 6.2 million 

people globally, killing approximately 117,400 individuals in 2015 [141]. Parkinson’s 

disease is a long-term disorder that develops slowly; movement impairments in the early 

stage of the disease precede dementia in the advanced stage [142]. The aggregation of αSN 

and its deposition to the substantia nigra in the form of amyloid fibrils have been identified 

as the pathological hallmarks of Parkinson’s disease [11]. αSN and its aggregates are 

responsible for synucleinopathies, including Lewy body dementia [143]. Thus, studies on 

αSN aggregation and its structural aspects in monomeric and aggregated states as well as the 

resulting cytotoxicity have been extensively performed in vivo and in vitro for two decades 

[11, 12, 144, 145]. Interactions between αSN and other molecules have increasingly become 

research targets for amyloidogenesis and pathogenesis [146–148].

αSN is a 140-residue soluble protein that is intrinsically disordered under physiological 

conditions [147, 149]. It is largely divided into three regions based on the physicochemical 

properties of amino acid residues (Fig. 10A). The N-terminal region (residues 1 - ~60) is 

amphipathic in nature and contains many positive charges at neutral pH. The N-terminal 

region plays a central role in binding to membrane surfaces. The non-Aβ component [150] 

region (residues ~60 - 100) displays a high propensity for aggregation with high 

hydrophobicity and orchestrates core regions buried in the amyloid structure. The C-terminal 

region (residues ~100 - 140) is very negatively charged [151].

Although αSN may serve as a linker among small vesicles and function in the fusion of 

presynaptic vesicles, its biological functions remain unclear [152]. Historically, αSN was 

detected around the synaptic vesicle and nuclear membrane, and, thus, was named by the 

properties of its localization in cells [153, 154]. αSN also exists around other organelles, 

including mitochondria and endoplasmic reticula (refer to Section 4) [155–157]. Although a 

line of compelling evidence indicated the presence of αSN around synaptic vesicles, which 
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may account for the molecular mechanism of αSN-mediated impairments in neuronal 

function and cell death [158], further studies are needed on the localization of αSN around 

organelles in order to clarify the onset and development of the disease. Therefore, the 

interactions between αSN and synaptic vesicles and the resulting effects on αSN 

aggregation have attracted increasing attention [159]. αSN has exhibited a binding 

capability for SUV mimicking the presynaptic vesicles of DOPC, 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 

and, subsequently, to change the conformational states from random coil to α-helical 

structures [114]. Electron paramagnetic resonance was successfully used to examine the 

structure of αSN bound to vesicles of anionic phospholipids [160]. The atomistic structural 

model based on simulated annealing molecular dynamics with restraints from electron 

paramagnetic resonance data showed an extended, curved α-helical conformation of αSN 

(residues of~10 - 90) in the membrane-bound state. Multiple lysine residues in the N-

terminal region of αSN were suggested to be critical for membrane interactions. The lipid 

concentration-dependent β-structured amyloid formation of αSN in the SUV and LUV of 

1,2-dimyristoyl-sn-glycero-3-phospho-L-serine under artificial conditions, such as non-

physiological ionic strength, has been suggested [161]. Intermediate states in the pathway of 

the structural transition of αSN from membrane-bound α-helical states to β-sheet fibrillar 

states have been characterized using solid-state NMR spectroscopy [162]. Although other 

model membrane systems have been used to investigate the effects of micelles or vesicles on 

the structures of αSN [159, 163] and aggregation behaviors of αSN [164, 165], the 

structural states of membrane-bound αSN and their relationship to aggregation in 

presynaptic vesicles have not yet been elucidated in detail due to the limited number of 

studies that have been conducted.

Thus, in this section, we provide a comprehensive description of a recent study on the 

amyloid aggregation of αSN using two types of αSNs and SUVs, including the presynaptic 

vesicle-mimicking model membrane. Comparisons of αSN structures in the absence and 

presence of each type of SUV as well as simple mechanical models for amyloid generation 

and inhibition will be described. Phase diagrams based on the non-two-state structural 

transition model will be shown, which is expected to be effective for understanding αSN 

aggregation from microscopic and macroscopic viewpoints.

3-1. αSN amyloid formation in SUV mimicking a presynaptic vesicle with high curvature

With the aim of obtaining insights into the relationship between the structural states of αSN 

and their amyloidogenesis in the presence of SUV at neutral pH and physiological ionic 

strength, we used unstructured wild-type αSN (αSNWT) and a C-terminally truncated 

mutant (αSN103) lacking negative charges [149]. The αSN103 mutant was previously 

reported to promote amyloid generation and aggregates containing a C-terminally truncated 

αSN were found in Lewy bodies implicating the pathological relevance of a C-terminally 

truncated form [166]. Two types of model membranes were utilized: SUV that mimics the 

presynaptic vesicle (Mimic SUV) using DOPC/DOPS/DOPE (2:3:5) [147, 149, 167] and 

another type of SUV that is composed of DOPC (DOPC SUV) as a control for the 

contribution of the charges of membranes.
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CD analyses revealed that the presence of DOPC SUV did not significantly change the 

random coil structures of αSNWT and αSN103 in the initial membrane-bound states. 

However, the addition of Mimic SUV markedly altered the initial structures of the two types 

of αSNs from random coil structures to α-helical structures in a lipid concentration-

dependent manner. The effects of these initial states on the aggregation of αSNWT and 

αSN103 were investigated using the ThT assay as well as CD and AFM analyses. Random 

coil-like αSNWT in DOPC SUV did not show significant changes in amyloidogenicity. 

