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Abstract 
As the global population is aging, the growing prevalence of progressive neurodegenerative 

diseases places a huge burden on our society. A wide range of amyloid-forming proteins or 

peptides, such as Alzheimer's amyloid-beta (Aβ)  and Parkinson's α-Synuclein, have the 

inherent tendency to undergo protein homeostasis collapse under the misfolding conditions, in 

which these proteins or peptides fail to keep native conformations, followed by self-assembling 

into a diverse array of aggregates including the initial oligomers or protofibrils (or early 

aggregates) and mature fibrils. Though one of the hallmarks of these age-related diseases is the 

fibrillar deposits in the brain, numerous evidence has shown that it is the soluble early 

aggregates rather than these fibrils that are the main contributing factors to neurotoxicity. One 

of the prevalently accepted mechanisms states that early aggregates interact with lipid 

membranes, permeabilize and disrupt the integrity of cellular membranes, resulting in 

uncontrolled extracellular Ca2+ influx and imbalance of other biomolecules. However, these 

early aggregates are structurally heterogeneous, transient, and metastable, making them 

difficult to characterize their biophysical properties, such as the size distributions, the structural 

information, the interaction with other molecules (metal ions or extracellular globular proteins), 

and the permeabilization with cellular membranes. 

To make a deep understanding of the above conspicuous feature of the toxicity-induced 

amyloid aggregates in the pathogenesis of neurodegenerative diseases, in this thesis, we 

discussed two main aspects of the involvement of different amyloid-forming proteins, that is 

amyloid oligomer formation in chapters 2-4 and oligomer interference in chapters 5-6 to 

discuss amyloid aggregation neurotoxic mechanisms, structural features, membrane 

permeabilization, and intermolecular interactions. In chapter 2, we proposed that single-

molecule techniques can be taken as complementary tools for the characterization of 

heterogeneous amyloid aggregates and provide diagnostic perspectives for neurodegenerative 

diseases. Additionally, we showed a structurally and functionally relevant scaffold to stabilize 

Aβ oligomers in chapter 3, which enable us to determine the structure in a membrane-mimic 

environment, and we explored the membrane permeabilization mechanism of truncated prion 

protein in lipid membranes in chapter 4. Moreover, our results in chapters 5-6 reveal the effects 

of globular proteins on amyloid protein aggregation or the dynamic influence of lipids or metal 

ions on binding and unbinding to lipid membranes. Our results expand our knowledge about 

the toxic molecular mechanisms of amyloid aggregates and present the new directions to design 
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or screen the oligomer-based nanobody or antibody, which can further contribute to putting 

forward the diagnosis and drug design for subsequent therapy of these diseases.  
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Chapter 1 

1 General introduction 
1.1 Neurodegenerative diseases and amyloid proteins 

In 2021, the United Nations released the highlights of World Population Aging 2020 that people 

aged 60 years or over make up 12.3 percent of the global population, and the number is 

projected to reach 1.5 billion by 2050 (1). As the aging populations surge, the age-dependent 

physical deterioration and diseases also increase (2). Among all kinds of diseases encountered 

during aging, neurodegenerative diseases have become the most prevalent diseases for the 

middle-aged and older populations, largely affecting their life quality and healthy lifespan (3). 

Neurodegenerative disease is a generic term and includes Alzheimer's disease (AD, also called 

dementia), Parkinson's disease (PD), Huntington's disease (HD), Amyotrophic Lateral 

Sclerosis (ALS), and so on (4,5). The disparate neurodegenerative diseases display 

characteristics of the progressive loss of quantity, structure, or function of specific neurons in 

the human nervous system. In AD, memory loss or other forms of cognitive and behavior 

impairment are the general pathophysiological symptoms, and the neuro loss is most distributed 

in the neocortex and hippocampus cells. In PD, patients experience motor dysfunction like 

resting tremors, rigid muscles, and show movement (bradykinesia), which is characterized by 

the dopaminergic neuron deficits in the substantia nigra.  

As the most notorious incurable and debilitating diseases that lead to disorders of our nervous 

system, neurodegenerative diseases not only bring patients the devasting physical torture but 

also bring an enormous economic burden to individuals, families, and the whole society. 

Taking dementia as an example, according to the World report on aging and health released in 

2015 by World Health Organization (WHO), more than 47 million people worldwide got 

affected by dementia by 2015 and it is expected to reach over 220 million by 2050. The global 

cost of dementia care in 2020 was estimated to be US $ 604 billion and could rise to the US 

$ 1.2 trillion or more by 2030 (6).  The huge number of patients and financial expenditure keep 

prompting researchers to constantly explore the underlying pathogenetic mechanisms and 

attempt effective clinical treatments against neurodegenerative diseases.  
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As the main risk factor for most neurodegenerative diseases, aging gradually changes the brain 

microenvironment such as loss of homeostasis (proteostasis), which is demonstrated to control 

protein synthesis, folding or unfolding, trafficking, aggregation, and degradation (7). Under 

normal conditions, the proteins associated with the nervous system are natively folded and 

thermodynamically stable with a specific three-dimensional structure to attain functionality in 

the organism (8). However, some internal and external factors, such as the genetic mutation, 

abnormal protein modifications, oxidative stress, and environmental pollution (9-11), trigger 

or even accentuate protein homeostasis impairment. These disease-related proteins or 

polypeptides fail to maintain their native conformation and tend to aggregate by exposing their 

hydrophobic amino acids and the unstructured backbone that are mostly buried in the native 

state (12). The result of intermolecular interaction of two or more non-native protein molecules 

leads to the formation of two large subsets of aggregates. One is the undefined amorphous 

structure; the other is the highly ordered fibrillar aggregates (called amyloid) with cross β-

strands perpendicular to the long fibril axis (13,14). Both of them consist of thousands of 

individual amyloid protein molecules. The most thermodynamic stable amyloid fibrils are 

found to deposit into the patient brain with a wide range of neurodegenerative diseases. For 

example, in the cerebral cortex of AD patients’ brains, the main core component of 

extracellular senile plaques is mainly made up of the insoluble amyloid-beta (Aβ) fibrils (15) 

and intracellular neurofibrillary tangles that contain protein Tau, which has become one of 

AD’s pathological hallmarks (16). Though different neurodegenerative disorders consist of 

different amyloid proteins, such as the PD α-Synuclein (α-Syn) in the cytoplasm (17), prion 

proteins in Creutzfeldt–Jakob diseases (CJDs), and sclerosis’s superoxide dismutase 1 (SOD1) 

in ALS (18), they share the ‘amyloid fibrillar proteinaceous deposition’ pathology, which 

means the deposition has similar histochemical properties and structural morphology.  Human 

islet amyloid polypeptide (hIAPP), which is linked to the pathology of type-2 diabetes that is 

not classified into neurodegenerative diseases, also assembles and deposits into fibrils in the 

islet-β cells. Under denaturing conditions, many amyloid proteins can be easily accessed to the 

stable fibrillar structures, indicating their aggregation is not dependent on sequence but is an 

inherent property of the polypeptide chain alone (12,13).  

1.2 Amyloid fibril formation 

Since the term ‘amyloid’ was introduced as early as one century ago (19), the characterization 

of amyloid-forming or toxic pathogenic mechanisms and amyloid structure determination have 
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never stopped.  According to the online Pubmed searching website, after typing ‘amyloid 

review’, over 16000 publications are listed from the year 2000 to now. In 1927, Divry and 

Florkin applied Congo red to stain an amyloid plaque from AD patients’ brains and firstly 

viewed the apple-green birefringence under a polarized light (20).  In 1959, under the electron 

microscope, Cohen et al. reported a linear, non-branching amyloid fibril with 80-100 Å 

diameter but the indeterminate length (21).  The further applied X-ray fibril diffraction showed 

the ordered 4.7 Å cross-β conformation parallel to the fibril axis and 10-11 Å backbone 

perpendicular to the fibril axis (22). Combined with the solid-state NMR, cryo-electron 

imaging, and electron diffraction techniques, the high-resolution amyloid fibrils isolated from 

patients or formed in vitro both display the diverse and complex structural polymorphism (23-

25) as well as the common cross-β architecture (26-31). The distinct polymorphs with the same 

protein sequence indicate a broad range of interactions to stabilize the amyloid core, suggesting 

the complicated molecular mechanisms of amyloid aggregation both in vivo and in vitro.  

It is known that the amyloid fibril growing kinetic curves nicely fit the sigmoidal shape with 

three distinct phases: generally described as the lag (or nucleation) phase, elongation (or growth, 

exponential, polymerization) phase, and plateau (equilibrium or saturation) phase, which 

follows the ‘nucleation-dependent’ pathway without catalysis (18). The rates of the primary 

two phases (nucleation and elongation) predominantly determine the amyloid aggregation 

shape profile, and this process has been demonstrated to be nearly reproduced using the 

molecular crystallization-like model that only includes two parameters (nucleation and 

elongation) (32).  In this nucleated polymerization model, the soluble homogeneous amyloid 

monomers convert into the low molecule weight prefibrillar oligomers or nuclei in the early 

stage of the nucleation period. This step is thermodynamically unfavorable and proceeds 

gradually. The elongation phase is more favorable the reason that the formed nuclei further act 

as templates or seeds to initiate and substantially speed up amyloid fibril formation. The small 

active oligomers/seeds (33) or monomers  (34) growing at amyloid fibril ends is a general 

process to amplify fibril formation. Additionally, a range of secondary processes including 

fibril fragmentation and secondary nucleation reaction also plays an important role to 

accelerate the overall aggregation rate. In the fibril fragmentation process, a growing fibril 

breaks into several smaller parts and hence increases the number of fibrils. Furthermore, the 

surfaces of existing fibrils parallel to the cross-beta hydrogen bonds containing the active sites 

can catalyze the formation of new clusters of monomers acting as nuclei to facilitate the fibril 

formation (35), which is named the secondary nucleation reaction.  This secondary process 
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system has been applied to explain a range of amyloid proteins such as Aβ (35,36), α-Syn (37), 

hIAPP (38), tau (39), and prion proteins (40). 

Normally, the quantitative of amyloid fibril formation is to apply the light scattering or to add 

the Thioflavin-T (ThT) fluorescence probe into the solution at room temperature or more 

physiological-relevant conditions like 37 °C.  ThT selectively binding to the cross-fibril 

structures makes ThT assay a robust and easy approach to characterize the fibril formation 

kinetics. The gradually enhancing fluorescence emission at 482 nm with the increasing number 

of fibrils enables the real-time monitoring of amyloid aggregation. Amyloid aggregation is 

significantly influenced by other proteins in the cellular environment. By applying the ThT-

fluorescence assay at typical 37 °C, some extracellular chaperone (41-44), globular non-

chaperone (45-47), and other amyloidogenic proteins (48-51) were all reported to modulate 

amyloid fibril formation. Popular molecular chaperones, such as clusterin (52,53), αB-

crystallin (54), Bri2 (55-57), Brichos (58,59), and DNAJB6 (60), display strong anti-amyloid 

activity and also reduce oligomer-associated neurotoxicity by modulating specific aggregation 

mechanisms at the molecular level (61). Other globular non-chaperone proteins, like lysozyme 

and human serum albumin (HSA), can inhibit Aβ fibril formation, although the molecular 

interaction mechanisms remain to be explored (45,46).  

1.3 Amyloid oligomer formation, structure, and toxicity 

Several studies have indicated that the intermediate species (often termed oligomers or 

protofibrils) during the process of amyloid formation rather than the final-stage mature fibrils 

are the most toxic entities both in vivo (62)  and in vitro (63), which make oligomers believed 

to be the initiating pathologic agents in the corresponding neurodegenerative diseases, such as 

Aβ/ tau oligomers in Alzheimer and α-Synuclein oligomers in Parkinson. This oligomer 

cascade hypothesis was based on the observation early as 1998 that diffusible, soluble, and 

nonfibrillar Aβ ligands were the potent neurotoxins to damage the central nervous system (63). 

The subsequent animal model experiments by Walsh et al. supported the toxic-oligomer 

statement by finding that naturally secreted Aβ oligomers in the absence of fibrils markedly 

inhibit the rat’s hippocampal long-term potentiation, disrupt synaptic plasticity, and induce 

memory impairment (62). Since then, the elucidation of oligomer structural properties and the 

toxic mechanisms or species to cause cellular dysfunction has become very hot research topics. 

Over the last 20 years, more than 6000 articles including at least 900 reviews in terms of 

amyloid oligomers have been published.  
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Amyloid oligomers are structurally heterogeneous, widely ranging the size from dimers up to 

particles over one million daltons (64). Considering the high diversity of oligomeric species, 

one interesting question about the link between size and toxicity has been raised. Will the 

neurotoxicity of amyloid oligomers be size-dependent? It appears to be that the small size of 

misfolded oligomers is the potent neurotoxic fractions during the trigger of AD. Oligomeric 

Aβ42 dimers (65), trimers (66),  tetramer (67), and Aβ-derived diffusible ligands (~17-42 kDa) 

(ADDLs) (63,68) are all reported to be capable of inducing mice memory formation 

impairment and neuronal damage. Bigger aggregates like the protofibrils (~100 kDa) (64,69), 

annular protofibrils (200-400 kDa) (70) and some big spherical aggregates (~ 670 kDa) (71) 

also show toxicity but have lower effects compared to the smaller ones. This result was 

supported by several reports that larger aggregates originated from the assembly of preformed 

amyloid oligomers in the presence of some molecular chaperones (42,72,73) or aromatic small 

molecules (74) significantly reduced the toxicity, demonstrating that the toxicity would 

decrease with increasing the size of oligomers.  Smaller amyloid assemblies are likely to be 

more harmful, mainly due to their higher diffusion coefficient and surface-to-volume ratio, 

which allows them to diffuse more rapidly and to interact more aberrantly with some cellular 

components like membranes (42). 

The broad size distributions of toxic amyloid oligomers call into question that size alone may 

not be sufficient to define toxicity. It has been reported that two types of Aβ42 with similar 

sizes show dissimilar toxicity (75). The more hydrophobic oligomeric species have the higher 

toxicity. This size-independent toxicity phenomenon was also observed in the non-pathological 

bacterial proteins (HypF-N), which is considered a valuable model system to study the 

structural association between misfolded protein oligomers and the induced cellular 

dysfunction, that two morphologically and pictorially similar HypF-N oligomeric species 

exhibited different cellular impairment (76). One of the plausible explanations lies in the 

different packing degrees from the core hydrophobic residues of peptides which are normally 

buried in proteins, resulting in different structural flexibility and solvent-exposed hydrophobic 

surfaces (77). Aβ42 (78), α-Synuclein (79), and prion-determining region Sup35(NM) (80) 

were all found to correlate the surface hydrophobicity directly with oligomer toxicity. A three-

dimensional plot with the relationship of two structural important determinants (size and 

hydrophobicity) with toxicity has been plotted in the previous publication (77).  
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Due to neurodegenerative disease severity not linked tightly to the concentration of associated 

amyloid fibrils in the brain (81), more and more attention has been directed to understanding 

the connection between membrane-associated soluble toxic oligomers and their possible 

neurotoxicity. Up to now, the mechanism of how the misfolded oligomers result in cellular 

dysfunction in the pathogenesis of neurodegenerative diseases has not reached a consensus. A 

prevalently accepted molecular mechanism is the membrane depolarization and integrity 

disruption induced by active amyloid oligomers interacting with cellular membranes, resulting 

in aberrant Ca2+ flux and loss of cell homeostasis (5). A variety of amyloid intermediate species, 

including Aβ (82-87), α-Syn (88-90), and prion-associated proteins (91,92) were observed to 

penetrate the lipid bilayer, vesicles, or neuronal membranes, forming porous ion channels or 

pores upon oligomerization in membranes (93). The amyloid-pore model is analogous to the 

formation of transmembrane pore-forming toxins or antimicrobial peptides (94). Meanwhile, 

the dysregulation of cellular Ca2+ homeostasis was also considered to be one of the typical 

pathogenic features in several neurodegenerative diseases, including AD and PD (95-97).  

The direct visualization of amyloid pore-shape oligomers reconstituted in lipid bilayers by 

atomic force (AFM) or electron transmission microscopy (TEM) showed strong support for the 

oligomeric pore hypothesis (93,98,99). Though the oligomer pores have been observed, the 

knowledge about the structural basis of oligomer-elicited neurotoxicity is still not enough. The 

transient, heterogeneous and unstable amyloid oligomers present difficulties for structural 

determination. Nuclear magnetic resonance (NMR) has revealed that membrane-mimicking 

Aβ42 tetramer and octamer insert as β-barrel pores into lipid membranes (100,101).  

Considering the highly heterogeneous property and the importance of a lipidic environment for 

oligomer characterization, it is still demanding to put up new methods to stabilize the transient 

and diverse amyloid oligomers in a membrane environment.  

Metal homeostasis alterations have been reported in the patients suffering from 

neurodegenerative diseases including AD, PD, and CJDs (102-104). A high concentration of 

redox-active Cu (II) or Fe (III) and non-redox-active Zn (II) within the millimolar range has 

been observed in the insoluble plaques of AD patients' brains (105-107). In PD, raised Cu (II) 

and Fe (III) levels were found in the cerebrospinal-fluid (108) and Lewy bodies (109). Metal 

ions are known to bind to amyloid monomers. The N-terminal domain of Aβ (1-16 regions) 

(110) and α-Syn (1-52 regions) (111) both display a high affinity to Cu (II) (Kd ~1-50 nM and  

~ 0.1 µM respectively). Zn (II) exhibits a lower binding ability to Aβ (112) or α-Synuclein 
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(113), followed by Fe (III) (113,114). The interaction with target proteins meanwhile 

modulates their aggregation and neurotoxicity (115,116). For α-Synuclein, the polyvalent 

metal ions accelerated the rate of α-Synuclein fibrillation in vitro (116) and induced higher 

neuronal toxicity (117). The N-terminal domain of α-Synuclein also shows a high affinity for 

the negatively-charged lipids bilayer (118) or vesicles (119), in which the loss of membrane 

integrity induced by the formed oligomers from lipids interaction with α-Syn is considered to 

be one of the underlying pathogenesis of PD (120). Both the metal ions and lipids as two 

significant factors contribute to the neurodegenerative disease's etiology.  

1.4 Aim and scope of the thesis  

As discussed above, the neurotoxicity-elicited amyloid oligomers are generally heterogeneous 

and structurally metastable, increasing the difficulty to determine the biophysical properties of 

oligomers, such as the size distribution, the atomic structure information, the interaction with 

cellular membranes, and so on. A lack of this information impedes the forward immune-based 

diagnostics and potential therapies for neurodegenerative diseases, such as antibody or 

nanobody development. The main goal of this thesis was to study the amyloid oligomer 

formation and interferences via several biophysical techniques and help shed light on the 

connection between amyloid assembly and toxicity, enabling us to put forward the diagnosis 

for neurodegenerative diseases.  

The thesis work was split into two main parts as described below: amyloid oligomer formation 

from Chapters 2-4 and amyloid interferences from Chapters 5-6. 

Some amyloidogenic proteins generally exist at an extremely low concentration (from 

picomolar to nanomolar range) under physiological conditions and vary between intracellular 

regions and brain cell types (121-125), which makes them below the detection ability of the 

conventional biophysical methods, such as circular dichroism (CD) for the peptide secondary 

structure analysis (126). Single-molecular techniques (STMs) hold unique advantages to 

require sample concentration close to endogenous level (127) and recording the dynamic 

behavior of individual molecules with a nanometer spatial and a microsecond temporal 

resolution (128). In Chapter 2, I mainly reviewed the application of three different kinds of 

SMTs to the characterization of biophysical properties of amyloid proteins. The overview of 

current molecular toxic mechanisms involved in amyloid misfolding by STMs and the 

perspectives of STMs for the diagnosis of amyloidosis is also presented in Chapter 2.  
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So far, the stoichiometry-defined and stable Aβ oligomers remain to be explored in a lipidic 

environment, which is important because of the potential value for the structure determination 

and conformation-specific antibody or nanobody development. Thus, an α-hemolysin (αHL) 

scaffold to stabilize and display the heterogeneous and transient Aβ42 oligomers was designed 

in a membrane environment. I further applied a series of biophysical methods to investigate 

the functional similarity between the stabilized and wild-type Aβ oligomers. Cryo-electron 

microscopy (cryo-EM) was further used for structure determination. The outcomes are 

presented in Chapter 3.  