However, Mimic SUV markedly affected the amyloid aggregation of helical αSNWT in a 

dose-dependent manner. αSNWT fibrillation was promoted at the lower concentration of 

Mimic lipids, and increases in the lipid concentration blocked amyloid formation (Fig. 10B, 

C, and D). The amyloid formation of αSN103 in the absence and presence of the two types 

of SUVs was generally faster than that of αSNWT. Although no marked influence of DOPC 

SUVs on the amyloid generation of largely unstructured αSN103 was detected, similar to 

αSNWT fibrillation, the amyloid formation of helical αSN103 was prominent in the presence 

of Mimic SUV. At all of the Mimic lipid concentrations used, αSN103 in helical structures 

formed amyloid fibrils with distinct kinetic properties. The lag time did not depend on the 

concentration of Mimic lipids: however, the elongation rate was enhanced by increases in 

the concentrations of lipids (Fig. 10E, F, and G).

We attributed the prominent effects of Mimic SUV on the amyloid aggregation of αSNWT 

and αSN103 using two mechanical models with the feature of the initial structural state of 

αSNs: a two-state binding model (Fig. 11) and a non-two-state structural transition model 

(Fig. 12) (refer to the next section). The two-state binding model assumes a transition 

between unstructured αSN in membrane-unbound states and helical αSN in membrane-

bound states. In this model, the population of membrane-bound αSN plays a pivotal role in 

amyloid formation. Low and moderate populations of helical αSNWT (i.e., high and 

moderate αSN/lipid ratios) in Mimic SUV accelerate amyloidogenesis in a lipid 

concentration-dependent manner. Further increases in the population of membrane-bound 

helical αSNWT (i.e., the low αSN/lipid ratio) result in the inhibition of amyloid formation 

(Fig. 11A).

On the other hand, helical αSN103 aggregates to amyloid fibrils at all concentrations of 

Mimic lipids without showing amyloid inhibition, even at the same concentration range of 

lipids and with a similar population of bound αSN to αSNWT (Fig. 11B). Thus, the initial 

structural states of αSN as well as the charged states responsible for electrostatic repulsion 

between αSN and negatively charged membranes were concluded to be critical for 

modulating amyloidogenicity. Low populations of largely disordered αSNWT or αSN103 in 

DOPC membrane-bound states showed low amyloidogenicity. These findings also suggested 

that the population of membrane-bound αSNs is essential for amyloid-competent nucleation 

(i.e., productive nucleation).

The biological and pathological importance of the relative ratio of αSN strains to synaptic 

vesicles in neurons was also indicated. When the ratio of αSNWT/synaptic vesicles is low, 

the suppression of amyloidogenesis will be favored due to the thermodynamic stabilization 

of highly helical αSNWT, which is nucleation-incompetent, or the low effective local 

concentration, which is insufficient for nucleation. In this ratio, αSN may function as a 
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regulator of neurotransmission and synaptic vesicle fusion [145, 146]. High and intermediate 

ratios may be risky with the loss of biological function due to the kinetic and 

thermodynamic promotion of pathogenic amyloid formation. In addition, it is important to 

note that interactions between synaptic vesicles and C-terminally truncated αSN variants 

may be more deleterious to neurons than those with αSNWT due to the higher 

amyloidogenicity of a C-terminally truncated mutant. Thus, mutations, post-translational 

modifications, and environmental conditions, including factors affecting the expression 

levels of αSNs, lipid metabolism, and metal homeostasis, will have an impact on the αSN/

lipid ratio that limits amyloidogenicity.

3-2. A non-two-state structural transition model and phase diagram

The amyloid formation of helical αSN103 in Mimic SUV was not inhibited at lipid 

concentrations at which the amyloid aggregation of helical αSNWT was blocked in spite of a 

similar helical content and membrane-bound population. In addition, the Mimic lipid 

concentration-dependent amyloid formation of helical αSN103 with distinct kinetics was 

also revealed, and may be ascribed to polymorphic amyloid formation. These aggregation 

behaviors of helical αSN103 in Mimic SUV were not completely explained by the two-state 

binding model. Thus, a non-two-state structural transition model that postulates the 

formation of multiple helical conformations of membrane-bound αSNs depending on the 

concentrations of Mimic lipids has been suggested (Fig. 12) [149]. Detailed CD analyses 

revealed the lipid concentration-dependent initial structures of αSNs in membrane-bound 

states. Increases in the concentration of Mimic lipids generally resulted in higher α-helical 

contents in αSNs and induced different helical structures.

Specific structures of αSNWT with partially helical folds at moderate concentrations of 

Mimic lipids were suggested to be the most amyloidogenic, although largely disordered 

structures with less helical regions formed amyloid fibrils with lower amyloidogenicity at 

low concentrations of Mimic lipids (Fig. 12A). The largely helical structures of αSNWT at 

higher concentrations of Mimic lipids may be non-amyloidogenic due to physical properties, 

such as high solubility and phase stability. Multiple specific structures of αSN103 with 

different helical folds at various concentrations of Mimic lipids were all suggested to be 

amyloidogenic, which induced different nucleation for the polymorphism of amyloids (Fig. 

12B). The lack of disordered regions and the charges of the C-terminal region of αSN103 

relative to αSNWT were also considered to produce differences in amyloid inhibition.

Amyloidogenic intermediates of αSN have also been observed with changes in pH, 

temperature, and the concentration of alcohol [148]. Different binding modes of αSN on 

model membranes have been detected [88, 147], and multiple distinct phospholipid-binding 

modes of αSN were indicated based on the findings of solution NMR spectroscopy [164]. 

Furthermore, recent studies showed that a native-like mutant of the SH3 domain, a folding 

intermediate of β2-microglobulin, and partially unfolded lysozyme and insulin were 

amyloidogenic, which supported the importance of the specific structural states of 

aggregation-prone precursors for amyloid generation [168, 169]. The distinct helical 

conformations of unfolded proteins and/or peptides, such as lysozyme, insulin, cytochrome 

c, Aβ peptide, glucagon, and β2-microglobulin, may be explained by a non-two-state 
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structural transition model [9, 38, 49, 51, 56]. Collectively, these findings suggest that the 

non-two-state structural transition model will also be useful for understanding 

amyloidogenesis with the two-state binding model.