Since misfolded amyloid proteins can penetrate the cellular membranes, form ion channels, 

and induce the neurotoxicity (93), a deeper understanding of the role of different fragments of 

amyloid peptides on the channel activity and neurotoxicity helps shed light on the molecular 

mechanism of amyloid assembly and reveal new treatments for the neurodegenerative diseases. 

Thus, I investigated the influence of different prion protein fragments on the channel activity 

by using the single-channel recording. The results are shown in Chapter 4.  

Amyloid fibril formation can be modulated by chaperones, non-chaperones, or other 

amyloidogenic proteins in vitro and in vivo. The fibrillation kinetic assays are typically carried 

out in vitro, where these proteins themselves are prone to the formation of mesoscopic 

amorphous aggregates due to a lack of proteostasis. In Chapter 5, a series of biochemical and 

biophysical techniques were applied to clarify the relationship between the amorphous 

aggregates and plaque deposits of the amyloid fibril, which are two typical forms observed in 

the AD brain. The results are presented in Chapter 5.  

In addition to globular proteins, metal ions are also reported to bind to amyloid proteins and 

influence their folding or unfolding (129). Both metal ions and lipids trigger amyloid 

fibrillation in vitro, and it is still unclear how the metal ions influence amyloid peptides binding 

and unbinding to lipid membranes. In Chapter 6, the single-molecular nanopore technique 

described in Chapter 2 was used to study how different metal ions regulate α-Syn binding and 

unbinding to lipid membranes at the single-molecular level. The results are displayed in 

Chapter 6. 
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2.1 Abstract 

In neurodegenerative diseases, a wide range of amyloid proteins or peptides such as amyloid–

beta and α-synuclein fail to keep native functional conformations, followed by misfolding and 

self-assembling into a diverse array of aggregates. The aggregates further exert toxicity leading 

to the dysfunction, degeneration and loss of cells in the affected organs. Due to the disordered 

structure of the amyloid proteins, endogenous molecules, such as lipid membranes, are prone 

to interact with amyloid proteins at a low concentration and influence amyloid cytotoxicity. 

The heterogeneity of amyloid aggregates complicates the understanding on the amyloid 

cytotoxicity when relying only on the conventional bulk and ensemble techniques. As 

complementary tools, single-molecule techniques (SMTs) provide novel insight into the 

different subpopulations of a heterogeneous amyloid mixture as well as the cytotoxicity, in 

particular as involved in lipid membranes. This review focuses on the recent advances of a 

series of SMTs, including single-molecule fluorescence imaging, single-molecule force 

spectroscopy and single-nanopore electrical recording, for the understanding of the amyloid 

molecular mechanism. The working principles, benefits and limitations of each technique are 

discussed and compared, as well as the contributions of SMTs to the enhanced understanding 

of the amyloid molecular mechanisms. We also discuss why SMTs show great potential and 

are worthy of further investigation with feasibility studies as diagnostic tools of 

neurodegenerative diseases and which limitations are to be addressed.  

Keywords: Amyloid protein; Single-molecule fluorescence imaging; single-molecule force 

spectroscopy; Single-nanopore electrical recording.  

2.2 Introduction  

Neurodegenerative disease, characterized by the loss of structure, function or quantity of 

specific neurons in the human brain, is a generic term covering a range of incurable and 

debilitating conditions that progressively lead to disorders of our nervous system. A series of 

pathophysiological symptoms include memory/cognitive impairment and motor dysfunction, 

caused by diseases such as Alzheimer's (AD), Parkinson's (PD), Huntington's diseases (HD) 

and Amyotrophic Lateral Sclerosis (ALS) (1,2). The onset of the diseases is prone to be 

prevalent in the middle-aged and elderly at an increasing rate (3). Though many approaches 

have been introduced with the potential to understand and treat these neurodegenerative 

diseases, the outcomes of the clinical research have yet to be assessed. Therefore, novel 
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experimental approaches and insights are essential to better understand the pathogenesis and 

to find new therapeutic agents against the diseases.  

When loss of protein homeostasis (proteostasis) occurs, the proteins associated with the 

nervous system fail to sustain their native conformation, start to aggregate and deposit in the 

brain through two different aggregation routes (4,5). The first route is to form amorphous 

aggregates, which are usually present in undefined structures. Alternatively, monomeric 

proteins aggregate into soluble oligomers and then form highly ordered amyloid fibrils (6-8). 

One of the pathological hallmarks of AD is the finding of senile plaques deposited in the brain. 

The core component of the plaques was demonstrated to be the insoluble amyloid-beta (Aβ) 

fibrils (9,10). Numerous other neurodegenerative disorders share this common pathology with 

amyloid proteins, such as Parkinson’s α-synculein (α-syn), Creutzfeldt–Jakob disease’s prion 

protein, and amyotrophic lateral sclerosis’s superoxide dismutase 1 (SOD1) (11). Although 

most disease-related amyloids are assumed to be non-functional, there are some amyloids, 

found from microbes to humans that are functional, and even disease-related amyloids can, 

sometimes, possess functions (12-14). Therefore, amyloid proteins can be both protective and 

destructive, critically dependent upon the amyloid homeostasis (15), which involves protein 

synthesis and folding, conformational maintenance and degradation (4,12).   

Amyloid fibril formation has been proposed as a “nucleation-dependent polymerization” 

process (16), where the kinetics falls into three phases: the lag phase, the elongation and the 

final plateau. First, toxic oligomers form in the initial lag period and may act as a template to 

nucleate amyloid fibril formation in the latter phases. Likewise, amyloid fibrils facilitate the 

formation of new fibrils through a process of secondary nucleation (17-19). A number of 

studies have indicated that soluble oligomers or protofibrils are the main contributing factor of 

the cellular toxicity rather than the final-step mature fibrils (20-22). Although consensus has 

not been reached on the pathogenesis of amyloids, a prevalently accepted mechanism states 

that the early aggregates interact with lipid membranes, disrupt the integrity of cell membranes, 

resulting in uncontrolled extracellular Ca2+ influx and imbalance of other biomolecules (23-

25). However, several questions remain to be answered. For example, what sizes of the 

aggregates are responsible for the damage to cellular membranes? What are the toxic 

mechanisms by which amyloid oligomers can disrupt cellular membranes? Do these aggregates 

thin the membranes, form pores or step-wise increase membrane permeability, or a 

combination? 
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There are several reasons why these questions remain unanswered. First, it is difficult to detect 

individual oligomers, because the fibrillation process is a dynamic equilibrium process, giving 

rise to a highly heterogeneous mixture. The heterogeneity hinders the analysis of the size, 

conformation and structure of the neurotoxic aggregates. In addition, monomers and small 

aggregates (from dimers to hexamers) in vivo are likely to interconvert in a dynamic 

equilibrium (20,26,27). Moreover, at physiological conditions, amyloidogenic proteins exist at 

a low concentration and vary between intracellular regions and brain cell types. For example, 

concentrations of intercellular a-syn might be likely in the low nanomolar range (28), while  

the soluble Aβ42 were only found at the picomolar levels in human AD brain entorhinal cortex 

and superior frontal gyrus regions (29-31). Such low concentration are below the detection 

capability of conventional biophysical assays. Using higher (non-physiological) concentration 

in the assays may result in completely different interactions or pathways that may not be the 

correct representation of the in vivo processes. In addition, the conventional biophysical 

techniques such as fluorescence assays and circular dichroism (CD) (32-34), represent the 

averaged data of whole populations, smoothing out the low ‘noise’ signal from an individual 

aggregate (35). These ensemble methods are therefore not ideal for the investigation of the 

energetically metastable, heterogeneous states of amyloid proteins. To overcome some of these 

limitations, single-molecule amyloid characterization at the physiological concentration is thus 

of great importance. 

Single-molecule techniques (SMTs) have unique advantages of recording the behavior of 

individual molecules in a heterogeneous sample (36,37). The required concentration for most 

SMTs is close to the endogenous level (pM to nM). Such conditions assist in the formation of 

stabilized heterogeneous and transient oligomers at a time that allows to study their structures 

and dynamics, which are easily hampered or altered at higher concentrations (38). Moreover, 

the experimental parameters of SMTs can reach a nanometer spatial resolution and a 

microsecond temporal resolution (39). SMTs may give the appropriate and accurate analysis 

of transient amyloid aggregates at the single-molecule level. SMTs can be classified into three 

types: single-molecule fluorescence-based imaging (SMFI), single-molecule force 

spectroscopy (SMFS) and single-nanopore electrical systems (SNS). SMFI methods are 

localization-based imaging techniques that can normally track fluorophore-tagged single 

particles or vesicles without perturbation (28,40). SMFS generally applies the tension or torsion 

to investigate the mechanical responses of biological systems (41). SNS allow to analyze the 

behavior of both small and large sized oligomers in a single nanopore system by recording the 
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dwell time and residual current when they assemble into nanopore (42,43). The principles of 

these techniques and their applications on amyloids will be discussed in further detail in section 

2.3.   

Our paper aims to give an overview of the current understanding of the molecular mechanisms 

involved in amyloid misfolding, by focusing on single-molecule approaches in contrast to the 

more commonly used bulk or ensemble methods. In particular, we focus on the application of 

the three main types of SMTs mentioned above for the characterization of the biophysical 

properties of amyloid proteins. Here, we will briefly state the working principles, benefits and 

limitations of each single-molecule technique, and combined single-molecule dual 

measurements will be briefly discussed in this review. We will also summarize the detailed 

insights they can give for different species of amyloid proteins, the interaction with membranes 

and their roles in amyloid diseases. In addition, our paper covers the perspectives of each 

single-molecule technique for the diagnosis of amyloidosis. 

2.3 Single-molecule techniques for biophysical studies of amyloid 

proteins 

In comparison to the conventional methods studying ensemble systems, single-molecule 

approaches can provide insights in the heterogeneity of amyloid proteins and distinguish 

contributions of different oligomers, and therefore hold the potential to gain a deeper 

understanding of structure and function of different amyloid morphologies. We subsequently 

discuss three main types of SMTs and their variants in three separate sections, and show how 

these techniques have been relevant to amyloid protein studies at the molecular level. 

2.3.1 Single-molecule fluorescence imaging (SMFI) 

Fluorescence imaging is based on the emission of light by a fluorophore. After the excitation 

of an electron to a higher energy state, the fluorophore relaxes back to the ground state and re-

emits a new photon. A protein of interest can be directly observed with a non-covalent 

fluorophore or covalent fluorophore after a conjunction with a probe (44,45). SMFI techniques 

visualize the changes of fluorescent properties of labelled proteins such as fluorescence 

lifetime, quantum yield or polarization to reveal intermolecular interactions, reaction kinetics 

and conformational dynamics.  

Total internal reflection fluorescence (TIRF), fluorescence resonance energy transfer (FRET), 

two color coincidence detection (TCCD), fluorescence recovery after photobleaching (FRAP) 
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and fluorescence correlation spectroscopy (FCS) are common fluorescence-based methods for 

tracking single particles. For an overview on the history and some of the recent discoveries in 

the life sciences made via SMFI, we refer to the review by Shashkova and Leake (40). In this 

review, we will focus on the implementation of these techniques for amyloid protein studies. 

 

Figure 1. Schematic illustrations of the basic concept of SMFI techniques. (A) TIRF uses total 

internal reflection at the interface where an ‘evanescent field’ is produced and the fluorophores 

close to the glass surface are efficiently excited by the evanescent field. (B) In FCS method, 

fluorescent molecules diffuse through a tiny confocal volume and the fluctuations of 

fluorescence intensity are detected to determine the number of particles in this area. The 

autocorrelation function provides information about the concentration and the thermodynamic 

and kinetic parameters. (C) FRET represents a non-radiative energy transfer between a donor 

and an acceptor chromophore molecule via the long-range dipole–dipole coupling when these 

molecules are in close proximity (left). The donor fluorescence is quenching while the emission 

of the acceptor is increasing (right). (D) TCCD is based on oligomers with two distinct 

fluorophores but cannot exhibit high FRET give coincident fluorescent bursts after emitting 

the photons (left). The fluorescence intensity derived from the two-color channels (red and 
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blue) presents the numbers of monomers that are labeled in one oligomer (right). (E) FRAP 

can be used to quantify the recovery of fluorescence intensity over time after a region of interest 

in a cell or tissue is photo-bleached with a high-intensity laser and subsequently probed by a 

low-power laser. 

TIRF imaging 

TIRF (Total internal reflection fluorescence) imaging is now one of the most common 

fluorescence microscopic imaging to track single particles by selectively illuminating one area 

to minimize background signal. The innovation of TIRF has greatly enhanced the signal-to-

noise ratio by reducing the background fluorescence, resulting in better contrast for detecting 

single molecules (46). For TIRF, a solid-liquid interface with different refractive indexes, such 

as a glass coverslip/slide and a water-based physiological solution, are needed (Figure 1A) 

(40). The incidence angle with a 90° refraction is called a ‘critical angle’. At larger angles than 

the critical angle, the excitation light will not transmit through the liquid surface, instead total 

internal reflection of the incident light occurs at the interface and an ‘evanescent field’ is 

created. The intensity from this field drops off exponentially with the increasing distance from 

the interface whereas the depth of penetration can actually be adjusted over a wide range. 

Therefore, TIRF imaging can restrict the excitation to fluorophores that are positioned close to 

the surface, making this technique particularly suitable for identifying molecules integrated 

into membranes.  

TIRF has been applied for the direct visualization of amyloid aggregates. As using covalently 

labelling proteins might affect the aggregation process (47) and it is challenging to tag samples 

extracted from in vivo sources, Horrocks et al. relied on addition of a dye (Thioflavin-T, ThT) 

that noncovalently binds to oligomers and fibrils with β-sheet structures (48). Small β-sheet 

aggregates of α-syn, Aβ and tau in vitro are observed with the sizes lower than 250 nm in the 

beginning of aggregation and the enriched oligomers contain on average 25 monomers. 

Amyloid fibrillation kinetics can be tracked as well. In the presence of ThT, Yuji’s group (49) 

clearly observed the real-time individual Aβ40 fibrils growth with a seed-dependent manner 

and found the constant rate of fibril growth is similar with the steady-state enzymatic kinetics. 

Another study showed that glucagon fibrils grow exclusively by forming branches along sides 

of the parent fibril with an angle of 35-40 degrees (50), which differs from Aβ fibrils that 

extend themselves from the end of the preformed seeds in a linear elongation. By using TIRF, 

Patil et al. revealed three different hIAPP aggregation patterns that demonstrate the role of 
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secondary nucleation mechanisms where the preformed fibrils serve as a new template for fibril 

formation (51). All these studies illustrate that TIRF microscopy is an effective tool to visualize 

entire aggregates and fibril growth kinetics.  

TIRF was also applied to depict permeation of single vesicles or cells filled with fluorescent 

dye by measuring the Ca2+ influx induced by oligomers on the membranes. After the 

penetration of synthetic Aβ oligomers (down to 200 pM) into the live neuronal astrocyte cells 

(52,53), tetramers or larger oligomers were found as the most toxic Aβ oligomer aggregates 

across the membranes. This suggests that the membrane permeabilization is one of the toxic 

mechanisms induced by oligomers. The extracellular chaperone clusterin, antibody or 

nanobody that specifically binds to oligomers could prevent Ca2+ influx induced by synthetic 

Aβ oligomers (54), whereas these inhibition effects are not obvious under CSF conditions. This 

implies that these single-molecule assays might be a cost- and time-effective approach before 

clinical trials. Recently, with TIRF, Tanaka and coworkers showed that Aβ42 oligomers on the 

surface of live hippocampal neurons impair the ability of learning and memory in the early 

stage of AD via suppressing the increase of fluorescently labeled (glutamate receptor) GluA1 

number and GluA1 exocytosis frequency in both postsynaptic and extrasynaptic membranes 

(55). The increase of GluA1 is important for cellular basis of synaptic plasticity (56). Based on 

this result, a feasible therapy to recover mild memory impairment could be to target the increase 

of exocytic GluA1 on neuronal cells and TIRF could be the effective imaging tool to validate 

this potential.  

A novel approach, label-free scattering microscopy has been used to image the surface-bound 

lipids and detect the specific protein-binding to single vesicles without labelling the lipids (57). 

Scattering microscopy produce the ‘evanescent field ’by optical waveguide instead of using 

the objective in TIRF.  In this method, a more uniform illumination profile is obtained. 

Recently, Hannestad et al. investigated the kinetics of monomeric α-syn interaction with 

different lipid vesicles under both fluorescence and light-scattering emission at the single-

vesicle level. They found α-syn induces obvious step-wise structural changes and asymmetric 

membrane deformation of individual phosphatidylglycerol (PG) vesicles with a very low α-syn 

concentration 10 nM (~100 proteins/vesicle) (28). The pore formation mechanism was not 

concluded to result in membrane leakage when α-syn binds to the vesicles. This finding might 

enlighten the abnormal behavior of monomeric α-syn in vivo. Scattering microscopy was also 

used to distinguish misfolded proteins from normal ones in Aβ plaques of an AD mouse brain 

model (58). Aβ plaques were found to form a typical core-shell structure which is surrounded 
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by a halo-like shell of lipid-rich deposits (59). This result indicates the ability of scattering 

microscopy in providing the novel perspectives into biochemical constitution of pathological 

structures.  

FCS Method 

FCS (Fluorescence correlation spectroscopy) is a quantitative analysis method with the 

ultimate single-molecule sensitivity for the detection of fluorescent molecules (60,61). In FCS, 

the fluctuations of fluorescence intensity, originating from the diffusion of fluorescent 

molecules (physiological nanomolar to picomolar) through a very tiny confocal volume (~1 

μm3) is measured with a high temporal resolution (nanosecond time scale) (Figure 1B). The 

detected fluorescence real-time fluctuations and autocorrelation function provide the 

thermodynamic or kinetic parameters such as diffusion coefficient or time, nucleation 

boundary radius and the free energy barrier for nucleation (62-64). Knowing these parameters 

can assist in developing an exact thermodynamic model of Aβ aggregation. Moreover, 

understanding the energy landscape of amyloids may estimate the stability of intermediates, 

which could help the quest for a method to reduce its population (65).  

FCS has been used to characterize amyloids aggregation process and determine the presence 

of different oligomeric species, both in well-equilibrated systems in vitro and more 

complicated environments in vivo (66-68). Mittag et al. fitted FCS data to Gaussian distribution 

models to clearly distinguish different Aβ oligomeric species in vitro (69). They estimated the 

sizes of different amyloid types, including monomer (<1 nm) and low molecular weight 

oligomers (1-5 nm), high molecule weight oligomers (5-40 nm), protofibrils (40-4000 nm) and 

fibrils (4000-20000 nm). Additionally, Rigler’s group observed that Aβ peptides have a highly 

cooperative polymerization process where the fibril is predominantly built up from monomers 

or dimers rather than free oligomers (70). The size of small Aβ aggregate particles in vitro is 

1.7-2.1 nm and big aggregates have sizes of 100 nm or higher (71). Tiiman et al. later suggested 

that the smallest ThT-visible Aβ aggregates in vitro with a diffuse time ~ 200 μs, is comprised 

of 40-70 Aβ monomers (66). By directly tracking Aβ42 concentration changes, Novo et al. 

found that the critical aggregation concentration (CAC) of Aβ42 to form oligomers is about 90 

nM (72). Based on this, they suggested that the assembly process is spontaneous and 

cooperative which is similar to the process of surfactants self-assembling, and produces the 

stable micelle-like oligomers formed from 50 monomers (hydrodynamic radius, Rh, 7-11 nm). 

In terms of complex samples, with FCS, Pitschke and coworkers detected the very large 
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multimers of single Aβ aggregates in all CSF samples from 15 AD patients but in none of the 

19 age-matched healthy controls (73). Funke et al. also easily differentiated three CSF AD 

samples from the control ones by the presence of Aβ aggregates (74). FCS is also suitable for 

identifying the inhibitors of initial formation of amyloid oligomers by analyzing the average 

size and number of oligomeric particles. D-enantiomeric amino acid peptides were 

demonstrated to reduce the average size of Aβ aggregates but increases their number (75). 

These results demonstrate the effectiveness of FCS on determining heterogeneous oligomeric 

species.   

FCS can also be used to quantitatively investigate the binding of amyloid proteins on 

membranes. Fluorescently labeled α-syn has been demonstrated to preferentially bind to acidic 

vesicles (76). Less bulky headgroups of anionic lipids enhance this binding possibly due to the 

anionic lipids being able to pack more closely together, thus producing a high charge density 

(77,78). A minimum of 30 lipid molecules or 60-molecule bilayer patch is required to bind a 

single α-syn molecule (77). Additionally, α-syn prefers to bind small vesicles such as synaptic 

vesicles, over large multilamellar vesicles. It was suggested that the ideal match of vesicle 

curvature with α -syn would be as found in the N-terminal helix (78). Another study showed 

that labeled Aβ40 and Aβ42 oligomers exhibit stronger binding to neuronal and somatic cell 

membranes than monomers at physiological concentrations (250 nM) (79). The negligible 

binding to cell membranes by monomers explains why they are non-toxic. Additionally, on 

mammalian cell membranes the size distribution of small Aβ40 aggregates (2.3 nm average 

Rh) peaks at both tested concentrations of 150 and 350 nM, while only large assemblies of 

Aβ40 (>>10 nm average Rh) appear at a concentration of 350 nM (80). These results indicate 

that the formation of large Aβ complexes on living cells relies on Aβ concentration. This 

discovery might partially explain why the Aβ targeting drugs fail in clinical trials since much 

higher physiological concentration of Aβ is used in vitro. Recently, Simpson et al. identified 

differences of Aβ aggregation and cytotoxicity between 2D in vitro models (typically culture 

cells on flat plastic or glass substrates) and 3D environments, such as collagen hydrogels in 

tissue culture models (81). Combined with FCS, they found that the size of Aβ aggregates in 

3D collagen hydrogel is 25 to 200 times larger in diameter compared to 2D culture, suggesting 

a vastly different aggregation process. It appears that the cytotoxicity of Aβ gets attenuated in 

3D compared to 2D environments. The difference in crowding and confinement are the main 

contributions. This discovery might provide another reason for failed Aβ drugs screening 

models that might miss these two factors.  
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FCCS (Fluorescence cross-correlation spectroscopy), which is an extension of FCS, was 

developed by Schwille et al (82). In FCCS there are two differently labeled fluorescent species 

whose concentration and diffusion characteristics are measured in parallel. In addition, 

information about whether the two molecules interact can be obtained. The principle is the 

same as FCS, but there are two different lasers focused onto the same spot, thereby resulting 

in overlapping diffraction‐limited confocal volumes. FCCS has been used to study the 

interaction of aggregation inhibitors such as antibodies (83) and kinesin-1 (84) with Aβ peptide. 

Two kinesin-1 subunits, KLC-E and E-KLC were tagged to determine the interaction of 

kinesin-1 on Aβ peptide at the single-molecule level (84). Data revealed both KLC-E and E-

KLC have an inhibitory effect on Aβ42 aggregation over a period of time, and KLC-E shows 

a much higher binding affinity than E-KLC, which might result from the spatial conformation 

of KLC-E.  

FRET, TCCD and FRAP Techniques 

FRET (Fluorescence resonance energy transfer) is one of the most commonly used techniques 

when studying physical interactions between two molecules within several nanometers (30–70 

Å range), a distance sufficiently close for intermolecular interactions to occur (85,86). The 

principle of FRET is based on the excitation energy transfer from a donor to an acceptor 

chromophore molecule with the reduced donor fluorescence/lifetime and increased emission 

of acceptor fluorescence/lifetime. For protein interaction studies, fluorophore-tagged 

antibodies or fusion proteins are the two common methods to adhere the fluorophores to the 

interacting proteins.  

Based on the direct observation of coincident bursts of oligomer fluorescence, two distinct 

structural types of α-syn oligomers were inferred during α-syn aggregation in vitro (87). 

Oligomers of type A and B, with medium and higher FRET efficiencies respectively, were 

found at α-syn aggregation different stages. Type B oligomers with a more compact structure 

and proteinase-K resistance were monitored in later aggregation stage, indicating type A might 

undergo a structural reorganization to form type B. Structural conversion has been assumed to 

be the key step of α-syn aggregation. This result is consistent with the hypothesis of sequential 

finding of discrete oligomeric intermediates in the early stage of α-syn aggregation (88). 

Additionally, they detected toxic α-syn oligomers originating from disaggregation of mature 

α-syn fibrils, suggesting that the disaggregation of fibrils can also be a source of toxic species 

and result in toxicity (87). This implies that attention should also be paid to the disaggregation 
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of fibrils at the final stage besides the toxic forms in the early stage of the aggregation process. 

Later, Horrocks and co-workers combined a fast flow microfluidics with FRET to investigate 

the oligomerization of α-syn (89). Isolating type A from type B oligomers by dilution, they 

discovered that type A dissociates but type B stabilizes in the lower ionic strength of the 

solution. Moreover, type-B oligomers from two α-syn mutant forms (A53T and A30P) 

displayed different FRET efficiencies, suggesting that the variants contribute to the structural 

diversity of oligomeric ensembles (90). By systematic analysis of the FRET efficiency values 

in a wide range of starting α-syn monomer concentration (from 0.5 to 140 μM), the required 

number of seeds to affect the initial aggregation was predicted to be in the order of 104 species 

in a single cell (10 μm)3 (91). This demonstrates that FRET is suitable to quantitatively explore 

the seeding process of amyloid aggregation. The same setup also demonstrated that tau protein 

has a similar structural trajectory evolving from type A to type B oligomers prior to fibril 

formation (92). Combining FRET with FCS method, the fraction of small Aβ oligomer 

containing less than 10 Aβ molecules were detectable as low as 2 ± 2% in solution at 

physiological concentrations (93). Additionally, Kaminski Schierle et al. found that labelled α-

syn in living worm Caenorhabditis elegans (C. elegans) has the slowest decrease in 

fluorescence lifetime, followed by in vitro samples, then by neuronal cells (94). It indicates 

that the aggregation rate of α-syn is environmentally-dependent with the fastest rate of 

aggregation in cells. This result shows that FRET is an effective tool to track the kinetics of α-

syn self-assembly in vitro and in vivo, and the molecular environment should be taken into 

consideration when revealing the nature of aggregation species.  

Recently, FRET has been used to identify the binding of Aβ oligomers to the cholinergic 

nicotinic ACh receptor α7 (α7nAChR) (95). Loss of activity of α7nAChR is believed to impair 

cognitive performance in AD (96). The result showed that the Aβ binding site on α7nAChR 

overlaps with the orthosteric ligand binding sites comprising loop C with a high binding affinity 

(pKD 10.3 ± 0.2). FRET was also used to evaluate different α7nAChR-related compounds of 

interfering the binding abilities of Aβ to α7nAChR (95). In addition, FRET was applied for the 

screening of various compounds against Zn2+-Aβ interaction (97). Eight natural inhibitors (out 

of 145 compounds) were demonstrated to have efficient inhibition effects (>80%) and six of 

them are capable of decreasing the toxicity induced by Zn2+-Aβ on living cells. The two studies 

indicate that FRET is suitable for measuring the binding activity of peptides/metal ions to 

amyloid proteins and very effective to assess potential drug candidates against 

neurodegenerative disorders.  Zadorsky’s group used FRET to demonstrate that the newly 
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found amyloid protein Toh1, which is localized in the yeast cell wall, could interact with other 

prion proteins Rnq1 and Sup35. The result highlighted that the interactions among different 

amyloid proteins not only occur between molecules with a similar primary structure, but also 

between proteins that have a close secondary structure and conformational folds (98). 

Besides investigating the interactions of two molecules, FRET is also suitable to explore the 

interaction of membranes and amyloid proteins. Reynolds et al. found that α-syn aggregation 

appears to extract lipids from the membranes making them thinner. These extracted lipids could 

be initial step to more intense disruption of the membrane integrity. Larger damage to 

membranes was observed at higher α-syn concentrations, demonstrating the concentration 

dependency of α-syn aggregates on membrane toxicity (99). Terzi et al. reported that Aß 

preferentially interacts with anionic membranes (100) and Wong et al. found more net negative 

charge increases the binding affinity of low-molecular mass species of Aß40 (<10mer) with 

membranes. The very weak interaction of Aß40 with the pure DPPC 

(Dipalmitoylphosphatidylcholine) neutral liposomes confirms that Aß40 membrane insertion 

is highly dependent on the negative charge of membrane (101). The tight binding of Aß40 to 

anionic membranes was further confirmed by TIRF imaging but with a much lower 

dissociation constant of the peptide from the membrane (<470 pM) (102), compared to Wong’s 

report (38.8±7.0 μM). The main reason is the very low peptide concentration in the latter case 

(sub-nanomolar), which leads to very low peptide/lipid ratio. This result indicates that the ratio 

of peptide/lipid concentration should be considered when calculating the binding affinities of 

amyloid proteins with lipid membranes.  

In addition to the interaction of membranes with oligomers, the fluorescent lipid membranes 

was found to directly bind to fibrils and accelerate fibril formation (103,104). The vesicle lipid-

fibril interaction reinforces Aβ42 secondary nucleation at the surface of existing Aβ fibrils 

(103). The charged plain lipid membrane has the similar effect on Aβ fibrillation. Additionally, 

Widenbrant et al. found the Aβ aggregates bind to the giant vesicle membrane, rapidly cross 

the vesicle bilayer, then incorporate into the interior small vesicle membrane (105). 

Meanwhile, the incorporated membrane was found to possess reduced membrane fluidity, 

which is indicative for pathophysiology of disease-affected cells. The reason for membrane 

penetrations and finally cell death was suggested to be due to induced membrane leakage by 

the localized aggregates, not due to pore formation mechanisms.    
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TCCD (Two color coincidence detection) technique uses two fluorophores that cannot exhibit 

high FRET and which are illuminated by two lasers compared to one laser for FRET (106). 

Monomers tagged with a single color are only detected by one of the detecting channels while 

the oligomers with two distinct fluorophores result in coincident fluorescent bursts after 

emitting the photons (Figure 1D, left). The signal of fluorescence intensity derived from the 

two-color channels present the numbers of monomers that are labelled in one oligomer (Figure 

1D, right).  As different oligomers show different coincident bursts of fluorescence when they 

diffuse through the confocal volume, TCCD is sensitive and quantitative to provide the 

information about the concentration and the stoichiometries of associated molecules in a 

heterogeneous environment. Klenerman’s group used TCCD to trace the oligomer ensemble 

of SH3 domain from bovine phosphatidylinositol-3-kinase (PI3) (107). The heterogeneous 

oligomeric species of SH3 with the most cytotoxic properties have a median size of 38±10 

molecules. The size distribution of these oligomers remains constant while their stability is 

gradually increasing during aggregation. TCCD method was also applied to determine the 

interaction of Aβ peptide with neuroserpin, a member of the serine protease inhibitor which 

can suppress the toxicity of Aβ peptides (108). It was found that Aβ increases the rate of 

neuropserpin’s polymerization by forming a weak complex with neuroserpin. As Aβ is later 

released from the complex and not incorporated into the neuroserpin polymers, it was 

suggested that Aβ40 acts as a catalyst to enhance polymerization. IIjina et al. quantitively 

determined the composition of self- or co-oligomer formation of Aβ40 and Aβ42 at 

physiological conditions (109). The main oligomers are Aβ40 at the physiologically relevant 

ratio of 9:1 of Aβ40 to Aβ42. Dimers are the predominant oligomers when the total Aβ 

concentration is ~1 nM. The oligomerization of α-syn as well as their co-aggregation with 

Aβ40, Aβ42 and tau was also determined by TCCD (110). At a very low concentration, close 

to the physiological conditions, co-oligomerization is more favorable than pure α-syn oligomer 

formation, but co-oligomers also showed lower lipid membrane disruption than α-syn 

assembled oligomers.  

FRAP (Fluorescence recovery after photobleaching) is another SMFI technique to measure 

molecular mobility and turnover processes. The basic principle of FRAP is that a region of 

interest in a cell or tissue is photo-bleached with a high-intensity laser and subsequently probed 

by a low-power laser to quantify the recovery of fluorescence intensity over time (Figure 1E). 

The recovery curve provides information about the mobile fraction and the diffusion coefficient 

(DC) of the labelled component (111). Nonetheless, specific interactions, membrane topology 
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and viscosity can also lead to differences in diffusion coefficients (112). Thus, great 

considerations should be taken when performing FRAP experiments in different cell lines or 

compartments to compare diffusion coefficients and mobile fractions.  

By counting the number of photobleaching steps, FRAP can directly distinguish the labelled 

Aβ oligomers with different number of subunits at a very low concentration (1 nM). Combined 

with confocal microscopy, Ding et al. differentiated labelled Aβ40 oligomers that were 

deposited onto a cover glass, and found the size vary from dimers to hexamers, but mainly the 

dimers, trimers and tetramers. This result is in agreement with the peak estimation from gel 

filtration chromatography (113). Nevertheless, some oligomer species such as pentamers and 

hexamers are only observed by FRAP but not the gel filtration method, indicating the 

advantage of single-molecule techniques on quantitatively measuring oligomer species. 

Additionally, the determination of Aβ oligomer species on lipid membranes can also be 

obtained by forming the lipids on the clean coverglass. It was shown that the sizes of formed 

oligomers highly depend on the concentration of amyloids on lipid membranes. At close to 

physiological concentration (2 nM), a large fraction of Aβ species (34%) on supported anionic 

lipid membranes are trimer/tetramer (102). Similar smaller pore-forming oligomers were 

observed directly by high-resolution atomic force microscopy (42), indicating these species 

might be the smallest species in the membrane and the source of pre-pore forming oligomers 

and neurotoxicity. At relatively high concentration (100 nM), faster oligomer formation and 

larger size distribution with a very wide range from around pentamers to 60mers were 

observed. In this situation, the fast forming oligomers might serve as the nuclei for the direct 

insertion into a membrane or for initial formation of fibrils and then lead to membrane 

permeabilization (102). Additionally, combined with TIRF, they found the binding to anionic 

lipid membranes starts with the monomers and the subsequent incubation leads to the formation 

of oligomers in the membranes. To get a more detailed picture of the toxic mechanism at the 

single-molecule level, Schauerte et al. combined membrane conductivity measurements with 

FRAP to identify the structure of amyloid proteins when causing membrane-permeabilization 

(114).  The ability of the oligomers to permeabilize the membrane was determined by 

simultaneously measuring the conductance as well as their size distributions. At low 

concentration below 10 nM, labelled Aβ monomers uniformly bind to the membrane while 

they do not induce any detectable conductance. At intermediate concentrations (from 10 nM to 

100 nM), small oligomeric Aβ species (mainly dimers to 14mers) are identified and the 

smallest size of oligomers to show a detectable conductivity are hexamers but not dimers. 
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When the concentration is higher than 100 nM, large Aβ structures and large conductance are 

detected, indicating the serious interruption of these aggregates on membranes. This 

observation supports the pore-formation model where monomers interact with the membrane 

surface followed by surface diffusion and then assemble into pore structures.   

By analyzing DC curves, the change of membrane fluidity which is important for biological 

functions in cell membranes (115,116), can also be determined when membranes interact with 

the amyloid peptides (117-119). hIAPP shows a more dramatic change of average DC signal 

before and after adding it into the lipid bilayer (from 1.07±0.2 to 0.004±0.004 µm2/s), 

compared to Aβ42 peptide (from 0.99 ± 0.1 to 0.07 ± 0.01 µm2/s) (117,118). The deposition of 

hIAPP on the surfaces of bilayers results in the insertion to the bilayers (120). The membrane 

mobility decreases considerably when Aβ42 concentration increases from 10 to 20 μM (121). 

These results address the involvements of lipids in amyloid aggregation when proteins 

penetrate into the fluid membranes. FRAP has proved also useful for assessing the molecular 

mobility in living cells. α-syn aggregates in the SH-SY5Y human neuroblastoma cells showed 

a very low fluorescence recovery signal compared with the area without aggregates which 

showed complete signal recovery (122). The diffusion constant of α-syn is relatively small 

(0.03–0.04 µm2/s) in living cells, suggesting that the α-syn aggregates remain predominantly 

immobile. These results demonstrate that FRAP is powerful to investigate the effects of 

amyloid protein on membrane fluidity and function.  

2.3.2 Single-molecule force (SMF) microscopy  

Force microscopy (widely, though inappropriately, named as force spectroscopy) is a set of 

techniques used for the study of individual molecule interactions and the binding forces, that 

include atomic force microscopy (AFM), optical tweezers/traps (OTs) and magnetic tweezers 

(MTs), which have been extensively reviewed before (41,123). Here we focus on the 

techniques that have been used and will be of specific relevance in the future to study single 

amyloid molecules and their interactions. 
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Figure 2. Schematic examples of the basic principles of SMF techniques. (A) One single 

amyloid protein is attached to the functionalized AFM tip and a mica surface separately. When 

the probe approaches and retracts from the substrate in the vertical direction, the force-distance 

curve that is systematically recorded reveals the protein unfolding pathways. (B) Two single 

amyloid proteins are tethered to two beads constricted in traps. SMF–OTs exert extremely 

small forces via a highly focused laser beam that generates a very strong electric field gradient. 

SMF-AFM 

AFM (atomic force microscopy) is a type of scanning probe microscopy with a nanometer 

resolution, which mainly relies on Van der Waals interactions and Coulomb repulsions 

resulting in a weak deformation of the AFM micro-cantilever with respect to the sample surface 

(124). When the probe approaches and retracts from the substrate in the vertical direction, the 

changes of cantilever position will be systematically recorded and represented in a force-

distance curve (Figure 2A). These forces reflect the surface topography and structure of the 

biological sample. AFM enables the visualization of the microscopic surface of heterogeneous 

amyloid oligomers and fibrils in ambient atmospheric and liquid conditions, thereby provide 

information about parameters such as height, diameter and morphology (123,125,126). For 

example, AFM imaging has been utilized to observe different shapes of amyloid aggregates in 

atmospheric conditions, including pore-like and spherical shaped Aβ oligomers (127,128). It 

was also found that the height of α-syn oligomers varies from 2-12 nm and was dependent on 

salt concentration (129), whereas the height of primarily formed Aβ oligomers varies from 2-

8 nm (130). The height of α-syn fibrils in air is 17 % lower than those of same fibrils imaged 

in liquids and the C-terminal tails of α-syn fibrils in liquids show different conformation in 

different ion concentrations (131). Additionally, AFM in liquids can monitor real time amyloid 

protein aggregation in buffer and in membranes and investigate the effect of lipid composition 

on amyloids binding to membranes. Aβ42 was observed to form small oligomers and short 
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protofibrils but not the long fibrils, correlating well with the higher neurotoxicity of oligomers 

compared to fibrils (132). In fluid phase, positively and neutrally charged lipid bilayers have 

stronger interference with Aβ42, compared to the negatively and zwitterionic ones (133). Lipid 

rafts cholesterol and ganglioside GM1 promote the harmful membrane interactions with Aβ 

(Azouz et al., 2019). All these results demonstrate that conventional AFM has the irreplaceable 

advantage on providing morphological information of amyloids. However, traditional AFM 

imaging cannot show how two molecules interacting with each other affects aggregation 

morphology. By tethering individual amyloid peptides/proteins to the substrate and probe 

respectively, single-molecule force AFM (SMF-AFM) measures the internal mechanical 

features of small heterogeneous amyloid oligomers (dimer to tetramers). SMF-AFM 

mechanically unfolds the native molecule at a single-molecule level with pN resolution (134-

136). The obtained force curves can be used to characterize the interaction forces between them 

or to reveal the unfolding pathway of oligomers (137-140). Lyubchenko’s group has covalently 

immobilized the C-terminal of a series of cysteine-modified amyloid proteins on both probe 

and substrate surface (141,142). The pulling strength/rupture forces of monomers between the 

probe and substrate can provide information about the spontaneous dissociation and the 

resulting off-rate constant, indicative of the degree of intermolecular interactions and the self-

assembly of an amyloid protein dimer (143). It has been reported that α-syn dimer has two 

different dissociation rates (0.25 and 13.2 s-1), implying there might be two distinct pathways 

of forming α-syn dimers (144). For Aβ40 dimers, four close rupture forces (~ 120 pN) with 

different rupture positions from 25 nm to 45 nm were observed (138). It suggested the 

formation of different transient misfolded states. Aβ42 and Aβ40 display similar rupture forces 

and rupture position when probed by SMF-AFM (145). The approach further reveals a set of 

transients of Aβ dimers with different conformations, representing diverse misfolding 

pathways of Aβ dimers. In addition, the dimer lifetime was quantified by combining dynamics 

force spectroscopy. Compared to dynamic monomeric states, the dimer lifespan of α-syn and 

Aβ is unexpectedly high within the range of seconds (138,140,145), indicating that the stable 

dimers may act as nuclei in the aggregation process. Also, the amyloid dimer lifetime value is 

pH-dependent. α-syn has two different lifetimes at acid pH conditions (4 s and 0.8 s at pH 2.7, 

1.35 s and 0.05 s at pH 3.7) (140), demonstrating two different pH-dependent α-syn 

aggregation processes. As for Aβ40 dimer, the lifetime is 0.46 s at pH 7.0 and 2.5 s at pH 2.7 

respectively (138). Aβ42 has slightly different lifetimes (0.1 s at pH 7.0 and 2.7 s at pH 2.7) 

(145). The results suggest that experimental conditions play a vital role in the aggregation 

process. As protein interactions highly depend on their conformational changes, SMF-AFM is 
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suitable for directly detecting the rupture forces to indicate conformational changes of amyloid 

proteins. It has been shown that the pulling strength of α-syn and Aβ is the weakest at neutral 

pH, indicating a random coil structure. At an acidic pH, a higher pulling strength revealed the 

rapid conformation conversion to a more ordered, predominantly β-sheet structure (146). 