Phase diagrams are effective for understanding the aggregation of several proteins in terms 

of thermodynamics and kinetics because they show phase and structural transitions based on 

the solubility and metastability of supersaturation (Figs. 13 and 14) [8, 12, 151, 170]. The 

apparently soluble states of αSNWT and αSN103, which are kinetically trapped by high 

metastability for nucleation are shown in DOPC and Mimic SUVs (Fig. 13). Thus, reaching 

an equilibrium between amyloid fibrils and residual monomers takes time (i.e., the lag time). 

The mechanical stimulation of various agitations and other factors, such as the presence of 

membranes, disrupt the metastability of supersaturation and promote equilibration. The 

phase states of αSNWT and αSN103 in real equilibrium are shown in Figure 14. Phase 

diagrams will be also useful for any phase transition and separation of substances.

4. Localization of amyloidogenic precursors in subcellular organelles may 

open new avenues

A large body of evidence has suggested the localization of amyloidogenic proteins and 

peptides in subcellular organelles. αSN is localized to several intracellular organelles, 

including the nucleus [171], cytosol [172], mitochondrion [173], and endoplasmic reticulum 

(ER) [174]. In addition, αSN has been detected in mitochondria-associated ER membranes 

(MAM) [175–179], which is a subregion of the ER connected to mitochondria. Aβ peptides, 

which have predominantly been reported to form extracellular aggregates, were found to 

localize and bind to mitochondria, leading to cytochrome c-dependent apoptosis [180]. In 

this context, a number of the physicochemical properties of the membranes of these 

organelles, including curvature, may affect aggregation behaviors, thereby causing 

dysfunctions in organelles and subsequent cytotoxicity. Of particular interest will be the 

effects of MAM on the amyloid generation of αSN and Aβ peptides and the resulting 

deleterious effects. The membranes of MAM are composed of cholesterol, negatively 

charged phospholipids, and intracellular lipid rafts [175], which are expected to facilitate the 

binding of amyloidogenic precursors. Thus, it is important to note that αSN and Aβ peptides 

as well as their pathogenic mutants and fragment peptides may interact with MAM 

membranes by showing α-helical conformational transitions, which modulate populations of 

membrane-bound species and the nucleation of amyloidogenesis. A change in the curvature 

of model membranes mimicking MAM may provide further insights into the effects of 

membrane curvature.

Of note, pathogenic mutations in αSN have been shown to disrupt calcium homeostasis in 

MAM [157], which, in turn, results in alterations in respiration and adenosine triphosphate 

production and enhances oxidative stress. Mitochondria communicate with ER via MAM to 

regulate several important physiological phenomena [181], including phospholipid and 

cholesterol metabolism, cellular calcium homeostasis, ER stress, the unfolded protein 

response, autophagy, and mitochondrial biogenesis by using calcium as a second messenger. 

Therefore, these important biological roles of MAM may contribute to clarifying the 
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mechanisms of cytotoxicity by the aggregation of αSN and possibly Aβ peptides. Twenty 

members of the PDI family, which controls protein homeostasis mainly in the ER [182], in 

the mammalian ER [183, 184] and some PDI family members in MAM, such as PDI, 

ERp46, and ERp57 [185], have recently been identified, suggesting interactions between 

PDI family members and amyloidogenic precursors. Thus, examinations of the interactions 

of PDIs with αSN and Aβ peptides in membrane environments and their effects on amyloid 

formation and cell toxicity are warranted and will be useful for revealing not only the 

underlying mechani sms of the formation and inhibition of amyloid fibrils, but also the 

physiological function and trafficking of soluble αSN, which currently remain unclear.

5. Effects of membrane curvature on IAPP islet cell toxicity

Lipid membranes have been shown to play very important roles in the aggregation and fibril 

formation of many amyloid peptides and proteins. While the amyloid aggregation process is 

influenced by lipid membranes and depends on the membrane composition, the process of 

aggregation has been shown to induce cell toxicity. A two-step process for membrane 

disruption and cell toxicity has been demonstrated for amyloid-beta peptide and Islet 

Amyloid Polypeptide (IAPP, also known as amylin) [186]. This two-step process is broadly 

characterized as pore formation and the fibril formation-induced detergent-like mechanism 

of membrane disruption. These mechanisms of membrane disruption have similar 

characteristics to those reported for antimicrobial peptides [184, 187, 188]. A number of 

biophysical studies elucidated the two-step mechanism for amyloid peptides and 

demonstrated that pore formation was altered by pH, metal ions, and small molecule 

compounds, whereas the fibril formation mechanism was influenced by small molecule 

inhibitors, metals, and other proteins [13, 189, 190]. For example, the presence of calcium 

and an acidic pH suppressed pore formation, whereas the presence of zinc and insulin 

suppressed fiber formation by IAPP [64, 191–193]. In addition to these factors, the 

membrane disruption process also depends on the lipid composition. The presence of 

anionic lipids enhancing the binding of IAPP with membranes, two different roles of 

cholesterol, and membrane curvature have also been investigated in detail for IAPP [194, 

195].