Furthermore, SMF-AFM was applied to study Aβ14-23 trimers where a larger rupture force is 

required to unravel trimers, compared to that of dimers (147). This explains the different 

folding arrangements within trimers and dimers. Yu et al. revealed a dramatic increase of 

rupture events of α-syn interactions in the presence of Al3+ and Zn2+, demonstrating the 

supportive effect of metal ions on α-syn misfolding. In addition, dopamine does not increase 

the rupture events and forces, which suggests dopamine may not involve in the α-syn 

dimerization (148). Based on these results, SMF-AFM can be used as an efficient tool to screen 

drugs or biomolecules that interfere with amyloid aggregation in the early stages of the 

aggregation. Another advantage is that SMF-AFM can be conducted in a broad pH distribution, 

which is important as it has been shown that acidic pH dramatically facilitates amyloid 

aggregation and amyloid monomers and oligomers in vivo normally occur in an acidic 

environment (149).  

As trimers, tetramers and larger oligomers also contribute to the heterogeneity of amyloid 

oligomers in the aggregation process, flexible nanoarrays (FNA), an extension of SMF-AFM, 

was developed to investigate the intermolecular interactions of higher oligomeric structures 

(150-152). In the FNA setup, amyloid proteins (dimer or monomer) are covalently immobilized 

within a highly flexible, linear PEG-type polymer on which the tethered proteins can interact 

and form the higher complex (153). The two functionalized ends of the FNA-polymer are 

linked to AFM tip and substrate respectively. As the synthesis process of the polymer can 

control incorporation of the monomers, the attached amyloid molecules can be anchored to the 

desired positions within the polymer (Krasnoslobodtsev et al., 2015). Then different scenarios 

can be studied. For example, dimer construct can interact with another monomer of which is 

tethered to the flexible polymer, and this creates a trimer model to explore the dimer-monomer 

intermolecular interaction. Analysis of the dissociation force of Aβ14–23 trimers showed that 

the first rupture force of the monomer is ~48±2.4 pN, which is slightly lower as compared with 

the second step of rupturing the dimers (~53±3.2 pN) (154). This demonstrated that the dimers 

are at a more stable state than the dynamic monomers in the early stage of aggregation. Another 

example is where a dimer construct forms at the end of the flexible polymer, which allows 

dimer-dimer interactions to be studied (150). The results of rupture force and lifetime of Aβ14–
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23 tetramer are close to these of trimers at the neutral pH. However, the acid condition affects 

the oligomer behaviors with different rupture forces and lifetimes. At pH 3.7, the lifetime 

histogram of the tetramer and trimer has a broad distribution and each fits three Gaussian peaks. 

Different sets of lifetimes indicate different intermolecular interactions with distinct structures. 

A similar change due to an altered pH was found for the strengths of the bonds. These results 

are consistent with the known heterogeneity of amyloid oligomers and suggest they can follow 

different aggregation pathways that are pH-dependent. In a similar way, the intermolecular 

interaction of higher order oligomerization such as pentamers and hexamers might be studied. 

FNA allows to dissociate the organized oligomers in a stepwise way and provides a good way 

to reveal the interaction of different states of oligomers, which can contribute greatly to the 

understanding of the mechanisms involved in amyloid aggregation. 

SMF-OTs 

Compared to SMF-AFM that probes biomolecules directly, SMF-OTs (optical tweezers/traps) 

indirectly manipulate and trap sub-nanometer to micron-sized dielectric particles by exerting 

extremely small forces via a highly focused laser beam that generates a very strong electric 

field gradient. SMF-OTs uses a high numerical aperture (NA>1) microscope objective to create 

the stable optical trap to stabilize the vicinal dielectric microparticles. The working principle 

is illustrated in figure 2B. A single molecule, such as a DNA strand, a peptide or protein, is 

attached to a microparticle (155). SMF-OTs exert a force of up to 100 pN on particles with a 

10-8 N force accuracy and a 10-4 s temporal resolution and 10-9 m spatial resolution. By 

adjusting the position of the traps, the force on the molecule can be indirectly obtained through 

the real-time measurement of three-dimensional displacement of the particles. In Woodside’s 

group, Syrian hamster prion protein (PrP) was linked to DNA handles and connected to the 

polystyrene beads (156). A single PrP molecule is trapped and then the end-to-end extension 

is traced by exerting the denaturing tension on the PrP protein. The traps are taken apart at a 

constant rate to ramp up the force until the monomer PrP is totally stretched out. Under force-

extension, PrP shows conformational fluctuations in the folding process with high precision. 

No partially folded intermediate is found to regulate the misfolding event during the native 

folding process. It suggests that the native state or the on-pathway intermediate is not the 

important factor for PrP misfolding. Instead, the unfolded states are found to involve three 

different misfolding off-pathways, which indicates these unfolded states serve as intermediates 

in the misfolding process. SMF-OTs allow the observation of the transient transitions from the 
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unabiding structural fluctuations of single-molecule folding trajectory, which makes SMF-OTs 

a powerful tool to explore the different aspects of amyloid protein misfolding mechanisms.  

Based on the above SMF-OTs setup, Neupane et al. found different intermediates with various 

sizes and stabilities during α-syn aggregation (157). They reported that many metastable α-syn 

structures are formed from small oligomers and that these have a wide range of sizes. By 

monitoring the folding kinetics of a single α-syn monomer, small parts of discrete unfolding 

events were analyzed by fitting the force-extension curves. The change of contour length in the 

conformational transitions upon unfolding vary from 10 nm to 36 nm. These separate unfolding 

transitions are also observed in α-syn dimers and tetramers, indicating the formation of 

unfolding intermediates with several distinct structures. Furthermore, the unfolding forces 

which reflect the structural stability and the height of energy barrier to unfolding were 

compared with the monomers, dimers and tetramers. It shows that the unfolding forces increase 

with the growing size of the oligomer, confirming that larger oligomers of α-syn have higher 

structural complexity.  

Unlike a single amyloid monomer, it is difficult to manipulate one single fibril by optical-

trapping experiment as amyloid fibrils are highly flexible. Dong and co-workers introduced a 

new method to tether Sup35 prion protein fibrils (158). They first attached the N-domain of 

prion monomer variant NM, which only contains prion N and M regions, onto the glass. Then 

these tethered monomers exert the self-recognition feature to capture prion fibrils in which the 

attachment happens at the end of fibrils. The polystyrene bead was used to capture the other 

end of the fibrils. After applying normal pulling strength, prion fibrils showed resistance to 

disruption and maintained fibril integrity. When exerting much higher forces of up to 250 pN, 

some force-dropping events were monitored before the fibril ruptured and it suggests that 

dropping events result from the prion intrinsic fold properties rather than from extrinsic surface 

attachments. SMF-OTs results support the β-helix model structure for prion fibrils rather than 

β-pleated-sheet model. Based on this method, the mechanical properties of NM from prion 

fibrils were explored and showed that the persistence length of NM is much shorter than that 

of insulin and Aβ fibrils (159). This result means that NM fibrils are much less resistant to 

bending compared to the other amyloids. The formation of point defects (hinges) of prion fibril 

structure greatly reduces the bending stiffness. Goldmann previously reported that actin 

becomes more susceptible to fragmentation when bending decreases (160).  Thus, SMF-OTs 

results support the hypothesis that prion fibrils are not rigid enough to be fragmented, 

producing more seeds to function as protein-based elements of inheritance and leading to 
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stronger prion phenotypes in vivo (159). Other mechanical parameters such as the axial and 

torsional stiffness are also deduced by the SMF-OTs method. These results provide meaningful 

guidance for designing novel amyloid-based nanomaterials including scaffolds and biosensors. 

Recently, Fränzl et al. designed a thermophoretic trap to observe the single amyloid fibril 

growth over rather long periods of time (161). Analogous to the electric field gradient in the 

SMF-OTs, the temperature filed gradient was created by heating an optically heated, 10-μm-

sized chrome ring via a focused laser beam.  The trapped single amyloid fibril showed the rare 

fibril fracture events, confirming the idea of existing secondary processes during the growth of 

amyloid fibrils. With a similar concept as SMF-OTs, magnetic tweezers (MTs) use the gradient 

of a magnetic field to manipulate paramagnetic beads (162,163). There are several reviews 

detailing the principles of MTs and its application at the single-molecule level (41,163,164). 

Though the technique of MTs is mature to handle, to the best of our knowledge, there is no 

report where MTs are applied to characterize amyloid proteins.  

2.3.3 Single-nanopore electrical systems (SNS) 

Single-nanopore electrical recording has been developing into a powerful single-molecule 

approach to characterize the properties of amyloid proteins (such as structure, aggregation, 

abundance and interaction with other molecules) within an aqueous solution. There are three 

classes of nanopores: biological protein nanopores embedded in lipid layers (such as α-

hemolysin (α-HL), aerolysin, Mycobacterium smegmatis porin A (MspA), and DNA 

packaging motors), synthetic solid-state nanopores (usually in a SiNx, SiO2, Al2O3, TiO2 or 

graphene membrane) or a hybrid of these that consists of a protein channel set in the synthetic 

membrane. The nanopore system confines the disordered protein in a nanoscopic environment 

of the pores, providing a method to detect the dynamics of a single protein in a nano 

confinement (165). Here, we mainly talk about the application of biological and solid 

nanopores for the detection of intrinsically disordered proteins. 
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Figure 3. Illustration of single-nanopore measurements. (A) The process of single amyloid 

protein translocation the biological nanopore system (using α-HL as an example) (Left). (Right) 

Typical current trace of a single protein across a nanopore. After applying a constant voltage, 

an open pore current is recorded (①); once a single molecule has been captured and sliding 

inside the pore, the current value drops to a lower state (②); the current back to the open pore 

state when the molecule completely translocates the pore (③). (B) Solid-state nanopore setup 

with fluid access channels to a nanopore across a silicon nitride membrane. A typical current 

event is recorded. The components of (B) are from Servier Medical Art. 

Biological Nanopores  

The transportation of ions or molecules into and out of cells depend on channels, which are 

protein pores in the cell membrane with a size range of 0.3-10 nm. The typical biological 

nanopore apparatus is composed of two chambers or reservoirs (cis and trans, as illustrated in 

Figure 3A) immersed in an electrolyte solution separated by a lipid bilayer film that is formed 

across an orifice, the nanopore. An electric potential applied between the two chambers 

generates an electric field across the nanopore, which drives charged ions or molecules to pass 

through the nanopore (166). For small unfolded molecules, they are easy to translocate the 

pore, whereas molecules with large sizes, such as aggregates, fibrils or folded proteins, tend to 

simply clog the pore or bump into the pore and then diffuse away (167). By analyzing the 

amplitudes, durations and shapes of the events, the size, conformational changes and 

interactions with other molecules can be determined at a single-molecule level. Recently, 

single-nanopore technologies have shown a great potential for the characterization of 

individual amyloid proteins (168), which will be further discussed.  

Zhao et al. studied the translocation of Aβ10-20 and various short peptides through an 

engineered α-HL nanopore (169). Both the dwell time and the change in the amplitude of 

current blockades increase as the length of the sequence increases. A stronger binding affinity 

was observed between peptides and pores when more aromatic binding sites were engineered 

to be present inside the lumen of the pore.  Based on the characteristic currents caused by 

different lengths and structures of the peptides, biological nanopores make it possible to study 

structural changes when Aβ peptides interact with small molecules. Wang et al. probed the 

different aggregation transitions of Aβ42 in the presence of an aggregation promoter (β-

cyclodextrin, β-CD) and an inhibitor (Congo red, CR) using α-HL nanopores to differentiate 

between fibrils and oligomers (170). Two populations were observed of Aβ42-CR, namely, 
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one current amplitude is the same as the events caused by Aβ42 alone, while the other current 

is slightly higher, indicating that after the incubation with the CR, a new structure emerged in 

the Aβ42 protein. For Aβ42-β-CD, barely any events were observed, and the current 

distribution is in a wide range, suggesting that the detected protein structure is bigger than the 

α-HL and thus cannot be captured effectively. Therefore, only bumping events were recorded 

as would be expected from large aggregates. Madampage et al. also got similar results when 

Aβ42 is aggregated and they investigated the effect of mutation on the conformational changes 

and aggregation propensities (167). Aβ40 translocation experiments showed recognizable 

events corresponding to α-helical structures whereas Aβ40 mutant protein, D23N has typical 

folded β-sheet signals. Two mutants (A30P and A53T) but not the E46K mutant of α-syn 

caused more bumping events than wild type α-syn, suggesting the two former mutations 

increase the propensity for misfolding and aggregation whereas the latter does not. Hu et al. 

characterized the preliminary structural aspects during the aggregation process of Aβ25–35 

and its reversed sequence Aβ35–25 in a time-dependent way (171). Their results showed that 

Aβ35–25 conforms into a random coil structure while Aβ25–35 comprises both random coil 

and β-sheet structures, which is consistent with the CD spectra measurements.  As the 

nanopore-based detection is performed in aqueous solution, it is well-suited for studying the 

kinetic interactions between metals and Aβ proteins. Asandei et al. compared the Cu2+ binding 

affinity of Aβ16 derived from human and rat tissues (172). Compared to peptides from humans, 

Cu2+ binding of Aβ16 peptides from rats showed higher association and dissociation kinetics 

of the peptides reversible interaction with the pore (173). In addition, based on single-nanopore 

experiments the binding affinity of metals to Aβ16 obeyed the following order: Cu2+ > Zn2+ > 

Fe3+ > Al3+.  

Gurnev et al. utilized α-HL nanopore to explore how α-syn interacts with the membranes at a 

single-molecule level (165).  It showed the N-terminus of α-syn first binds to the lipid 

membrane, then the C terminus enters and finally passes through the nanopore. Additionally, 

their study of the interaction affinity between α-syn and voltage-dependent anion channels 

(VDAC) channels revealed a previously unknown mechanism of mitochondrial outer 

membrane permeability regulation induced by α-syn (174). α-syn is able to block VDAC in a 

concentration and voltage dependent manner and cross the mitochondrial outer membrane into 

the intermembrane space when the voltage is above 43 mV. Biological nanopore technologies 

have been demonstrated to hold the potential for applications in the design of drug screening 

assays and gaining a deeper understanding of the aggregation mechanisms of amyloid proteins 
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when investigating their interactions with lipid membranes as well as biomolecules such as 

chaperones and metal ions at the early stage of aggregation.   

Solid-state Nanopores   

Although biological nanopores possess an extremely high sensitivity and specificity to study 

structural variations of monomeric amyloid proteins, it remains a challenge to monitor the 

whole process of amyloid protein aggregation due to the small volume of a biological 

nanopore, their mechanically fragile nature and their poor chemical, thermal and 

mechanical stability in extreme solution conditions (175). To overcome these limitations, 

solid-state nanopores, fabricated from synthetic materials, are rapidly becoming an inexpensive 

and highly versatile alternative due to their tunable size and shape, ability to be fabricated as 

high-density arrays, and possibility of integrating them with either an optical detection 

platform, or nanofluidic or other nanodevices (176). Different fabrication techniques have been 

reviewed by Chen and Liu (166). Yusko and co-workers first reported the use of silicon nitride 

to detect amyloid proteins (177).  They coated a solid-nanopore with a fluid lipid bilayer and 

controlled the translocation speed of proteins via increasing the viscosity of the coated lipid 

membrane. More importantly, this enables to translocate Aβ oligomers and fibrils without 

clogging the nanopores. Four distinct Aβ clusters could be clearly distinguished via this solid 

nanopore, which represent spherical oligomers, protofibrils shorter than the effective pore 

length, protofibrils longer than effective pore length, and mature fibers (178). It proved the 

tremendous heterogeneity of the sizes of Aβ aggregates. Besides lipid coated nanopores, 

Martyushenko et al. used quartz glass nanopores to observe the translocation events of 

lysozyme fibrils at a low pH and low salt concentration. Due to the robustness of these solid-

state nanopores over period of 24 hours, tracking the development of protein aggregation over 

a longer time period becomes possible (179). Yu et al. applied the glass nanopore to study the 

dynamic amyloidosis process of Aβ42 peptides(180) . However, there is a crucial question 

about the differences in protein adsorption at the solid-liquid interface without a lipid coating 

in such non-physiological conditions. To address this problem, Balme and co-workers 

characterized the adsorption influence of three proteins (avidin, lysozyme, and IgG) on silicon 

nitride nanopore surfaces (181). The data showed that only lysozyme has no specific adsorption 

and can be totally neglected. Five parameters of proteins could be analyzed simultaneously, 

namely the shape, volume, charge, rotational diffusion coefficient and dipole moment (182). It 

demonstrated solid-state nanopores system is a valuable approach for characterizing amyloid 

aggregates or fibrils. 
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2.3.4 Single-molecule dual measurements  

Combining the benefits of two or more single-molecule techniques can provide additional 

information about the biological system under investigation. Multiparametric analysis can 

further deepen the collective understanding and possibly initiate different solutions to diagnose 

and treat amyloid-based diseases such as AD and PD. 

A first example of a dual technique is the High-Resolution "Fleezers", which combines an 

optical tweezers with fluorescence imaging to simultaneously obtain sub-nanometer 

displacements, sub-piconewton forces, and fluorescence signals. Marqusee’s group introduced 

fluorescent imaging to visualize a single prion fibril which was stretched by high force optical 

trapping (155). After a single prion fibril was tethered to the glass surface via the self-

templating feature, the imaging method allows to observe the behaviors of the uniform and 

unbranched single fibrils under various optical forces. Simultaneous imaging contributes to 

confirm the force-dropping events originated from the breaking of the fibril itself. Moreover, 

the microstructures of the constructed single prion fibril generally shows structural non-

uniformity such as the inhomogeneous static curvature of local regions, despite the single fibril 

being obtained in a biologically homogeneous way (159). Together with TIRF imaging, SMF-

AFM has been implemented to investigate intermolecular interactions of dimers or tetramers 

of the Aβ14-23 peptides (150). In an example of the trimer, the fluorescence burst occurs once 

the attached dimer binds to the monomer. The fluorescence duration that represents trimer 

stability can be monitored by using TIRF microscopy and the rupture force exerted by SMF-

AFM would be subsequently recorded. Dimer-dimer interaction has been investigated in the 

same way as trimers to assemble tetramers. At neutral pH, the lifetime and rupture force of 

trimers are similar to these of tetramers, suggesting a similar structure and assembly process 

for trimers and tetramers (150).  

Another dual-measurement experiment was carried out by combining the highly sensitive 

TCCD with TIRF microscopy to study chaperone interaction with amyloid proteins (183). 

TCCD distinguishes the different species of oligomers by the coincident fluorescence bursts in 

solution, based on the principle that the numbers of oligomers contribute to sizes of oligomers 

with distinct fluorescence brightness signal. These isolated species are then deposited onto a 

surface for imaging by TIRF. For example, two chaperone proteins (clusterin and αB-

crystallin) show strong interaction with small Aβ40 oligomers by forming a stable and long-

life complex (183,184). By observing the persistent oligomer populations when the chaperone 
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dissociates/degrades the fibrils, αB-crystallin-Aβ40 oligomer complex was found to have a 

17±2 h half time which is much shorter than that of clusterin with 50±10 h. It suggests that 

clusterin has a higher binding affinity to Aβ40 compared to αB-crystallin. Moreover, the 

complex of αB-crystallin formed in the disaggregation (degradation) is more stable than that 

formed in the early stage of the aggregation, suggesting a structural difference between the two 

oligomers. Not only to Aβ, clusterin and α2-macroglobulin also bind directly to α-syn 

oligomers. Each protein possesses different binding abilities, which was explained by the 

formation of two different types of α-syn oligomers in the process of aggregation (185). Aside 

from chaperone proteins, the interaction between Aβ and the specific receptor-PrP on live 

hippocampal cells was also investigated using the TCCD-TIRF combination (186). It indicated 

that mainly the small Aβ oligomers (dimers and trimers) bind to PrP. These examples prove 

that this combination of techniques provides a good way to visualize the amyloid protein 

interactions with other molecules at the single-molecule level, in particular the inhibition 

process of chaperone proteins that appear to interact with the small oligomers. Furthermore, 

the protective role of the chaperone proteins reminds us that keeping a normal level of 

chaperone proteins in the brain is a potential therapeutic approach against the development of 

AD.  

TIRF imaging has been integrated with single-channel electrical recording to detect single 

molecule diffusion on the lipid membrane. This combination was firstly developed by Toru 

and Toshio to detect the moving paths of single lipid molecules on an artificial lipid membrane 

(187). To overcome the problem of unsupported bilayers which would result in high lateral 

mobility of lipids and short bilayer lifetime, glass, gels or polymers supporting substrates were 

designed (188-190). Currently, droplet/hydrogel interfaces (DHB) have been utilized to study 

the membrane protein diffusion in combination with TIRF microscopy (191) whereas droplet 

interface bilayers (DIB) are too far from the surface to allow visualization by TIRF microscopy. 

This combination provides a good example of how to possibly study protein diffusion in the 

lipid bilayers. Yet, the applications remain to be explored for amyloid proteins. 

2.4 Comparisons of single-molecule optical, force, and electrical 

approaches 

Besides the working principles and applications mentioned in the previous sections, we 

summarize and compare benefits and limits of single-molecule mechanical, electrical and 

optical approaches for amyloid protein studies in table 1. Like other conventional biophysical 



Chapter 2-Single-molecule studies of amyloid proteins: from biophysical properties to 

diagnostic perspectives 
 

 47 

methods, single-molecule approaches possess inherent limits and only disclose a few aspects 

of the complexity of amyloid aggregation. Particularly, the fluorescent label attached to the 

amyloid peptide/protein may alter the traits of the peptide/protein and influence the detailed 

aggregation process. With real-time and label-free probing, single-nanopore electrical 

measurements are mainly limited by spatial resolution through the single nanopore and need 

sufficient data collection for statistically robust conclusions. In the single-molecule mechanical 

measurement, high-resolution optical trapping is not strictly limited to any dielectric particle 

and therefore requests highly homogenous sample preparation, which remains challenging for 

amyloid peptides/proteins. The discrimination between interactions of the AFM cantilever with 

different domains of amyloid protein is still challenging. The stiffness of the AFM cantilever 

and optical trap may also limit single-molecule studies of amyloid protein where particular care 

must be exercised in physiological conditions. Some of these limits shown in table 1 may be 

overcome by single-molecule dual measurements discussed in section 4.  

Table 1. The benefits and limits of single-molecule methods and the main application on 

amyloid proteins 

  

2.5 Contributions to the understanding of amyloid toxicity in lipid 

membranes 

 



Chapter 2-Single-molecule studies of amyloid proteins: from biophysical properties to 

diagnostic perspectives 
 

 48 

Using ensemble techniques, the toxicity on lipid membranes by amyloid proteins has been 

proposed to be due to the formation of a ring-like amyloid oligomer that forms a pore in lipid 

membranes (42). Various amyloid proteins, including Aβ40, α-syn, ABri, ADan, serum 

amyloid A and IAPP, show a pore-like morphology as revealed by atomic force microscopy 

and electron microscopy EM (Lashuel et al., 2002).These results may explain the pore-like 

activity of amyloid proteins towards lipid vesicles and planar bilayers. In the early 90’s, Arispe 

and colleagues first incorporated freshly prepared Aβ into liposomes and observed voltage-

dependent ion channel activity after the liposomes were fused with planar lipid 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (POPE) bilayer (Arispe et al., 1993a; Arispe et al., 

1996; Arispe et al., 1993b). The channels exhibited various fluctuations (192). Also, other 

freshly prepared amyloid proteins, including IAPP (193), β2-microglobulin (194), and a prion 

protein fragment (195), possess very similar characteristics in the measured currents as with 

the Aβ in the planar bilayers. These fluctuating and poor reproducible features of electrical 

signals cannot be attributed to the currents from individual events that may be explored by 

single-molecule approaches. 

The single-molecule approaches mentioned in the previous sections, enable the time-resolved 

detection of individual amyloid interaction with lipid membranes, with a possibility to 

distinguish specific pore formation and step-wise membrane permeabilization. Both pore 

formation and step-wise membrane permeabilization, as schematically illustrated in figure, 4 

have been observed by different single-molecule methods. For example, Hannestad et al. found 

that α-syn induces a step-wise disruption and asymmetric membrane deformation of DOPG 

(28). Aβ aggregates cause the leakage of the vesicle bilayer and rapidly cross the vesicle (105). 

As shown in the step 1-2 of figure 4, these illustrate the step-wise membrane permeabilization 

by local amyloid proteins rather than a specific pore structure. On the contrary, small amyloid 

oligomers may act as a preformed pore to insert into lipid membranes (as illustrated in step 3) 

(102). FRAP experiments suggested that amyloid beta monomers interact and diffuse within 

membrane surfaces to cause pore formation in lipid membranes (steps 1, 4) (114). 

To further understand the interaction of amyloid proteins with membranes, we may compare 

amyloid proteins with antimicrobial peptides (AMP) (196). Comparable to amphipathic AMPs, 

amyloid proteins show a strong binding preference to lipid membranes at a μM range (197,198) 

this binding results in packing defects and increases surface pressure in lipid membranes 

(199,200). For instance, the thinning of the outer acyl chain layer of lipid membranes has been 

observed in the presence of α-syn, IAPP and Aβ (201-204). Presumably, the thinning of lipid 
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membranes decreases the entropy and tension of the head and acyl regions of lipid membranes. 

Therefore, amyloid proteins theoretically exert the thinning of the acyl region to reduce the 

tension of the bilayer. Upon individual amphipathic peptides/protein (such as amyloid protein 

or AMP) binding to the lipid membranes, its permeabilization occurs spontaneously, possibly, 

promoted by favorable but not necessarily conformational specific oligomeric pores. In 

summary, the hydrophilic part of amyloid protein interacts with the head group of lipid 

membranes. Once the integrity of lipid membrane is affected, specific oligomers form and 

interact with the lipid membrane followed by pore formation. However, if an asymmetric and 

instable pore is formed, membrane permeabilization can be enlarged by extra amyloid proteins. 

 

Figure 4. Illustrated mechanisms for amyloid toxicity in lipid membranes. Amyloid monomers 

or unstable oligomers interact with the polar head group of lipids and then thin the acyl chain 

layer in stepwise membrane permeabilization (steps 1–2). Alternatively, a specific pore forms 

in lipid membranes (steps 3–4). 

2.6 Application of single-molecule techniques for amyloidosis 

diagnosis  

There is a need for the development of reliable biochemical markers that allow to identify the 

onset of amyloid diseases such as the progression from mild cognitive impairment (MCI) to 

AD dementia (205,206). As the most reliable tool for the standard diagnostic procedures (207), 

CSF biomarkers (Aβ42, total Tau (T-tau), phosphorylated tau (P-tau)) have tremendously 
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contributed to the clinical diagnosis of MCI to AD due to the high sensitivity and specificity 

(208,209). It is clear that in AD patients, the level of monomeric Aβ42 is normally reduced due 

to cortical deposits and the level of Tau is increased due to cortical neuronal loss (T-tau) and 

tangle formation (P-tau) (208).  Though the enzyme-linked immunosorbent assay (ELISA) has 

been widely used to determine CSF oligomer levels in AD (210), the measured level still show 

large variability between different studies and individual patients (211). This decreases the 

diagnostic accuracy of CSF biomarkers, thus hinders the use and integration of these 

biomarkers as the routine clinical diagnostics. To enhance the accuracy of CSF biomarkers, we 

propose to analyze the size distributions of these biomarkers and their response to toxicities 

(such as inflammation response, Ca2+ influx, neuronal death), in addition to the detection of 

the overall levels of CSF biomarker. Our suggestion is based on the increasing reports that 

show no significant difference in the total number of aggregated species among AD or PD and 

control CSF samples (212-214). It indicates that the overall level of aggregates might remain 

constant over long periods of time. However, in different stages of neurodegenerative disease, 

aggregates do vary with structures or sizes, resulting in different toxicities. Detecting these 

structural specific and toxic various aggregates can improve the diagnostic accuracy as well as 

the utilization rate of biomarkers. It is laboratorial available since single-molecule techniques 

(SMTs) have ultra-sensitivity for identifying the heterogeneous oligomers and handling the 

small CSF volumes and low working concentrations. Recently, with TIRF microscopy, De et 

al. found that compared to the control CSF,  CSF from patients with MCI have a higher amount 

of small Aβ42 aggregates (<50 nm) that could induce higher membrane permeabilization, 

while the CSF from AD patients show a larger number of longer and matured aggregates (size 

40-200 nm) that could trigger higher inflammation response in microglial cells (212). Horrocks 

et al. also showed no significant difference in total α-syn concentration in the CSF of PD 

patients and healthy controls via ELISA, nevertheless, with TIRF, they observed there is a 

different number distribution of aggregates with β-sheet structure (48). These results 

demonstrate that SMTs can assist in the feasibility studies to implement size distributions as a 

complementary diagnostic criteria, besides the existing overall aggregate level in CSF 

biomarker.  

Additionally, statistical significance is important for establishing any standard diagnostic 

criteria. High-throughput methods are required when handing multiple samples. Up to now, a 

high-throughput for determining oligomers via SMTs alone has not been reported, but 

combining FRET with high-throughput flow cytometry, Santos and coworkers measured Aβ 
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oligomers in 174 CSF samples of various neurological disorders but non-demented control 

patients (215). They confirmed the great variability of oligomer concentration. Another 

example to improve the time resolution of SMTs is combining FRET with fast-flow 

microfluidics (89), the measurement time of α-syn oligomers in vitro is tremendously 

decreased from 3 hours to only 5 minutes. Although these methods have not yet been applied 

as clinical diagnostic tools, the enhanced efficiency could help further establish potential 

diagnostic criteria in a very efficient way.  

It could be effective to implement CSF biomarkers as a strategy to perform the early clinical 

diagnosis. However, lumbar puncture to collect CSF samples is an invasive procedure, which 

is the other main reason to prevent the broad dissemination of CSF biomarkers in the routine. 

A minimally invasive, cost-effective blood-based biomarker was suggested as an alternative to 

CSF analysis for prediction of early stage of AD (216). However, it has been reported that 

plasma Aβ42 or Aβ40 level through ELISA between AD and controls has no significant 

difference (217), while Janelidze et al. found the reduced plasma Aβ42 and Aβ40 in AD 

dementia stages, compared with cognitively healthy control individuals (218). The inconsistent 

data could attribute to, at least in part, the limits of sensitivity of analytical methods. 

Additionally, the blood-brain barrier also leads to very low Aβ concentration in blood (35 

pg/ml), compared to that in CSF (350 pg/ml) (219).  Thus, ultrasensitive analytical methods 

are needed to improve the accuracy of blood-based biomarkers for early-stage AD prediction. 

Recently, Tiiman et al. identified the Aβ aggregates in blood serum from AD patients and 

found a higher concentration and larger size of ThT-reactive amyloidogenic nanoplaque 

compared to healthy controls through single-molecule FCS-ThT method (220). This result 

demonstrated the feasibility of detecting the actual amyloid states in blood that corresponds to 

the fibrils in the brain. Though only big aggregates (40mers) were detected in this method, 

SMTs could be further applied to determine the size of smaller oligomers in the blood. Plasma 

Aβ40/Aβ42 ratio was also reported as a possible surrogate biomarker of cortical Aβ deposition 

(221), yet no single-molecule techniques have been applied to characterize the levels. For mild 

PD clinical prediction, assessing plasma/serum α-syn monomer concentration shows 

differences between PD patients and controls (222). Thus, the accurate determination of 

oligomers of plasma α-syn seems more promising. As the ultrasensitive methods, SMTs can 

contribute to driving this process.  Recently, the presence of α-syn in saliva and tears has been 

proposed as the new potential biofluid biomarkers for PD diagnosis (223,224). Although their 
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clinical feasibilities need more verification, SMTs provide the possibility to detect the low 

concentrations of heterogeneous amyloid aggregates.   

2.7 Summary and future perspectives 

 

Figure 5. Illustrated amyloid fibrillation pathway and SM studies of amyloidogenesis. 

Oligomers are formed from disordered amyloid monomers in the lag phase, subsequently 

assembling into protofibrils and growing into mature fibrils. This process and relevant 

aggregates can be determined by several physical-chemical parameters, such as diffusion rate, 

folding kinetics, fibrillation kinetics, and binding kinetics, which are characterized by SM 

electrical, optical, and mechanical approaches. 

Single-molecule techniques (SMTs) have been increasingly employed to characterize 

individual heterogeneous amyloid aggregates. In the context of neurodegenerative diseases, we 

have discussed how the different optical, electrical and mechanical single-molecule methods 

provide great insight into the physical-chemical behaviors of amyloid proteins in heterogenic 

samples. The working principles, benefits and limitations of the different available techniques 

were explained and the outcomes of experiments performed by others summarized.  As ideal 

complementary techniques to the regularly used bulk sample techniques and overcome some 

of their limitations, SMTs determine the size distribution and transient aggregates to 
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correspond the toxicity in different stages of neurodegenerative diseases. In CSF samples from 

MCI patients, the toxicity is mainly due to aggregates with size smaller than 50 nm which 

disturb the Ca2+ homeostasis. On the contrary, in AD samples, mainly aggregates between 40-

200 nm are responsible for the increased inflammatory response (212). As for CSF sampled 

from PD patients, it was shown that oligomers and short protofibrils with the size <250 nm 

increase reactive oxygen species and finally induce highly cytotoxicity to neuronal cells 

(48,87). Conventional gel chromatography method can also be used to measure the oligomer 

size distribution, but with larger ambiguity, as elution fractions do not match the individual 

oligomers precisely and it cannot determine larger oligomers (>10 mers) (113). Additionally, 

the single-molecule fluorescence and nano-pore systems monitor the structural conversion of 

oligomers in a more dynamic process that barely be observed by the bulk method circular 

dichroism (CD). A very typical example is the finding of conformational convention of initially 

formed α-syn oligomer A to stable and more compact proteinase-K-resistant oligomer B 

through FRET (87). This result demonstrates the important role of structural conversion in α-

syn aggregation. SMTs can also identify dynamic small fibril formation including α-syn, tau 

and Aβ (<250 nm) (48), however, for the larger fibrils and long-time observation, the 

traditional methods for kinetics such as the fluorescence assay (ThT assay) might be more 

suitable. For observing the shape (height or diameter) of the fibrils or big aggregates, 

conventional AFM exerts more advantages, as the structures of samples are stable and large 

enough to monitor by the bulk method. Nevertheless, SMF-AFM focuses on the intermolecular 

interaction between two monomers or dimers, contributing to explaining the initial folding and 

unfolding process at the single-molecule level. Additionally, by characterizing the oligomers 

binding to membranes, SMTs provide a series of evidence to manifest that the permeabilization 

of cellular membrane induced by amyloid oligomers might be the main reason for disrupting 

cellular homeostasis. For example, by measuring the Ca2+ influx, smaller amyloid oligomers 

are demonstrated to cross the neuronal and CSF membrane (52,54). This supports the 

hypothesis that the damaged membrane facilitates the transport of the small molecules across 

the membrane. However, it remains unclear whether these species assemble onto the surface 

of membranes to make the tightly packed lipids thinner or they incorporate the membrane by 

forming transmembrane pore. By combining FRAP with the conductivity experiment, these 

toxic oligomers are shown to have detectable conductance with the value proportional with the 

size of oligomers (114). The small oligomers from tetramers to octamer might be the origin of 

forming the pores. Nevertheless, the reported step-wise structural changes and asymmetric 

membrane leakage induced by α-syn on vesicles do not support the pore model (28) and the 
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measurement of lower membrane fluidity induced by hIAPP oligomers is an evidence of 

membrane thinning (225). All these results demonstrate SMTs are very helpful tools to gain a 

deeper understanding of the membrane-involved toxicity induced by amyloid proteins at the 

single-molecule level.  

In summary, to provide more institutive application of SMTs on different amyloid aggregation 

processes, we illustrated figure 5 to show where certain SMTs have most beneficial use. 

Monomeric amyloid proteins diffuse, unfold and assemble into oligomers over the lag phase 

as characterized by TIRF, FRAP, SMF-OTs and other single-molecule techniques. Cellular 

membranes contribute to the complex behaviors of amyloid proteins, which can be revealed by 

FRAP and nanopores. In the presence of lipid membranes, cellular toxic oligomers 

subsequently aggregate into amyloid protofibrils and fibrils that kinetically and mechanically 

can be investigated by SMF-OTs, TIRF and many other single-molecule techniques (see figure 

5). Small molecules, as well as lipids that may react with amyloid proteins and affect binding 

kinetics and interaction complex stoichiometry and other physical-chemical factors, have been 

discussed in the application part. All of these demonstrate that SMTs enhance our 

understanding of the complicated interaction mechanism of transient, heterogeneous amyloid 

aggregates with lipids at the single-molecule level, enabling us to put forward the diagnosis of 

Alzheimer’s and Parkinson’s diseases. In spite of distinct clinical symptoms behind each 

disease, amyloid proteins share many above-mentioned structural and dynamic features, 

possibly damage cells and cause inflammation or other immune responses in a similar manner. 

We anticipate that these amyloid protein-related responses will be further explored by SMTs 

in the future. Overall, electrical, optical, and mechanical single-molecule methods have been 

indispensable in characterizing the physical-chemical complexity of amyloid proteins, and 

contributed tremendously to the knowledge and detailed understanding of amyloid assembly 

and toxicity.  