Previous studies reported that the growth of amyloid fibers on the surface of the lipid 

membrane cause curvature strain, while the membrane relieves this strain by changing its 

shape. In addition, curvature strain induced by fibril growth has also been shown to fragment 

the lipid membrane. These distorted membranes contribute to cell toxicity by allowing the 

permeation of small solutes such as ions. In order to fully investigate the role of membrane 

curvature on the pathology of IAPP, IAPP aggregation-induced membrane curvature was 

measured by differential scanning calorimetry (DSC) and NMR experiments. Four different 

IAPP peptides were examined: full-length 37-residue human-IAPP (hIAPP1-37: 

KCNTATCATQRLANFLVHSSNNFGAI LSSTNVGSNTY), full-length 37-residue rat 

peptide (rIAPP1-37: KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY), and the 

1-19 N-terminal segments of human (hIAPP1-19: KCNTATCATQRLANFLVHS) and rat 

(rIAPP1-19: KCNTATCATQRLANFLVRS) IAPP peptides. Previous studies demonstrated 

that hIAPP1-37 aggregates to form fibers and kill islet cells, neither rIAPP1-37 nor rIAPP1-19 

forms fibers or are toxic to cells, and hIAPP1-19 is not fiber-competent, but is toxic to cells 
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[196, 197]. NMR structural studies revealed very similar helical structures for the hIAPP1-19 

and rIAPP1-19 peptides in a membrane environment; however, their membrane orientations 

differed. The rIAPP1-19 peptide prefers to associate with the membrane surface, while the 

hIAPP1-19 peptide aggregates in lipid bilayers under non-acidic pH conditions. The 

hIAPP1-37 peptide forms a helix-turn-helix-helix in membranes, whereas the rIAPP1-37 

peptide has a helical structure in the N terminus and the presence of three Pro residues 

results in a C terminus that is randomly structured and, thus, differs from that of hIAPP1-37.

DSC experiments have been used to measure the peptide-induced curvature strain on 1,2-

dipalmitoleoyl-phosphatidylethanolamine (DiPoPE) lipid bilayers. The effects of four 

different IAPP peptides on the liquid crystalline (Lα) to the inverted hexagonal [198] phase 

transition temperature of DiPoPE lipid bilayers were examined (Fig. 15). The full-length 

human peptide, which exhibits toxicity to islet cells, induced negative curvature in the lipid 

membrane by decreasing the Lα to HII phase transition temperature. On the other hand, non-

amyloidogenic rIAPP1-37 exerted negligible effects on the phase transition of DiPoPE. The 

non-fiber-forming human and rat 1-19 fragments both exhibited weaker effects on phase 

transition than hIAPP1-37. Overall, toxic IAPP peptides were found to induce greater 

negative curvature strain than non-toxic IAPP peptides.

In order to further evaluate the role of membrane curvature on IAPP peptides, solid-state 

NMR experiments were performed on magnetically-aligned bicelles constituting short (1,2-

dihexanoyl-sn-glycero-3-phosphocholine (DHPC)) and long (1,2-dimyristoyl-sn-glycero-3-

phosphatidylcholine (DMPC) and DMPG) acyl chain phospholipids with a 9:9:4 molar ratio 

of DMPC: DMPG: DHPC (Fig. 16). Previous studies demonstrated that large bicelles are 

composed of a planar bilayer containing DMPC and DMPG lipids, while short chain DHPC 

are located in toroidal pores. Therefore, toroidal perforations possess positive and negative 

curvatures: positive curvature (convex) perpendicular to the bilayer surface and negative 

curvature (concave) in the plane of the lipid membrane. One-dimensional (1D) 

phosphorus-31 (spin = 1/2) and nitrogen-14 (spin = 1) NMR spectra of the magnetically-

aligned 9:9:4 molar ratio of DMPC: DMPG: DHPC bicelles (q ratio of 4.5) were used to 

investigate peptide-induced effects on lipid head groups (Fig. 17). In addition, peptide-

induced changes in the hydrophobic core of lipid bilayers were measured using two-

dimensional (2D) PDLF solid-state NMR experiments. These experiments revealed 

differences in the membrane interactions of both rat peptides (rIAPP1-37 and rIAPP1-19). In 

contrast to the full-length rat peptide, the toxic rIAPP1-19 peptide binds to the short-chain 

DHPC in the pores and also affects the order of long chain lipids (Fig. 17).

6. Negative curvature membrane promotes fiber-dependent membrane 

disruption by IAPP

A biophysical investigation of the role of phosphatidylethanolamine (PE) on the aggregation 

and membrane interactions of hIAPP showed the promotion of fiber formation-dependent 

detergent-like membrane disruption [195]. Fluorescence dye-leakage experiments 

demonstrated that the presence of PE lipids decreased membrane leakage induced by non-

fibrillar hIAPP, whereas increased dye leakage was observed for the fibrils of hIAPP (Fig. 
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18). CD experiments monitoring the coil-to-helix conformational transition revealed a higher 

binding affinity of fibrillary IAPP species than the non-fibrillar species. NMR experiments 

showed a greater amount of PE lipids present in the fragments of membranes induced by 

IAPP. These findings confirmed the role of lipids that have intrinsic negative curvature strain 

on IAPP-induced membrane disruption and, thus, in the loss of insulin-producing islet cells 

in type 2 diabetes.

7. Negative curvature is key in the marked increase in infection by HIV 

induced by SEVI

The presence of seminal amyloid fibrils of a proteolytic fragment of prostatic acid 

phosphatase (PAP), a protein that is abundant in human semen, has been shown to cause an 

approximately 400,000-fold increase in the rate of HIV infection. An in vitro biophysical 

study investigated the lipid membrane interactions of the amyloid aggregates of PAP (called 

SEVI). Turbidity measurements showed the fusion of lipid vesicles induced by a fragment of 

PAP (PAP248-286), suggesting the ability of the PAP248-286 peptide to induce membrane 

fusion. A FRET-based lipid assay further confirmed membrane fusion by PAP248-286 (Fig. 