In the near future, technological and analytical developments in single-molecule methods, as 

well as combined computational modeling, may permit a complete understanding of the 

complexity of amyloid protein assembly and further shed light on other applications such as 

structure determination. One important future application of single-molecule approaches will 

be to characterize amyloid aggregates of ex vivo samples providing an important determinant 

for the toxicity of biological samples and the diagnosis and subsequent therapy of 

neurodegenerative diseases. 
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2.8 Abbreviations 

AD     Alzheimer’s disease 

PD     Parkinson’s disease 

HD           Huntington's diseases   

ALS         Amyotrophic Lateral Sclerosis  

CJD         Creutzfeldt–Jakob  

SOD1      Superoxide dismutase 1  

CD           Circular dichroism  

SMTs       Single-molecule techniques  

SMFI        Single-molecule fluorescence-based imaging 

SMFS       Single-molecule force spectroscopy  

SNS          Single-nanopore electrical systems  

TIRF         Total internal reflection fluorescence 

FRET        Fluorescence resonance energy transfer  

TCCD       Two color coincidence detection  

FRAP        Fluorescence recovery after photobleaching 

FCS           Fluorescence correlation spectroscopy 

CSF           Cerebrospinal fluid 

SMF          Single-molecule force  

AFM         Atomic force microscopy  

OTs           Optical tweezers/traps 

MTs           Magnetic tweezers  

FNA          Flexible nanoarrays  
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hIAPP       Human islet amyloid polypeptide 

ThT       Thioflavin-T 

β2-m           β2-microgobulin  

cac              Critical aggregation concentration  

Rh                       Hydrodynamic radius 

C. elegans Caenorhabditis elegans  

DC              Diffusion coefficient  

NA              Numerical aperture 

PrP              Prion protein 

NM             N-domain of prion monomer variant  

α-HL           α-hemolysin    

MspA          Mycobacterium smegmatis porin A  

β-CD           β-cyclodextrin 

VDAC        Voltage-dependent anion channels  

DIB             Droplet interface bilayers  

DHB           Droplet/hydrogel interfaces  

PG             Phosphatidylglycerol 

DPPC        Dipalmitoylphosphatidylcholine 

POPE        1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine  

AMP           Antimicrobial peptide  
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3.1 Abstract 

Amyloid-β peptide (Aβ) oligomers are pathogenic species of amyloid aggregates in Alzheimer's disease. 

Like certain protein toxins, Aβ oligomers permeabilize cellular membranes, presumably through a pore 

formation mechanism. Owing to their structural and stoichiometric heterogeneity, the structure of these 

pores remains to be characterized. We studied a functional Aβ42-pore equivalent, created by fusing Aβ42 

to the oligomerizing, soluble domain of the α-hemolysin (αHL) toxin. Our data reveal Aβ42-αHL 

oligomers to share major structural, functional, and biological properties with wild-type Aβ42-pores. 

Single-particle cryo-EM analysis of Aβ42-αHL oligomers (with an overall 3.3 Å resolution) reveals the 

Aβ42-pore region to be intrinsically flexible. The Aβ42-αHL oligomers will allow many of the features 

of the wild-type amyloid oligomers to be studied that cannot be otherwise, and maybe a highly specific 

antigen for the development of immuno-base diagnostics and therapies. 

Keywords: Aβ42 oligomer; electron microscopy; protein structures; α-hemolysin 

3.2 Introduction 

Alzheimer's disease (AD) is characterized by Aβ plaques and tau neurofibrillary tangles (NFTs) deposited 

in the brains of the patients and stepwise dementia (1). Aβ is a peptide, cleaved from intramembrane 

proteolytic processing of amyloid precursor protein (APP) by β-/γ-secretase (2). The Aβ peptides 

aggregate into soluble oligomers, protofibrils, and eventually deposit as insoluble fibrils. Among these 

aggregates, Aβ oligomers are the most toxic species, responsible for neuronal dysfunction. Like certain 

protein neuro- and hemolytic toxins, Aβ oligomers are presumed to elicit pore formation in cellular 

membranes, which may cause local depolarization or other cellular dysfunctions. It has been observed by 

electron microscopy that the Aβ40 mutant (E22G) forms pore-like structure (3), and that Aβ oligomers  

display ion-channel activity in lipid membranes with a range of conductances (4-6). The oligomeric Aβ 

channel activity has been also confirmed in Xenopus laevis oocytes by single-channel Ca2+ imaging (7). 

Nuclear magnetic resonance (NMR) and single-channel electrical recordings further revealed that 

micelle-stabilized Aβ42 oligomers insert as β-barrel pores into lipid membranes with different 

conductances (8-10). In addition, Aβ oligomers may permeabilize membranes with non-specific pore 

formation (11-13). These observations indicate the importance of a lipidic environment for the 

characterization, stabilization and toxicity of Aβ oligomers. Also, the channel conductance discrepancy 

among the different studies may be caused by their transient nature, structural and stoichiometric 

heterogeneity (14). So far, stoichiometry-defined and stable Aβ oligomers remain to be explored in a 
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lipidic environment, as these are potentially valuable for determining the structure and developing 

conformation-specific antibodies.  

In order to stabilize and display Aβ42 oligomers in a membrane environment for structure determination, 

we designed a α-hemolysin (αHL) scaffold. Secreted by S.aureus, αHL can assemble into a lipid-soluble, 

heptameric toxin, with a transmembrane β-barrel and an outer membrane domain (15). The 

transmembrane β-barrel structure of the αHL oligomer is reminiscent of the proposed β-barrel-type 

structure of Aβ42 oligomers in detergent micelles (9). We speculated that the soluble, heptamer-inducing 

domain of αHL structurally might induce the Aβ42 peptides to adopt a well-defined oligomeric state with 

enhanced size and symmetry, thus providing a good model system for determining its functional 

properties and structure by biophysical methods, including single-particle cryo-EM imaging. This idea 

was inspired by reports that wild-type (WT) αHL shares structural and functional homology with Aβ42 

oligomers (16). We hypothesized that WT αHL and WT Aβ oligomers might share similar mechanisms 

of membrane permeabilization, and that both the β-hairpins in the β-barrel of αHL and Aβ oligomers 

interact with lipid membranes in a similar manner.  To investigate whether αHL might offer a functionally 

relevant scaffold for oligomerizing and displaying Aβ42 oligomers for structure determination, we 

replaced the transmembrane beta hairpin of αHL with an Aβ42 sequence (Figure 1). Here, we show that 

the Aβ sequence is required for oligomerization. A hemolytic assay, single-channel recording, western 

blot and cell viability assays confirmed that the displayed oligomers are functional and toxicity relevant 

to the wild type, allowing us to determine the structure of the oligomer by single-particle cryo-EM. 
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Figure 1. (A) The Aβ42 sequence (red) fused to the soluble domain of α-hemolysin (αHL; yellow) forms 

a heptameric pore complex that can insert into lipid membranes (blue). (B) Sequence comparison of the 

triangle and stem regions from WT αHL and Aβ42. The sequences were aligned based on the secondary 

structure elements from the αHL crystal structure (PDB: 7AHL) and the Aβ hairpin NMR structure (PDB: 

2OTK and 2BEG). The stem hairpin is surrounded by two triangle sequences (in yellow) from αHL 

including the Y102-K110 and Y148-D152 residues (15), that include two residues (P103 and N105; in 

red) that are important for the assembly of the hairpins (17). The stem is composed of two antiparallel β 

strands (strand 1, E101-K126 residues and strand 2, I132-K147). In the complex of affibody and Aβ40 

(18) or Aβ42 fibril (19), Aβ residues K16-A42 form a β-hairpin, while the structure of the other parts 

remain to be determined.  

3.3 Results  

3.3.1 Design rationale 

The transmembrane β-barrel of heptameric αHL consists of seven β-hairpins, formed by residues Y110-

K147 (15). Like monomeric Aβ42, the region of residues Y110-K147 is flexible in the monomeric state. 

But it forms a stable hairpin structure in the oligomeric state (20). The oligomerization of αHL may be 

influenced by the triangle region (residues Y102-K110 and Y148-D152 shown in Figure 1B). For instance, 

the mutations P103C and N105C can compromise the assembly of αHL (17). The stem residues Y110-

K147 are similar to the hairpin structure of Aβ in the presence of affibody or in fibrils, as determined by 

NMR (18,19), whilst the structure of the N-terminus of Aβ42 remains unclear. To display and oligomerize 

Aβ42 on the scaffold, we kept residues P103 and N105 in the triangle region and substituted the residues 

starting from S106, with the Aβ42 residues.  

3.3.2 Amyloid oligomerization relevance 

In a membrane environment, the β-hairpin sequence (D106-K147) of monomeric WT αHL oligomerizes 

into heptameric pores. In our study, we substituted the β-hairpin sequence of αHL with an amyloid 

sequence, Aβ42, Aβ11-42, Aβ1-28, Aβ1-17, Aβ0, or hIAPP (human islet amyloid polypeptide that is 

associated with type 2 diabetes (21)) (Figure S1). We purified these His-tagged αHL constructs in the 

presence of 0.38 mM DDM micelles using Co-NTA chromatography and verified them by LC-MS 

(Figure S2). The Aβ42-αHL, Aβ11-42-αHL, hIAPP-αHL or WT αHL proteins form heptamers but the 

other constructs migrate as monomers on SDS-PAGE (Figure 2A).  Displayed on the same αHL scaffold, 

the Aβ42 and hIAPP complexes sequences differ in their electrophoretic mobility, where the hlAPP-αHL 

hybrid complex appears to have a lower molecular weight, presumably forming a water-filled trimeric β-

sandwich confirmed by molecular dynamics simulation (22). Co-NTA chromatography imidazole 
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gradient fractionation eluted oligomers and monomers separately from the column (Figure S3). The 

hybrid Aβ1-28 and Aβ1-17 sequences do not oligomerize even at the highest concentration of imidazole 

(250 mM). This is consistent with the observation that Aβ1-17 or Aβ1-28 alone cannot form oligomers 

in lipid membranes (23). The oligomerization requires the presence of Aβ sequences, since upon Aβ42 

deletion, (Aβ0, Figure 2A, line 7), the αHL scaffold remains monomeric. We investigated the surface 

hydrophobic reorganization of these oligomers by 8-anilino-1-naphthalenesulfonic acid (ANS) 

fluorescence spectroscopy (24). At the same concentration, αHL, Aβ42-αHL, Aβ11-42-αHL and hIAPP-

αHL all form oligomers with more hydrophobic surfaces for ANS binding (Figure 2B). These results 

indicate that the amyloid sequence drives oligomerization whilst the αHL scaffold determines the 

stoichiometry.  

 

Figure 2. (A) Purification of WT αHL and hybrid amyloid-αHL oligomers with a Co-NTA column in 50 

mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM micelles. Lane 1: WT αHL; 

lane 2-3: hybrid Aβ42-αHL and Aβ11-42-αHL; lane 4: hybrid hIAPP-αHL; Lane 5-7: hybrid Aβ1-28-

αHL, Aβ1-17-αHL and Aβ0-αHL respectively. SDS-PAGE electrophoresis was conducted at 200 V for 

25 min. (B) Fluorescence emission spectra of 20 μM ANS binding to 10 μM WT αHL and hybrid amyloid-

αHL oligomers at excitation wavelength 350 nm. The fluorescence was recorded at wavelengths from 

400-600 nm at room temperature in 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 

mM DDM micelles. Each experiment was repeated three times independently. 

3.3.3 Stability of Aβ-αHL oligomers 
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The oligomers of WT αHL remain stable after proteinase K treatment (Figure 3A, lane 3), while αHL 

monomers begin to degrade (Figure S4), as reported previously (25).  This indicates that the assembly 

state of αHL determines the proteolysis-resistance. However, both the monomeric and heptameric Aβ42 

on the αHL scaffold are resistant to proteolysis (Figure 3A, lane 7&8). This is in agreement with previous 

studies showing that WT Aβ42 monomers and oligomers are resistant to proteolysis (26-28). Apparently, 

Aβ42 can retain this property on the αHL scaffold. However, hybrid Aβ11-42-αHL and hIAPP-αHL 

monomers and oligomers can be proteolyzed (Figure S4), suggesting that the Aβ11-42 and hIAPP 

oligomers are less stable than the Aβ42 oligomers on the scaffold. Aβ1-28-αHL and Aβ1-17-αHL (Figure 

S5) monomers are also proteolyzed, revealing that the amyloid sequence dominates the stability and 

protease resistance of the displayed oligomers.   

After heat denaturation of αHL (Figure 3A, lane 2&4), we observed more monomeric αHL, indicating 

dissociation of the oligomers. However, hybrid Aβ42-αHL (Figure 3A, lane 6&8) and Aβ11-42-αHL 

(Figure S4) are lost upon heat treatment, probably due to aggregation or precipitation. This indicates these 

constructs can assemble into aggregates larger than heptamers. It has been observed in several studies 

that, compared to neutrally charged lipids, negatively charged lipid bilayers have stronger interactions 

with amyloid peptides such as Aβ (29,30), α-synuclein (31-33) and Tau (34).  In order to determine the 

effect of lipid charge on hybrid sequence oligomerization, we incubated these hybrid oligomers with a 

mixture of DOPC:DOPG (4:1). The Aβ42 sequence exhibits similar oligomerization properties in the 

presence of neutrally charged DPhPC liposomes (Figure S5), suggesting that the charge of the lipid 

membranes does not modulate Aβ42-αHL oligomerization. But we cannot exclude that the charge may 

influence the flexibility of local structure or fibrillation. 

ThT fluorescence monitors amyloid formation (35). ThT fluorescence of WT Aβ42 in the presence of 

0.38 mM DDM increases much more than that of Aβ42-αHL (Figure 3B), indicating that the Aβ42 fibril 

formation is inhibited on the αHL. TEM confirmed that hybrid Aβ42-αHL remains present as stable 

heptameric pores, even after incubation in the ThT assay (Figure 3D&3E). The small increase of the ThT 

fluorescence signal in the presence of hybrid Aβ42-αHL could have been caused by the formation of the 

observed oligomers or amorphous aggregates, and not by fibrils, which we did not observe in the TEM 

images (Figure 3E&S6H). As shown in Figure 3B, WT Aβ42 fibril formation can be observed at around 

100 min in the presence of DDM micelles, and is delayed to 500 min without DDM (Figure S6A).  Hybrid 

hIAPP-αHL also gives much less ThT fluorescence than WT hIAPP with or without DDM micelles 

(Figure S6D-S6F). ThT assays confirmed that WT αHL does not form fibrils (Figure S6C) and remains 

present as a stable pore, as indicated by TEM imaging (Figure S6G). The slightly different ThT results of 

WT αHL and the hybrid Aβ42-αHL may reflect a different binding of ThT to the β-barrel, which could 
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be indicative of the different barrel quaternary structures. The low fluorescence values in the presence of 

Aβ11-42-αHL, Aβ1-28-αHL, Aβ1-17-αHL or Aβ0-αHL (Figure S6B) reveal that the αHL scaffold does 

not interfere with the ThT fluorescence assay. These results confirm that the αHL scaffold confines the 

displayed Aβ42 oligomers and prevents their fibrillation into amyloid. 

 

Figure 3. (A) Limited proteolysis with proteinase K of the WT αHL and hybrid Aβ42-αHL oligomers in 

the presence of DOPC:DOPG (4:1) liposomes (1 mg/mL). Lane 1: αHL treated with DOPC:DOPG 

liposomes; lane 2: αHL oligomers treated with DOPC:DOPG liposomes and then heat denatured at 95 °C 

for 15 min; lane 3: αHL oligomers digested with proteinase K; lane 4: αHL oligomers treated with 

DOPC:DOPG liposomes was further digested by proteinase K and then heat-denatured at 95 °C. Lane 5-

8 had the same conditions as 1-4, but hybrid Aβ42-αHL oligomers were used. (B) ThT measurement of 

fibril formation of WT Aβ42 and hybrid Aβ42-αHL in 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM 

imidazole and 0.38 mM DDM.  The ratio of ThT and the peptides was 4:1 with a ThT final concentration 

40 µM. The excitation and emission filters were 430 and 480 nm, respectively. (C-E) TEM images of WT 

Aβ42 fibrils and hybrid Aβ42-αHL proteins, after the fibrillation kinetics of these samples analyzed by 

the ThT-assay. Scale bars of Aβ42 fibrils and hybrid Aβ42-αHL oligomers are 100 nm. The zoom-in scale 

bar is 10 nm.  

3.3.4 Pore formation by Aβ-αHL in lipid bilayers 

The interaction of WT Aβ42/Aβ42-αHL/αHL oligomers with lipid bilayers was studied using single-

channel electrical recordings.  WT Aβ42 and Aβ42-αHL oligomers form channels with similar 

conductance (I/V), which varies from 0.2 to 0.5 nS (Figure 4). The variation and fluctuation of the current 
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is likely caused by the dynamics and heterogeneity of the oligomers, which was also reported by others 

(5,6). Aβ42-αHL oligomers apparently retain the characteristic of Aβ42-pores. This indicates that the 

amyloid sequence is not only required for the oligomerization of Aβ42-αHL sequence but also determines 

the channel flexibility of the oligomer in the lipid membranes. Both Aβ42-αHL and WT Aβ42 channels 

appear to be smaller and more dynamic than the WT αHL channel which has a conductance of 0.8 nS. 

The discrepancy between the WT αHL and Aβ42-αHL channels further confirmed that the 

transmembrane sequence plays a very important role in determining the size and flexibility of the channels 

that are formed in lipid membranes. The spread of measured current is higher in the case of pore formation 

by WT Aβ42 oligomers, compared to Aβ42-αHL oligomers (Figure 4). This could be caused by the non-

uniform stoichiometry of the WT pores, compared to the heptameric Aβ42-αHL pores, leading to a 

predictable increased variability of pore diameters.  

 

Figure 4. (A) Representative current traces of pore formation by WT αHL, Aβ42 oligomers, and hybrid 

Aβ42-αHL oligomers in the DOPC:DOPG (4:1) lipid bilayers. Currents were measured in 1 M KCl, 10 

mM Hepes (pH 7.4) with the applied voltage -100 mV at room temperature. Aβ42 oligomers were 

measured in the presence of 0.38 mM DDM micelles. (B) Histograms of the counts generated by the 

current traces of Aβ42 oligomers and hybrid Aβ42-αHL oligomers. Solid curves were obtained by fitting 

a Gaussian. 

3.3.5 Function and toxicity relevance of Aβ42-αHL oligomers 

As the pores formed by WT αHL and Aβ42-αHL show clear differences, they may also differ in cell 

toxicity. A hemolytic assay (Figure 5A), showed that both Aβ42-αHL and WT Aβ42 oligomers are less 

hemolytic than WT αHL (which has a HC50 of 24 ng/ml, the concentration of protein giving 50% lysis 
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at 120 min, n=3). Truncated αHL also has very weak hemolytic activity (36), indicating that Aβ42-αHL 

and Aβ42 oligomers hardly penetrate erythrocyte membranes. Additionally, we found that WT Aβ42, 

Aβ42-αHL and Aβ11-42-αHL oligomers behave similarly in the neuronal toxicity assays (Figure 5C). 

This indicates that the αHL scaffold does not interfere to a major extent with the toxicity of WT Aβ 

oligomers.  WT αHL is most toxic for the neuroblastoma cells, which is in line with the single-channel 

electrical recordings indicating that WT αHL has much higher conductance (around 0.8 nS) than WT 

Aβ42 (0.2-0.5 nS).  

A conformation-specific amyloid oligomer antibody, A11, was used to confirm the structural similarity 

between the Aβ42-αH oligomers and WT Aβ42 oligomers (Figure 5B&S7).  We observed that αHL (lane 

1), Aβ42-αHL (lane 2), Aβ11-42-αHL (lane 3), hIAPP-αHL (lane 4) and WT Aβ42 oligomers (lane 5) 

can all bind the A11 antibody. Strikingly, the αHL oligomers show the clearest signal, suggesting that the 

β-barrel moiety of αHL-displayed Aβ oligomers adopts a wider range of conformations and remains more 

flexible than WT αHL’s, which is also suggested by our single particle cryo-EM analysis. These cellular 

and functional assays suggest that Aβ42-αHL and Aβ42 oligomers share functional and toxicological 

properties, with a lower toxicity to neuronal and red blood cells compared to αHL. 
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Figure 5. (A) Hemolysis by WT αHL oligomers, hybrid Aβ42-αHL or WT Aβ42 oligomers oligomers. 