19A and B). DSC experiments on DiPoPE MLV revealed the effects of PAP248-286 on the Lα 
to HII phase transition, suggesting that the peptide facilitates the formation of a negatively 

curved membrane (Fig. 19C). PAP248-286 is an intrinsically disordered peptide and its 

amyloid aggregation has been shown to depend on a number of factors as well as the ability 

of the bacterial curli amyloid protein to cross-seed the amyloid aggregation and formation of 

SEVI amyloid. NMR structural studies revealed a highly disordered, but partially helical 

structure for the SEVI precursor of PAP248-286 in a membrane environment [199]. These 

studies collectively proposed a molecular mechanism by which membrane-associated SEVI 

promotes the fusion of viral and host cell membranes for the easy transfer of RNA from 

HIV. The SEVI-like mechanism has recently been used to design new compounds for gene 

therapeutic approaches [200]. Thus, the marked enhancement in infection by HIV induced 

by SEVI was explained based on the ability of the membrane-bound PAP peptide to promote 

membrane fusion via the induction of negative curvature strain.

8. Use of novel membrane mimetics to obtain high-resolution structural 

insights into amyloid aggregation and the roles of membrane curvature

Live cells are too complex to be used in high-resolution structural studies using techniques 

such as NMR. However, the development of aligned lipid bilayers enabled the application of 

a number of solution and solid-state NMR experiments. Membrane mimetics, such as 

mechanically-aligned lipid bilayers [201–204] and bicelles [205–209], enabled the in-depth 

probing of amyloid-lipid interactions. The recent development of membrane-curvature free 

lipid bilayer nanodiscs [210–216] has been valuable for trapping amyloid intermediates that 

are not affected by curvature [21, 217]. Recently developed polymer-based macro-nanodiscs 

have been shown to spontaneously align in an external magnetic field [214, 215], and this is 

a very valuable property that has been utilized in the molecular imaging of membrane 

proteins and, thus, may be useful for elucidating the atomistic-resolution structures of 

amyloid oligomers bound to lipids bilayers [150, 218–223]. High-resolution studies 
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performed with and without the roles of membrane curvature being employed will provide 

an in-depth understanding of the roles of membrane curvature in the pathological 

progression of amyloid diseases.

9. Perspective

Amyloid aggregation is known to play very important roles in more than 50 severe diseases. 

Indeed, recent findings indicated that metabolite amyloids induce more than 50 diseases. 

The direct involvement of SEVI amyloid fibrillary aggregates in the marked enhancement in 

infection by HIV is unexpected. While amyloid generation is extremely context-dependent, 

the majority of amyloidogenic proteins and peptides are exposed to the cell membrane 

environment. Many physicochemical factors originating from biomembranes have been 

shown to affect amyloidogenesis. Not only the important roles of the cell membrane 

environment in protein aggregation, including amyloid fibrillation and the formation of other 

types of aggregates, but also the influence of the aggregation process and aggregates on 

membrane integrity and cell toxicity have been extensively covered in this review.

Many recent studies have demonstrated the many important roles of lipids constituting the 

cell membrane on the nucleation, kinetics, oligomer formation, and protofiber and fiber 

formation of amyloid aggregation. However, although membrane curvature has been 

extensively investigated in order to obtain a clearer understanding of the mechanisms 

underlying membrane disruption by antimicrobial peptides [77, 224–228], its significance 

for protein aggregation, the binding of amyloidogenic precursors, and cytotoxicity is 

relatively new and not examined in as much detail in spite of its obvious importance, as 

described herein. More case studies are expected to advance and generalize our 

understanding of the indispensable impact of membrane curvature. Other undiscovered 

aspects of membranes that affect protein aggregation and membrane interactions as well as 

the resulting damage to organelles and cells are expected to be characterized. Furthermore, 

more membrane-based studies are needed on phase separation and the transition from 

soluble to insoluble molecular species, droplet formation, two-step nucleation, and liquid-

liquid phase separation from a macroscopic point of view in combination with kinetics. In-

depth analyses of interactions between membranes and either precursor proteins or 

aggregates using calorimetry, which offers a plethora of thermodynamic and kinetic 

information, are promising.

Structural biology using the high-resolution structures of soluble precursors, prefibrillar 

aggregates, and amyloid fibrils is highly beneficial for obtaining microscopic insights. 

Macroscopic and microscopic studies together with thermodynamics and kinetics will 

provide a more complete understanding of protein aggregation in membranes. While the 

transient nature of toxic intermediates and amyloid aggregates and lipid components have 

been the major obstacles to obtaining high-resolution structures, recent studies have 

overcome these challenges by using lipid nanodiscs [21]. These approaches are key for 

obtaining structures that will be used in the screening of small molecule compounds that 

may potentially treat aging-related amyloid diseases.
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Abbreviations

Aβ amyloid-beta

AFM atomic force microscopy

ANS 8-anilino-1-naphthalenesulfonate

αSNWT wild-type α-synuclein

αSN103 C-terminally truncated α-synuclein

CD circular dichroism

CTR C-terminal region

DHPC 1,2-dihexanoyl-sn-glycero-3-phosphocholine

DiPoPE 1,2-dipalmitoleoyl-phosphatidylethanolamine

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine

DMPG 1,2-dimyristoyl-sn-glycero-3-phosphor-rac-(1-glycerol)

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOPC SUV SUV composed of DOPC

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine

DSC differential scanning calorimetry

ER endoplasmic reticulum

FT-IR Fourier transform-infrared spectrometer

GUV giant unilamellar vesicle

HII inverted hexagonal

HIAPP human-IAPP

IAPP islet amyloid polypeptide

ITC isothermal titration calorimetry

Lα liquid crystalline
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LUV large unilamellar vesicle

MAM mitochondria-associated ER membranes Mimic

SUV SUV that mimics the presynaptic vesicle

MLV multilamellar vesicles

NAC non-amyloid β component

NTR N-terminal region

RIAPP rat-IAPP

PAP prostatic acid phosphatase

PD Parkinson’s disease

PDI protein disulfide isomerase

PE phosphatidylethanolamine

POPC 1-palmitoyl-2-oleoyl-phosphatidylcholine

POPE 1-palmitoyl-2-oleoyl-phosphatidylethanolamine

POPG 1-palmitoyl-2-oleoyl-phosphatidylglycerol

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine

SEVI semen-derived enhanced viral infection

SUV small unilamellar vesicle

TEM transmission electron microscopy

ThT thioflavin T

1D one-dimensional

2D two-dimensional
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Highlights

• The relationships between membrane curvature and amyloid aggregation were 

surveyed.

• SUV promoted amyloidogenesis and LUV induced amorphous-like amyloids 

of Aβ(1-40).

• SUV caused polymorphic Aβ(1-42) amyloid formation and LUV blocked 

amyloid generation.

• The initial structures of αSN in synaptic mimic SUV are key to its amyloid 

fibrillation.

• IAPP aggregation and the SEVI precursor affected curvature and resulting 

cytotoxicity.
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Figure 1. General model of protein folding and misfolding-induced aggregation
In the soluble region, unstructured proteins (light green) fold correctly to three-dimensional 

native conformations (dark green). Changes in the surrounding conditions decrease the 

solubility of unstable proteins and cause three types of self-assembled insoluble protein 

aggregates: amorphous aggregates (red), protofibrils (purple), and amyloid fibrils (blue). 

Thermodynamic solubility is shown with a vertical broken line. The apparently soluble 

region over solubility due to the metastability (M.S.) of supersaturation, which is a 

kinetically trapped state and produces the lag time, is represented. Increases in the lag time 

and metastability of supersaturation as well as in the structural order are shown using 

transverse and vertical triangles with differing levels of color gradation, respectively

Terakawa et al. Page 35

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2019 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Model membrane size-dependent curvature
Three types of vesicles of different sizes: GUV [95], LUV (yellow), and SUV (red), are 

shown with cartoons and colors. Changes in the vesicle size and curvature are indicated by 

the gradation in color. The relative sizes of vesicles are exaggerated for simple comparisons.
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Figure 3. Effects of model membranes of various sizes on Aβ(1-40) amyloid fibrillation and 
interactions between Aβ(1-40) and membranes
(A, D) Aggregation kinetics monitored by ThT fluorescence in the absence (black) or 

presence of DOPC vesicles of 30 (pink) (A) and 100 nm [95] (D) at 37 °C without shaking. 

DOPC lipids in vesicles and Aβ concentrations were 10 μM. (B, E) AFM images of amyloid 

fibrils formed in the presence of DOPC vesicles of 30 (B) and 100 nm (E). (C, F) ITC 

measurements for DOPC vesicle:Aβ(1-40) interactions. ITC thermograms (upper panel) and 

binding isotherms (lower panel) for vesicles of 30 (C) or 100 nm (F). Figures were 

reproduced from reference [48].
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Figure 4. Exposed hydrophobicity of liposomes and its effects on the fibrillation ofAβ
(A–C) Dependencies of the maximal ThT amplitude (A), relative lag time (B), and ANS 

fluorescence intensity (C) on vesicle size. Figures were reproduced from reference [48]. tlipo 

and tNo-lipid indicate the lag times of amyloid formation in the presence and absence of 

vesicles, respectively.
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Figure 5. Schematic models of amyloid nucleation and amorphous aggregation on the surface of 
liposome membranes
(A, B) Schematic mechanism of Aβ(1-40) fibrillation in the presence of SUV (A) and LUV 

(B). Aβ(1-40) interacts weakly with the hydrophobic clefts of SUV, which promotes 

productive nucleation (A). Aβ(1-40) interacts with the surface of LUV more strongly than 

SUV, which may prevent the same nucleation observed in SUV and, thus, induce other types 

of nuclei that form amyloid fibrils with fast aggregation kinetics, such as rapid amorphous 

aggregation, i.e., the formation of amorphous-like amyloid fibrils (B) [48]. Amyloid 

fibrillation and amorphous aggregation were kinetically distinguishable based on productive 

nucleation, which generates the lag time [2, 38, 49, 51, 53, 149]. Amyloid fibrils typically 

form following the lag time with the sigmoidal pattern of the intensity of ThT fluorescence, 

while amorphous aggregation is very rapid without an appreciable lag time or marked ThT 

fluorescence emission intensity. We observed aggregation that was accompanied by 

relatively low ThT intensities with no or short lag times as well as the far-UV CD spectra of 

cross-β structures. These aggregates were small in the AFM image and appeared to be 

distant from mature amyloid fibrils, but adopted fibrillar structures in the TEM image. 

Furthermore, their morphologies differed from those of protofibrils. We referred to these 

aggregates as amorphous-like amyloid fibrils that share the properties of amyloid and 

amorphous aggregates in terms of kinetic, tinctorial, structural, and morphological features.
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Figure 6. Effects of vesicle size on the amyloid formation of Aβ(1–42) at various POPC 
concentrations
(A–H) The kinetic parameters and ThT maximum intensity of Aβ1-42 amyloid fibrillation in 

SUV (A–D) and LUV [229] are indicated. Representative fit curves (solid lines) of the raw 

kinetic data (markers) of Aβ1-42 amyloid formation (A, E) and lag times (B, F), elongation 

rates (C, G), and maximum ThT intensities of Aβ1-42 aggregation (D, H). The lag time and 

elongation rate were obtained using fitting analyses, and maximal ThT fluorescence 

intensities after an ~50-hr incubation are shown in A and E. Average values and error bars 

(B–D and F–H) were calculated using the fit results of three independent measurements that 

consisted of three data points. (I, J) AFM images of Aβ(1-42) solution after kinetic 

measurements at 10 μM (left) and 1 mM POPC [218] in SUV (I) and 10 μM (left) and 1 mM 

POPC [218] in LUV (J) are shown with scale bars indicating 1 mm. The inset in C is a TEM 

image of Aβ(1-42) solution after the kinetic measurement at 1 mM POPC lipid of SUV. 

Figures were reproduced from reference [53].