The HC50 of WT αHL (50% cell lysis in 120 min at 37 ℃; yellow box) is 24 ng/mL, indicating specific 

hemolytic activity. The decrease of absorbance (Abs, y-axis, from 0-1) in light scattering over time (x-

axis) was recorded in a microplate reader at 595 nm for 2 h at room temperature.  (B) Immunogenic 

similarity of WT αHL, hybrid Aβ42/11-42-αHL and Aβ42 oligomers by western blot. The anti-Aβ42 

oligomer conformation-dependent antibody A11 recognized αHL oligomers (lane 1); hybrid Aβ42-αHL 

oligomers (lane 2); hybrid Aβ11-42-αHL oligomers (lane 3); hybrid hIAPP-αHL oligomers (lane 4) and 

Aβ42 oligomers (lane 5). The SDS-PAGE electrophoresis prior to blotting, was conducted at 120 V for 

80 min. (C) SH-SY5Y cell viability using a luminescence assay (error bars determined by triplicate 

experiments). 5 µM WT αHL, Aβ42 and hybrid Aβ42-αHL oligomers were treated with SH-SY5Y cells 

with 6000 cells/well density after incubating for 48 h at 37°C, 5% CO2. The results are shown as 

percentages of control samples. All the Aβ42 oligomers were prepared in the presence of 0.38 mM DDM 

micelles. Data are represented as the mean S.E.M (standard error of the mean).  Two-tailed student’s t-

test was applied for statistical significance. **P<0.01 (very significant) and ***P<0.001 (highly 

significant) were compared to the control.    

3.3.6 Single-particle cryo-EM analysis 

To determine the 3D structure of the Aβ42 oligomer as stabilized by the αHL scaffold, more than 4000 

cryo-EM movies of Aβ42-αHL were collected under cryogenic conditions on a Titan Krios. Two 

representative regions with a high amount of Aβ42-αHL particles are shown in Figure S11. Some particle 

projection averages (Figure S12, not framed in the red box) are excluded due to noise or contamination. 

We found the cryo-EM sample to be very homogeneous and no other classes are identified of oligomers 

other than heptamers. Some 2D classes showing strong features for αHL heptameric core are shown in 

Figure 6A. 141’366 particles were averaged to a final overall resolution of 3.3 Å (Figure 6B&Table 1). 

The 3D map shows high-resolution density for the symmetrical core of the αHL scaffold (Figure 6C, 

EMD-12696). However, the density in the Aβ42 region is weaker and more diffuse, indicative of its 

flexible nature.  

Absence of atomically resolved density for the Aβ42 region prompts us to investigate several possible 

pairings between adjacent Aβ42 β-hairpins within the membrane-crossing β-barrel. These quaternary 

structural pairings are compared on the basis of their energies, as calculated by the Rosetta software 

(Figure S8). On the basis of this analysis, we propose a pairing that also fits best into the density (Figure 

S8), and the atomic structure (PDB ID: 7O1Q) from the refinement (Table S2) is presented in Figure 

6D&6E. A superposition of this most likely model with WT αHL electron density is shown in Figure S9. 

The apparent dome shape of hybrid Aβ42-αHL barrel is most likely an artifact of the cryo-EM 
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reconstruction of the flexible Aβ region caused by the application of C7 symmetry. The dynamic 

conformation of Aβ42 region may explain why Aβ42-αHL forms a fluctuating, transient pore, that we 

observed by the single-channel electrical recordings. The molecular reconstruction of the Aβ42 oligomer 

in the electron density map of the hybrid Aβ42-αHL, shows it is a bit shorter (Figure 6E, Figure S8&S9) 

than that of WT αHL (Figure 6F). The superposition of Aβ42-αHL and WT αHL oligomers shows slightly 

different β-hairpin topologies in the β-barrels (Figure S10). But the Rosetta energy of WT αHL’s β-barrel 

is much lower than that of Aβ42-αHL in Figure S8. This implies that the β-barrel conformational change 

is closely associated with its energy, presumably modulating the interaction with lipid membranes.  These 

structure and energy characteristics are in line with the observed functional and electrophysiological 

behavior of the Aβ42-αHL, compared to WT αHL. 

 

 

Figure 6.  Cryo-EM data of Aβ42-αHL. (A) 2D classes show strong features for the αHL heptameric core, 

along with clear but more diffuse density for the structure formed by the Aβ42 sequences. (B) The 3D 
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average after the classification and refinement has an overall resolution of 3.3 Å at FSC=0.143 calculated 

by the gold-standard Fourier shell correlation (3.6 Å at FSC=0.5).  (C) The local resolution density map 

of hybrid Aβ42-αHL (left) and the αHL scaffold at a higher contour (right). The resolution is color-coded 

according to the legend on the right. The lower local resolution of the Aβ42 pore region (Low contour, 

mainly the yellow and red colors), compared to the better local resolution of the αHL part (High contour, 

mainly the blue and cyan colors) indicates structural flexibility and/or heterogeneity for the pore region. 

(D) Side (upper image) and top (lower image) views of molecular representation of heptameric Aβ42-

αHL in the electron density map (PDB ID: 7O1Q, EMD-12696). (E-G) The comparison of the structures 

from the side and top views. αHL-displayed Aβ42 pore (yellow, E); WT αHL transmembrane pore (blue, 

F) and hexameric Aβ42cc (residues 15–42, light purple, G) built by NMR restrained Rosetta simulation 

with the smallest pore diameter (37). 

Table 1. Cryo-EM structure determination 

Data collection 

Magnification 48’540x 

Pixel size (Å) 1.03 

Defocus Range (µm) -0.9 to -3.0 

Voltage (kV) 300 

Exposure time (s per frame) 0.2 

Number of frames 50 

Total dose (e/Å2) 55 

Reconstitution 

Box size (pixels) 200 

Symmetry C7 

Micrographs 4’284 

Automatically picked particles 2’438’446 

Particles after 2D classification 204’103 

Particles after 3D classification 141’366 

Resolution after 3D auto-refine (Å) 3.5 

Final overall resolution (Å) 3.3 

Estimated map sharpening 

B-factor (Å2) 
-124.06 
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3.4 Discussion and Conclusion 

In the 'toxic Aβ oligomer' hypothesis (38), the Aβ peptides assemble into diverse β-barrel oligomers that 

breach the integrity of cellular membranes, thus compromising cell viability. The structural and functional 

characterization of transient and stoichiometric heterogeneous Aβ oligomers is challenging in lipid 

bilayers, though Aβ oligomers can be stabilized by protein engineering (39) and photo-induced cross-

linking (40). By replacing the transmembrane β-hairpin of αHL by Aβ42, we are able to assemble Aβ42 

into stable heptamers, structurally and functionally similar to the wild-type oligomers, yielding a single, 

unique oligomer species for single-particle cryo-EM analysis, biophysical characterization and functional 

studies. 

Our data show that the Aβ sequence is required for oligomerizing the αHL scaffold. Deletion of parts of 

the Aβ-sequence abrogates oligomerization of the αHL moiety: neither the hybrid Aβ1-17 or 1-28-αHL 

proteins, nor the control Aβ0-αHL lacking all β-hairpin sequences oligomerizes in a lipid-mimicking 

environment. This observation is consistent with the principle that the C-terminus of Aβ modulates Aβ 

oligomerization (41,42). These data also confirm our hypothesis that its amyloid sequence retains its 

oligomerizing properties when displayed on the αHL scaffold. The resistance to proteolysis and 

fibrillation confirms the conformational stability of the Aβ42-αHL oligomers.  Single-channel electrical 

recordings reveal that both Aβ42-αHL oligomers and WT Aβ42 oligomers exhibit typical open channel 

characteristics (approximately 0.2-0.5 nS conductance) with frequent spikes, in line with similar studies 

on Aβ42 oligomers (43). The ‘spiky’ behavior of the current is most likely caused by the dynamics of 

Aβ42 within the negatively charged membranes (44). Single-particle cryo-EM analysis confirms that the 

conformational flexibility that characterized Aβ42 oligomers is retained within the Aβ42-αHL oligomers 

too. These results suggest that Aβ42-αHL and the WT oligomers similarly interact with lipid bilayers. 

Our cellular assays (Figure 5A&5C) and western blots (Figure 5B) further confirm the structurally 

similarities between Aβ42-αHL and WT Aβ42 oligomers.  Both have negligible hemolytic activity 

towards rabbit erythrocytes, unlike WT αHL oligomers (hemolytic activity HC50=24 ng/mL), suggesting 

that the erythrocyte membrane is penetrated by Aβ42 oligomers to a much lesser extent. This is consistent 

with the weak or lost hemolytic activity of truncated αHL (36).  WT αHL oligomers also have the highest 

toxicity to SH-SY5Y neuroblastoma cells, compared to Aβ42-αHL and WT Aβ42 oligomers, in line with 

our single-channel electrical recordings and hemolytic assays. These results indicate that the heptamers 

of WT αHL form larger inner-diameter channels than Aβ42-αHL. Olson et al. suggested the pre-stem of 

αHL converts its conformation, prior to the insertion of the β-strands into the membranes (45). It is highly 

plausible that Aβ42 oligomerizes on the displayed scaffold followed by the insertion into lipid bilayers. 

The β-barrel length of WT αHL or Aβ oligomers may play an important role in their toxicity.  
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The αHL scaffold can also accommodate other amyloid pore-forming sequences, as we demonstrate with 

the hIAPP-αHL hybrid. The outer-membrane αHL moiety not only increases the size of the pore-forming 

oligomers, which improves the resolution in cryo-EM imaging, but also prevents fibril formation. Our 

cryo-EM reconstruction shows the scaffold of αHL at a resolution at ~3 Å, but the resolution of the Aβ42 

region is lower (4 to 5 Å). Our best structural model (shown in Figure 6D&6E and Figure S8) suggests 

that the Aβ42 β-barrel pore has a shorter length (35.5 Å) and a similar inner diameter (27.4 Å) of 

the largest circular cross-section, compared to the WT αHL barrel (47.8 Å high and 23.8 Å wide (15)). It 

is longer than a truncated hexameric β-barrel model of Aβ (residues 15–42) built by NMR restrained 

Rosetta simulation [26]. We compared all these structures in Figure 6E-6G. The observation of a shorter 

transmembrane length of Aβ42-αHL compared to WT αHL is consistent with our single-channel electrical 

recordings. We propose that the relatively short transmembrane pore length of the displayed Aβ oligomers 

affects its interaction with lipid bilayers, which may explain its reduced cell toxicity compared to pores 

with longer transmembrane domains, like WT αHL. 

Stabilizing physiologically relevant, toxic Aβ oligomers allows structure determination and contributes 

to our understanding of amyloid toxicity in AD. The Nuttall lab determined non-toxic Aβ18-41 

dimer/tetramer on an antigen receptor (46). That hybrid Aβ18-41 does not show a β–turn–β hairpin 

structure as observed in other studies (10,37). In addition, the Aβ18-41 oligomer that is buried in the 

scaffold, is more difficult to functionally compare with the WT Aβ, as it can’t form a pore or be inserted 

into a lipid membrane. Sandberg et al. engineered a double-cysteine Aβ42 mutant to stabilize Aβ 

oligomers with β-sheet conformation (39). The stabilized Aβ42 oligomers in the absence of lipid 

membranes, mainly a mixture of dimers and trimers, are prone to form protofibrils.  

The WT Aβ42 oligomers likely form heterogeneous structures in the presence of cellular membranes. 

Our alternative method enables generating functionally and structurally relevant oligomers, displayed as 

heptameric pores in membrane mimicking DDM micelles. Similar heterogenic pore forming Aβ 

oligomers were observed in the presence of DDM micelles (8). Österlund et al. concluded from native 

mass spectrometry that the β-barrel pore-forming hexamer might be the biggest Aβ oligomer in the 

presence of DDM micelles (9). However, hexameric oligomers would result in a significantly narrower 

pore than we observed for the Aβ42-αHL heptamers (Figure 6G), which would not be in line with the 

single pore conductance results we report here (Figure 4A). Possibly, the native mass spectroscopy is 

insensitive to higher molecular-weight oligomers that were reported in other studies (47,48), or DDM 

micelles preferentially incorporate hexameric oligomers.  We point out potential disadvantages of our 

design: (1) the buried N-terminal or C-terminal Aβ peptides in the scaffold will be not available for 
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antibody targeting (49); (2) the moiety of αHL only allows Aβ to aggregate into one species of heptameric 

oligomer for structural and functional characterization, and no other oligomeric states. 

In conclusion, we propose a novel protein scaffold for generating a single Aβ42 oligomer species for 

biochemical characterization and structure determination. We anticipate that the hybrid construct may 

contribute to improved understanding of the structure and dynamics of amyloid oligomers in lipid 

membranes, yielding novel insights into the molecular mechanism of oligomer toxicity. Our results also 

contribute to understanding of membrane protein oligomerization in lipid membranes, especially with 

regard to the β-sheet-containing proteins that appear to form polymorphic ion channels. The αHL-

displayed oligomers, as a mimetic antigen, with a well-defined stoichiometry, may allow developing of 

novel, conformation-specific antibodies. This would allow alternative approaches for developing 

immuno-based diagnostics and potentially even therapies for AD and other neurodegenerative diseases. 

3.5 Materials and methods 

3.5.1 Plasmid preparation for the expression of wild type (WT) αHL oligomers, and αHL-

displayed Aβ or hIAPP oligomers  

The plasmid encoding Aβ42 sequence was obtained from Sara Linse’s group in Lund and the pET20b 

(+) plasmid for WT αHL with D8H6 tag expression in E.coli was commercially constructed by TOP Gene 

Technologies, Inc. The synthetic genes for Aβ42 sequence and the moiety sequence of αHL with 

overhangs were produced by using Phusion® High-Fidelity DNA Polymerase with the primers as below. 

PCR was carried out for Aβ42 in the conditions: 30 s at 98°C, 30 cycles of 98°C for 10 s, 72 °C for 5 s. 

The similar conditions were used for αHL part, except 30 cycles of 98°C for 10 s, 60°C for 10 s, 72°C for 

2 min 15 s, as well as a final elongation at 72°C for 5 min.  

According to the manufacturing protocol, NEBuilder® HiFi DNA Assembly Master Mix was used to 

assemble the DNA fragments of αHL and Aβ42/hIAPP with overhangs, followed by the digestion of 

template DNA with DpnI enzyme. NEB 5-alpha Competent E. coli were transformed with 2 µl of the 

assembled products for over-night incubation at 37°C, yielding colonies on the plate with ampicillin and 

then for the sequence validation. The other Aβ fragments and αHL hybrid sequences with overhangs were 

generated by using Phusion® High-Fidelity DNA Polymerase with the following primers. Following the 

same procedure of Aβ42-αHL, we fully assembled single linear sequence by using NEBuilder® HiFi 

DNA Assembly Master Mix for the transformation and yielding colonies. The DNA sequence of hIAPP 

with overhangs was synthesised by Sigma. The synthetic genes were amplified following by the same 

procedure as the Aβ42. 

WT αHL primers 
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5’ TATGT TCAAC CTGAT TTCAA AACAA TTTTAGAGAGCCCA 

3’ ATTTCTTGGATAGTAATCAGATATTTGAGCTACTTCATTATCAG 

Aβ42-αHL primers 

5’ TACTATCCAAGAAATGACGCTGAATTCCGTCACGACTCTG 

3’  ATCAGGTTGAACATAAGCGATCACAACGCCACCAACCATCA 

hIAPP-αHL primers  

5’ ATTGATACAAAAAAATGCAACACTGCCACA 

3’ ATCAG GTTGA ACATAATATGTATTG  

The DNA sequence of hIAPP with overhangs  

(AAATTCGATTGATACAAAAAAATGCAACACTGCCACATGTGCAACGCAGCGCCTGGCAAA

TTTTTTAGTTCATTCCAGCAACAACTTTGGTGCCATTCTCTCATCTACCAACGTGGGATCCA

ATACATATTATGT TCAACCTGATTTCAAAACAA)  

Aβ0-αHL 

5’ TCCAAGAAATTATGTTCAACCTGATTTCAAAACA 

3’ ATCAG GTTGA ACATA ATTTCTTGGATAGTAATCAGATATTTGAG 

Aβ1-17-αHL 

5’ CCAGAAGCTGTATGTTCAACCTGATTTCAAAACAA 

3’ ATCAGGTTGAACATACAGCTTCTGGTGGTGAAC 

Aβ1-28-αHL  

3’ TCAGGTTGAACATACTTGTTAGAACCCACGTCTTC 

5’ GTTCTAACAAGTATGTTCAACCTGATTTCAAAACAA 

Aβ11-42-αHL  

5’ TCCAAGAAATGAAGTTCACCACCAGAAGC 

3’ CTGGTGGTGAACTTCATTTCTTGGATAGTAATCAGATATTTG 

3.5.2 Protein expression and purification 

The verified αHL plasmids were transformed into competent E. coli BL21(DE3) pLysS cells. The cells 

were incubated on an ampicillin plate (100 μg/mL) overnight at 37 ℃. Then a single colony was picked 

for incubation with LB medium (200 mL) at 37 ℃, 180 rpm until the OD600 reached around 0.6.  The 

incubation temperature was set to 18 ℃ for the overnight expression induced by IPTG (final conc. 0.5 

mM). The cell pellets were harvested and lysed in lysis buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 

0.38 mM DDM, 10 mM imidazole) on ice with the addition of a final concentration of 5 mM MgCl2 , 1 

mg/mL lysozyme and 100 units benzonase (Cat. Number: E1014). The lysis was sonicated three times 

for each 30 seconds, and centrifuged at 24000g for 1 h to remove cell debris. The immobilized metal-
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affinity chromatography was used to purify αHL in a high-specificity affinity TALON (Cobalt) column. 

The supernatant was incubated with the resin for at least 1 h at 4 ℃.  To increase the purity of heptameric 

αHL, Co-NTA chromatography imidazole gradient fractionation (20 mM, 50 mM and 250 mM) was used 

to elute αHL. SDS-gel (4-20% or 4-12%) electrophoresis was used to determine the elution of monomeric 

and heptameric αHL. Protein concentration was measured by the Nanodrop Spectrophotometer (ND-2000, 

Thermos Scientific) at the wavelength of 280 nm. Then the proteins were aliquoted on ice and frozen in 

liquid N2 immediately for storage at -80 ℃. For the hybrid Aβ/hIAPP-αHL oligomers, the expression and 

purification methods were the same with wild type αHL. TCEP was added into the lysis buffer (final conc. 

0.5 mM) and elution buffer (final conc. 1 mM) when purifying the hIAPP-αHL oligomer. The procedure 

was prepared according to the published paper (50).  

3.5.3 LC-MS 

The purified proteins including wild type αHL and hybrid Aβ/hIAPP-αHL were identified by LC-MS. 

ESI-TOF MS (LCT Premier Mass Spectrometer, Waters AG, Baden-Dättwil, Switzerland) was combined 

with the liquid chromatography (LC, Waters 2795). A gradient of ACN/water in the presence of 0.1% 

formic acid was prepared for the MassPREP Phenyl Guard Column (Waters n°186002785) or the C18 

Aeris widepore column (Phenomenex). The obtained MS spectrums for multiply charged protein ions 

were deconvoluted by using MAxent1 software to obtain the protein mass. 

3.5.4 ANS fluorescence assay 

The oligomerization of hybrid Aβ/hIAPP-αHL in the solution of 50 mM Tris-HCl, pH 8, 0.5 M NaCl, 

0.38 mM DDM, 250 mM imidazole was determined by ANS fluorescence assay on the Synergy™ 4 

(BioTek) plate reader. 40 μL solution at the final concentration of 10 μM hybrid Aβ/hIAPP-αHL and 20 

μM ANS was prepared on the unsealed OptiPlateTM-384 well plate with the material of polystyrene (flat 

and non-transparent bottom, white, PerkinElmer company, catalogue No.: 6007290). ANS fluorescence 

was measured with excitation wavelength at 350 nm and emission wavelength at 490 nm. As a control, 

the buffer was added with 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 0.38 mM DDM and 250 mM imidazole. 