Terakawa et al. Page 40

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2019 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Models of amyloid fibril formation of Aβ(1–42) in vesicles with distinct curvature
(A–D) SUV (A and B) and a part of an LUV (C and D) are represented. The head groups 

and tails of POPC are colored in yellow and gray, respectively. Curves and rectangular 

figures indicate Aβ(1-42) monomers and amyloid fibrils, respectively. (A, B) Several clefts 

of a distinct size, shape, and hydrophobicity in SUV are illustrated. Aβ(1-42) monomers that 

interact weakly, moderately, and strongly with packing-defected clefts are colored in blue, 

orange, and red, respectively. Amyloid fibrils are represented by the same color of 

constituent monomers. (C, D) Blue curves and rectangles signify Aβ(1-42) monomers and 

amyloid fibrils, respectively [53].
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Figure 8. Stability of Aβ(1-42) amyloid fibrils formed in vesicles with distinct curvature and the 
inhibition of amyloidogenesis
(A) Real-time monitoring of the ThT fluorescence intensity of the amyloid aggregation of 

Aβ(1-42) at 5 μM was performed at 1 [95], 5 (orange), and 10 mM POPC (red) in order to 

test the inhibition of amyloid formation through dilution effects, as detected in LUV at high 

concentrations of POPC lipids. (B, C) Far-UV CD spectra of amyloid fibrils of 5 μM 

Aβ(1-42) formed without vesicles (B) and with SUV (C) at 37 °C before (black) and after 

[95] heat scanning as well as at 110 °C (red). (D) The real-time monitoring of the ThT 

fluorescence of amyloid fibrils of Aβ(1-42) formed in the presence of SUV at POPC 

concentrations of 0 (black), 10 (cyan), and 1000 μM (red) was performed after the dilution 

of Aβ(1-42) amyloid solution. Figures were regenerated from reference [53].
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Figure 9. Energy landscapes of the stability of amyloid fibrils
Amyloid fibrils (black), which formed from monomers [95] under aggregating conditions 

(middle), are stable with a change in Gibbs free energy (ΔG)1 (ΔG1). Extrinsic stresses, such 

as temperature, pressure, and dilution, destabilize amyloid fibrils (red) with energetic loss by 

|ΔG1 + ΔG3|[218]. Other types of aggregates (orange), such as amorphous or fibrillar 

aggregates, often form. The presence of SDS or some types of salts, such as NaCl, stabilize 

amyloid fibrils (blue) by decreasing the level of G (ΔG2).
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Figure 10. Amyloid aggregation kinetics of two types of αSNs in Mimic SUV with high curvature
(A) Three major regions of αSNWT are schematically indicated with the residue number and 

color: the N-terminal region (NTR) (blue), non-amyloid β component [150] region [230], 

and C-terminal region (CTR) (red). (B, E) Kinetics of the amyloid aggregation of αSNWT 

(B) and αSN103 (E). Raw data and fit curves are shown using closed circles and solid lines, 

respectively. (C, D, F, G) Far-UV CD spectra of αSNWT (C, D) and αSN103 (F, G) were 

obtained immediately after sample preparation (~5 min) (C, F) and after a 24-h incubation 

(D, G). (H–M) Maximum ThT fluorescence intensities (H, K), lag times (I, L), and 

elongation rate constants (J, M) of the amyloid formation of αSNWT (H–J) and αSN103 (K–

M). Average values were calculated from the data of three independent experiments. The 

color code in B–M represents the distinct concentrations of lipids (0 mM (black), 0.5 mM 

(light blue), 1 mM (blue), 2 mM (green), 3 mM (yellow), 4 mM (pink), and 5 mM (red)). 

Figures were reproduced from reference [149].
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Figure 11. αSN amyloid formation based on the two-state binding model
(A, B) The two-state binding model between unstructured αSNs in membrane-unbound 

states and helical αSNs in membrane-bound states as well as the amyloid formation of 

αSNWT (A) and αSN103 (B) with Mimic SUV are schematically represented. Increases in 

the concentration of lipids (orange triangle, middle) and amyloidogenicity (purple figures, 

top and bottom) are highlighted with darker colors in A and B. The vertical broken line 

indicates the highest concentration of Mimic lipids used in this study (5 mM), with the 

population of membrane-bound αSNs being ~ 65 - 70%. Three major regions of αSN are 
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represented using different colors, as described in Figure 10A. Negative charges in the C-

terminal region are indicated with “-”. The figure is reproduced from reference [149].
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Figure 12. Initial structure-dependent αSN amyloidogenesis based on the non-two-state binding 
model
(A, B) Membrane-bound structures and the amyloid formation of αSNWT (A, upper) and 

αSN103 (B, lower) are schematically represented. Increases in the content of helical 

structures (blue triangle, left), concentration of lipids (orange triangle, middle), and 

amyloidogenicity (purple figure, right) are highlighted with darker colors in A and B. Lipid 

concentration-dependent structural changes in αSNs on Mimic and DOPC membranes are 

guided using arrows with yellow and light grey, respectively. Three major regions of αSN 

are represented using different colors, as described in Figure 10A. Negative charges in the 

C-terminal region are indicated with “-”. N and C termini are labeled as N-term and C-term, 

respectively. The random coil-like, partially-helical, and largely-helical structures of αSNs 

are indicated by RCS, PHS, and LHS, respectively. Amyloid fibrils on model membranes are 

also schematically shown on the right. This figure is reproduced from reference [149].
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Figure 13. Phase diagrams of αSN aggregation on model membranes in initial states
(A–D) The phase states of αSNWT (A and C) and αSN103 (B and D) in the presence of 

DOPC (A and B) and Mimic SUV (C and D) in the initial states before the incubation. 

Regions of unstructured and helically-folded αSN are shown in blue and light green, 

respectively. Denser colors represent greater possibilities for the existence of corresponding 

molecular species depending on the concentrations of αSN and lipids. The yellow broken 

lines of the conceptual solubility curves in each phase diagram are represented for 

comparing solubility before (Figure 13) and after equilibrium (Figure 14) (i.e., before and 

after the disruption of the metastability of supersaturation). Broken black lines are also 

shown to represent the conceptual concentration of αSNs used in the present study for a 

better understanding of molecular species. Molecular species that are present under each 

condition are schematically shown. Three major regions of αSN are represented using 

different colors, as described in Figure 10A. Increases in the content of α-helix in αSNs 

with higher concentrations of lipids are shown above individual phase diagrams. RCS, PHS, 

and LHS indicate random coil-like structures with less helicity, partially-helical structures, 

and largely-helical structures, respectively. X and Y axes indicate the concentrations of 

lipids and αSNs, respectively. This figure is reproduced from reference [149].
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Figure 14. Phase diagrams of αSN aggregation on model membranes in equilibrium
(A–D) The phase states of αSNWT (A and C) and αSN103 (B and D) in the presence of 

DOPC (A and B) and Mimic SUV (C and D) in the two-state equilibrium between residual 

αSN monomers and αSN amyloid fibrils after incubations. The regions of unstructured and 

helically-folded αSN are shown in blue and light green, respectively. Insoluble αSN 

amyloid fibrils are also represented in red. Denser colors represent greater possibilities for 

the existence of corresponding molecular species depending on the concentrations of αSN 

and lipids. The yellow solid lines in each phase diagram indicate conceptual solubility 

curves. The conceptual solubility curve represented in Figures 13 and 14 is experimentally 

obtained using the concentrations of monomers [38, 39, 49, 51]. We did not construct actual 

solubility curves for Figures 13 and 14 because we did not measure the concentrations of 

residual monomers in αSN, which must be in equilibrium with amyloid fibrils under each 

condition in Figure 14. Thus, we attempted to show conceptual solubility curves in Figures 

13 and 14 based on other findings in reference [149] and our previous studies [38, 39, 49, 

51], which may account for a propensity for changes in solubility. In the initial states (i.e., 

before the equilibrium state) (Figure 13), αSN maintained kinetically thermodynamic 

solubility by taking advantage of the metastability of supersaturation. The amyloidogenicity 

of αSN may increase at higher concentrations of αSN, as revealed in our previous study 

[141]; for example, broadening of the red region in C. Broken black lines are also shown to 

represent the conceptual concentration of αSNs used in the present study in order to obtain a 
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better understanding of molecular species. The molecular species that are present under each 

condition are schematically shown. Three major regions of αSN are represented using 

different colors, as described in Figure 10A. The increase in the α-helix content in αSNs in 

the initial states after sample preparation with higher concentrations of lipids is shown above 

individual phase diagrams. RCS, PHS, and LHS indicate random coil-like structures with 

less helicity, partially-helical structures, and largely-helical structures, respectively. X and Y 

axes indicate the concentrations of lipids and αSNs, respectively. This figure is reproduced 

from reference [149].
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Figure 15. IAPP-induced membrane curvature measured by DSC experiments
Effects of IAPP peptides on the Lα to HII phase transition of multilamellar vesicles (MLV) 

of DiPoPE. This figure is reproduced from reference [231].
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Figure 16. Solid-state NMR experiments on bicelles
(A) Representation of magnetically-aligned bicelles. The lipid bilayer normal was aligned 

perpendicular to the direction of the magnetic field of the NMR spectrometer (B0). (B) 

Schematics showing the curvature strain of bicelles. Phosphorus-31 NMR spectra of 

magnetically-aligned 9:9:4 DMPC:DMPG:DHPC bicelles without (C) and with (D and E) 

the rat peptides, rIAPP1-19 (D) and rIAPP1-37 (E). This figure is reproduced from reference 

[231].
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Figure 17. 2D PDLF solid-state NMR experiments on magnetically-aligned bicelles
(A) Molecular structures of long-chain lipids DMPG and DMPC. (B and C) 2D PDLF solid-

state NMR spectra correlating the anisotropic chemical shifts of 13C and 1H-13C dipolar 

couplings of bicelles with the lipid bilayer normal aligned perpendicular to the direction of 

the magnetic field of the NMR spectrometer. 2D PDLF spectra without (black, B and C) and 

with the rIAPP peptides, rIAPP1-37 (B, blue) and rIAPP1-19 (C, red). (D) Selected 1D 
1H-13C dipolar coupling spectral slices extracted from 2D PDLF spectra (B and C) and 

zoomed in the region of the spectrum in C (E) showing the effects of rIAPP1-19 on the 

terminal methyl groups of lipids. This figure is reproduced from reference [231].
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Figure 18. Human-IAPP induced dye leakage
(A) Release of 6-carboxyfluorescein from 250 μM POPC/POPS (7:3), POPE/POPC/POPS 

(3:4:3), or POPC/POPS/LysoPC (6.8:3:0.2) LUVs induced by hIAPP of 2.5 μM IAPP. The 

initial phase of membrane disruption was fit with a double-exponential curve (dotted lines). 

The presence of POPE decreases the amount of dye released during the first phase and 

markedly increases the efficiency of dye release during the second phase. The dotted line 

shows leakage only due to pore formation and not by amyloid fibrils. (B) Release of 6-

carboxyfluorescein from seeded fibril growth. This figure is reproduced from reference 

[195].
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Figure 19. SEVI promotes membrane fusion and the induction of a negative curvature strain by 
PAP peptides
FRET-based lipid mixing measurements of membrane fusion at (A) pH 7.3 and (B) pH 4 by 

PAP248-286 in POPC:POPG (7:3) vesicles. The amino acid sequence of PAP248-286 is shown. 

(C) DSC heating scans of MLV of DiPoPE in the absence and presence of the PAP248-286 

peptide. Figures were reproduced from reference [199].
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