Three independent experiments were conducted. 

3.5.5 ThT fluorescence assay and transmission electron microscopy (TEM) 

Aβ42 and hIAPP powders were purchased from the rPeptide company (catalogue ID: A-1163-1; Purity 

>97%) and the AnaSpec company (catalogue ID: AS-60804; Purity>95%) respectively. 1 mg Aβ42 or 1 

mg hIAPP was dissolved in 1 mL 10 mM NaOH, followed by the sonication in an ice-water bath for 1 

min, as previously described (51,52). 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole with or 

without 0.38 mM DDM was used to dilute the WT Aβ42 and hIAPP peptides. 50 mM Tris-HCl, pH 8.0, 
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0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM  was used to dilute WT αHL and hybrid Aβ/hIAPP-

αHL sequences. 40 μL solution was added into a black 384-well, non-treated and flat-bottom microplate 

with the material of polystyrene (NUNC, Thermo Fisher Scientific, catalogue ID: 24276), which was then 

sealed with a piece of foil film (Greiner Bio-One GmbH, catalogue No.: 676090). The plate was incubated 

in a microplate reader (PHERAstar FSX, BMG LABTECH, Germany) at 37 °C without shaking. The 

final concentration of peptides (WT Aβ42, hIAPP, αHL and a series of hybrid Aβ/hIAPP-αHL sequences) 

and ThT was 10 μM and 40 μM respectively. The excitation and emission wavelengths for ThT assay 

were set up 430 nm and 480 nm respectively. Buffer with 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 0.38 

mM DDM and 250 mM imidazole was added as a control. Three independent experiments were 

conducted.  

The end points of ThT assay of WT Aβ42, αHL and hybrid Aβ42-αHL were taken to prepare the TEM 

samples. Negative-staining method was used to prepare the samples. First, 6 μL each sample was dipped 

on a freshly glow-charged 400-mesh Formvar‑carbon coated copper grid and absorbed for 2 min. The 

excess solution was then removed by a piece of filter paper, and the grids were washed by 20 μL ddH2O 

for 30 s. Next, the grids were stained with 6 μL 2 % uranyl acetate for 60 s and washed by the 20 μL 

ddH2O for 15 s twice. Images were taken with a TEM (JEOL 2010) at an voltage of 200 KV.  

3.5.6 Limited proteolysis of wild type αHL and hybrid Aβ/hIAPP-αHL oligomers 

20 mg/mL, 50 μL Dioleoylphosphatidylcholine (DOPC, Avanti polar lipids), dioleoylphosphatidygly-

cerol (DOPG, Avanti polar lipids) mixture at a ratio of 4:1 in pentane was dried by N2 gas and then put 

in a desiccator overnight  under high vacuum to totally get dried. 1 mL, 10 mM Tris-HCl buffer, pH 8.0 

containing 1 mM EDTA was added to suspend the lipid film. To get unilamellar liposomes, the solution 

was extruded through two 0.1 μm polycarbonate membranes (WhatmanTM). 1,2-diphytanoyl 

phosphophatidycholine (DPhPC, Avanti polar lipids) liposomes were prepared using the same method.  

10 µL, 1 mg/mL DOPC:DOPG liposomes were incubated with 50 µL, 0.2 mg/mL wild type αHL (50 mM 

Tris-HCl, pH 8, 0.5 M NaCl, 0.38 mM DDM, 20 mM imidazole) or hybrid Aβ/hIAPP-αHL with the same 

buffer for 2 h at room temperature.  0.1 mg/mL, 2 μL proteinase K (Sigma Aldrich) in water solution was 

added to 20 μL of incubating solution at room temperature. After 10 min, 1 μL, 40 mM 

phenylmethanesulfonyl fluoride (PMSF in ethanol, Thermo Scientific) was added to inactivate the 

proteinase K. Then the solution was heated for 15 min at 95 ℃ for denaturation.  15 μL solution was 

added into 5 μL sample loading buffer (5x) and was run the SDS-gel (4%-20%).  

 3.5.7 Hemolysis assays 
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MBSA buffer (150 mM NaCl and 10 mM MOPS, pH7.4, containing 0.1% BSA) was prepared to wash 

rabbit blood cells (rRBC) repeatedly on ice and then centrifuged at 1200 rpm for 2 min until the 

supernatant becomes clear. 1% rRBC solution was freshly prepared before the experiment. The 

recombinant wild type αHL and hybrid Aβ42-αHL oligomers in the solution of 50 mM Tris-HCl, pH 8.0, 

0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM were used for the hemolysis assay. 2 μL of 1.24 

mg/mL wild type αHL or hybrid Aβ42-αHL oligomers were mixed with MBSA (98 μL) in the first well. 

Then 50 μL was transferred to the second well for the dilution with 50 μL MBSA buffer. Repeat this step 

to the 12th well. Then, each well had a volume of 50 μL and serially two-fold diluted. To keep the same 

concentration, 2 μL, 35 μM Aβ42 oligomer was added into the first well instead. Then, 50 μL fresh 1% 

rRBC was added into each well. The hemolytic activities of wild type αHL oligomers, hybrid Aβ42-αHL 

oligomers and wild type Aβ42 oligomers were determined in the non-treated, unsealed and flat-bottom 

96-well plate (Greiner Bio-OneTM, catalogue No.: 655101) with the material of polystyrene on the 

Synergy™ 4 (BioTek) plate reader. The decrease of absorbance in light scattering at 595 nm was recorded 

for 2 h at room temperature. The concentration of 50 % lysis to show the specific hemolytic activity 

(HC50) was calculated. Three independent experiments were conducted.  

3.5.8 Single-channel electrical recording 

Single-channel electrical recordings were performed in an apparatus with two Delrin compartments at 

room temperature. The compartments consist of two sides, cis- (connected with ground electrode) and 

trans- (connected with voltage electrode) sides, separated by a 25 μm thick polytetrafluoroethylene 

(PTFE) film with a 100 μm aperture (Good Fellow Inc., #FP301200). After the painting of the film with 

2 µl 2% (v/v) hexadecane in pentane, 10 μL of DOPC:DOPG mixture (4:1) dissolved in pentane at a 

concentration of 20 mg/mL was added into the cis and trans parts of the home-made chamber which was 

filled with 500 μL of 10 mM Hepes buffer, pH 7.4 with 1 mM EDTA and 1 M KCl. The black lipid 

membrane was formed by slowly pipetting the solution. 0.1 mg/mL wild type αHL or hybrid Aβ42-αHL 

oligomers were diluted 100 times in 50 mM Tris-HCl buffer, pH 8, 0.5 M NaCl, 250 mM imidazole and 

0.38 mM DDM detergent. Then 5 μL diluted samples were added into the grounded cis compartment of 

the chamber for the recordings which were connected by Ag/AgCl electrodes and amplified by the patch-

clamp amplifier (Axopatch 200B, Axon instrument). A lowpass-filter at 5 kHz and a sampling frequency 

at 10 kHz were applied for the data collection at room temperature by a Digidata 1440A digitizer (Axon 

instrument). Clampfit software was used for the data analysis.  

3.5.9 Western blot 
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To obtain the oligomer-enriched Aβ42, 100 μM Aβ42 was incubated at 37 °C under quiescent conditions 

for 2 h (53). 15 μL of 1 mg/mL, wild type αHL or hybrid Aβ/hIAPP-αHL in 50 mM Tris-HCl buffer, pH 

8, 0.5 M NaCl, 250 mM imidazole, 0.38 mM DDM were boiled for 5 min at 95 ℃. 5 μL, 4x sample 

loading buffer was mixed and 7 μL was loaded into the SDS-gel (Bio-Rad 4–20% Mini-PROTEAN® 

TGX™ Precast Protein Gels). The SDS-PAGE Electrophoresis was conducted at 120 V for 80 min.  The 

whole page was then transferred using trans-blot turbo mini 0.2 μm PVDF transfer pack (Bio-Rad, 

#1704156) on the transfer apparatus.  After blocking the membrane with 3% nonfat milk in TBST (10 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 1 h, the membrane was incubated with anti-

oligomer A11 antibody (1:500) for 2 h. The membrane was washed 3 times for 10 min by TBST buffer. 

Then the membrane was incubated with a 1:1500 dilution of goat anti-rabbit HRP-conjugated secondary 

antibody for 1 h. Blots were washed with TBST three times and developed with the chemiluminescent 

reagent (LumiGLO, Chemiluminescent Substrate Kit).  

3.5.10 Cell viability assay 

Neuroblastoma SH-SY5Y cells were cultured in EMEM medium supplemented with 15 % (v/v) fetal 

bovine serum, 2 mM Glutamine (final concentration), and 1% (v/v) penicillin/streptomycin. Cells were 

kept at 37°C, 5 % CO2 in a petri dish. The maximum passage number is 15 times. 50 μL resuspended 

cells with 6000 cells/well density were dispensed to a tissue culture treated, flat-bottom 96-well plate 

(BiofilR, Item No.: 011096) with the material of polystyrene. The plated cells were incubated for 24 h at 

37°C, 5 % CO2. Aβ42 oligomers were prepared by dissolving the powder in PBS (53) or the buffer with 

DDM (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM) at a concentration 

of 1 mg/ml followed by the incubation at 37°C for 2 h. 2 μL of Aβ42 oligomers, wild type αHL, hybrid 

Aβ42-αHL or Aβ11-42-αHL oligomers at a final concentration of 5 μM was added to each well.  PBS 

and buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM) were used as 

the control. Afterwards, the wells were incubated with the serum-free medium for 48 h, and then the plate 

was equilibrated at room temperature for 30 min. A volume of CellTiter-Glo luminescent reagent 

(Promega, cat. G7571) was equally added to the cell culture medium present in each well. This assay has 

been applied to study the toxicity of Aβ aggregates on SH-SY5Y cells (54). To induce cell lysis, the plate 

was put on an orbital shaker for 2 min and incubated at room temperature for 10 min to stabilize the 

luminescent signal. The luminescent intensity was measured on the PHERAstar 96-well plate reader and 

performed three independent experiments. Data are represented as the mean S.E.M (standard error of the 

mean). Two-tailed student’s t-test was applied for statistical significance. **P<0.01 (very significant) and 

***P<0.01 (highly significant) were compared to the control.    

3.5.11 Single-particle Cryo-EM  
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3 µl of the protein solution (4.83 mg/ml protein, 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole 

and 0.38 mM DDM) was pipetted onto a glow-discharged UltrAuFoil grid (R 1.2/1.3, Au 300). Grids 

were blotted for 1 s with blot force 2 and plunge-frozen in liquid ethane using a Vitrobot Mark IV 

(ThermoFisher Scientific) with 100% humidity at 7 ˚C. Data were acquired on a Titan Krios electron 

microscope at 300 keV (Thermo Fisher), with a GIF Quantum LS Imaging filter (20 eV slit width), a K2 

Summit electron counting direct detection camera (Gatan), using a magnification of 48’540x, resulting in 

a calibrated pixel size of 1.03Å. The defocus varied between –0.9 and –3.0 µm using SerialEM (55). For 

helical reconstruction, 4’284 movies were recorded with a total dose of 55 e-/Å2 per movie (10 sec 

exposure in total, 0.2 sec per frame, 50 frames in total). The dose rate was ~5.5 e-/Å2 per second (~1.1 e-

/Å2 per frame). The Focus software (56) was used to drift-correct and dose-weight using MotionCor2 (57).  

The reconstruction was done with RELION 3.0 (58). We automatically picked 2’438’446 particles from 

4’284 micrographs, using RELION 3.0. The particles were extracted using a box size of 200 pixels 

(~206Å, Table 1). Several rounds of 2D and 3D classification were executed to remove bad particles 

resulting in 141’366 particles. The particles were used for 3D auto-refine and the beam tilt values for the 

entire data set and the defocus for each segment was estimated. Afterwards another run of 3D auto-refine 

was executed followed by Post Process, using a soft-edge mask and an estimated map sharpening B-factor 

of −124.06 Å2, was performed resulting in a map with a resolution of 3.6 Å and 3.3 Å (by the FSC 0.5 

and 0.143 criterion; Figure 6B).  

3.5.12 Structure modelling  

Three initial models were built by using Modeller 9.24 (59). The first model was built using the standard 

protocols using only the αHL heptameric structure (PDB ID: 7AHL).  In order to build the second and 

third models, the hairpin structure of Aβ42 hairpin NMR (PDB ID: 6RHY) was grafted onto the β-barrel 

region of 7AHL using two separate methods.  In the first method, the symmetry of 7AHL was used in 

order to graft the structure of 6RHY based on the threading of αHL’s β-barrel.  For the second method, 

we performed grafting similar to the first method, but did so without the use of the threading information. 

The Aβ42-αHL protein chimera was modeled into the cryo-EM density with homology modeling using 

Rosetta (60).  First, the chimeric sequence was aligned to the 7AHL sequence with  hhalign (61) and the 

alignment was used to thread the chimeric sequence onto the previously described models.  These 

threaded models were unambiguously docked into the cryo-EM density using UCSF chimera (62) and, 

using the 7AHL pdb as a reference for symmetry, these models were used as templates for symmetric 

refinement into the density using RosettaCM (63).  5,000 trajectories of RosettaCM were run (command 

line and input files described at 10.5281/zenodo.3967686) and the model with the lowest energy was the 
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final model.  The same methodology was applied to the manual threading model except for substituting 

the manual alignment in the initial sequence threading step. 

In order to generate the shortened beta barrel models, atom pair distance and angle constraints were 

applied to shift the hydrogen bonding backbone N and O atoms of the adjacent subunits by 2 residues. 

These models were coarsely minimized using a custom-made set of constraints and the rosetta scripts 

Rosetta application.  The command lines and example constraint files are also described in further detail 

at: 10.5281/zenodo.3967686. Finally, these coarse models were refined into the cryo-EM density as 

templates to RosettaCM with the same methodology as described previously. The score of the 5 top 

scoring models from all 4 conformations are plotted in Figure S8. 
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Figure S1. The full sequences of wild type (WT) αHL, WT Aβ42, a series of hybrid Aβ-αHL 

peptides, WT hIAPP and hybrid hIAPP- αHL. Aβ amino acids substituted the transmembrane 

β-hairpin part of αHL (red). The substituted Aβ or hIAPP sequences were shown in blue.  
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Figure S2. Deconvoluted mass spectrum of the purified WT αHL and a series of hybrid 

Aβ/hIAPP–αHL peptides. LC-MS experiments were conducted to confirm the molecule weight 

of a series of hybrid Aβ/hIAPP-αHL proteins including WT αHL. Results are compared to the 

calculated weight, which have been listed in Table S1. 
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Table S1. The theoretical molecule weight of WT αHL and a series of hybrid Aβ/hIAPP-αHL.  

Peptide  Calculated weight 
(MW)/Da 

Observed 
[M+H]+/Da 

Wild type αHL 34991 34991 

Hybrid Aβ42-αHL 35158 35159 

Hybrid Aβ11-42-αHL 33980 33980 

Hybrid Aβ1-28-αHL 33907 33908 

Hybrid Aβ1-17-αHL 32712 32714 

Hybrid Aβ0-αHL 30662 30663 

Hybrid hIAPP-αHL 35095 35096 

 

 

Figure S3. Purification of WT αHL and a series of hybrid Aβ/hIAPP–αHL proteins. All the 

proteins were expressed in E. coli and purified on the Co-NTA affinity column by using the 

His-tag at the C-terminus. SDS-PAGE Electrophoresis (Bio-Rad, 4-20 %) was conducted at 

200 mV to monitor the protein quality. There was an imidazole concentration gradient (20 mM, 

50 mM and 250 mM respectively) in the elution buffer (50 mM Tris-HCl, pH 8.0, 500 mM 

NaCl and 0.38 mM DDM) to separate the monomer and oligomer. The SDS-PAGE 

Electrophoresis was conducted at 200 V for 25 min.  
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Figure S4. Limited proteolysis with proteinase K of the WT αHL monomers, hybrid Aβ11-42-

αHL and hybrid hIAPP-αHL oligomers in the presence of DOPC:DOPG (4:1) liposomes (1 

mg/ mL). For WT αHL monomers, Lane 1: αHL monomers were treated with DOPC:DOPG 

liposomes; lane 2: αHL monomers were treated with DOPC:DOPG liposomes and then got 

heat denatured at 95 °C for 15 min; lane 3:  αHL monomers were digested with proteinase K; 

lane 4: αHL monomers treated with DOPC:DOPG liposomes were further digested by 

proteinase K and then heat-denatured at 95 °C. There were the same conditions for hybrid 

Aβ11-42-αHL and hybrid hIAPP-αHL oligomers. Monomeric WT αHL in the presence of 

proteinase K is taken as a control and shows more prone to breakdown, as reported previously 

[14]. Hybrid Aβ11-42-αHL and hybrid hIAPP-αHL oligomers exhibit the obvious proteolysis 

and heat denaturation.  
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Figure S5. Limited proteolysis with proteinase K of WT αHL monomers and hybrid 

Aβ/hIAPP-αHL oligomers in the presence of DPhPC liposomes (1 mg/ mL). For αHL, Lane 1: 

αHL monomers were treated with DPhPC liposomes; lane 2: αHL monomers were treated with 

DPhPC liposomes and then got heat denatured at 95 °C for 15 min; lane 3: αHL monomers 

were digested with proteinase K; lane 4: αHL monomers treated with DPhPC liposomes were 

further digested by proteinase K and then heat-denatured at 95 °C. There were the same 

conditions for hybrid Aβ/hIAPP-αHL proteins.  
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Figure S6. ThT fibrillation kinetics of the WT amyloid peptides, αHL displayed Aβ, or WT 

αHL proteins (A-F) and TEM images of WT αHL oligomers (G) as well as the amorphous 

aggregates of hybrid Aβ42-αHL (H). Higher ThT fluorescence intensity indicates more fibril 

formation.  (A) WT Aβ42 in the buffer of 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl and 250 mM 

imidazole. (B) A series of hybrid Aβ-αHL oligomers including Aβ11-42-αHL, Aβ1-28-αHL, 

Aβ1-17-αHL or Aβ0-αHL, prepared in the same condition as Aβ42-αHL in Figure 3B (50 mM 

Tris-HCl, pH 8.0, 500 mM NaCl, 250 mM imidazole and 0.38 mM DDM). (C) WT αHL in the 

buffer of 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM. (D) 

WT hIAPP amyloid aggregation assay in the buffer of 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 

250 mM imidazole. (E) Hybrid hIAPP-αHL or (F) WT hIAPP was used for the kinetic assay 

in the buffer of 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 250 mM imidazole and 0.38 mM DDM. 

The ratio of ThT and proteins was 4:1 with a ThT final concentration at 40 μM. The excitation 

and emission filters were 430 and 480 nm, respectively. (G-H) The samples were obtained 
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from the end of ThT kinetics for TEM imaging. Scale bars of WT αHL oligomers (G) and the 

amorphous aggregates of hybrid Aβ42-αHL (H) are 50 nm and 100 nm respectively. 

 

 

 
Figure S7. Immunogenic similarity of WT αHL, hybrid Aβ42/11-42-αHL and hybrid hIAPP- 

αHL by western blot. The anti-Aβ42 oligomer conformation-dependent antibody A11 

recognized αHL oligomers (lane 1); hybrid Aβ42-αHL oligomers (lane 2); hybrid Aβ11-42-

αHL oligomers (lane 3); hybrid hIAPP-αHL oligomers (lane 4). The SDS-PAGE 

electrophoresis prior to blotting, was conducted at 120 V for 80 min. No bands with molecule 

weight lower than the monomer bands (around 30-35 kDa) were found on the gel.  
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Figure S8. Total score comparison between the four assessed states of the Aβ-αHL chimera as 

evaluated by the Rosetta full atom score function (lower score is better/more stable).  The x-

axis is the RMS (Root Mean Square) deviation of our models to the αHL (PDB: 7AHL) scaffold, 

and each of the clusters of points represent a particular modeled conformation of our Aβ42-

αHL. The y-axis represents the energy landscape of the possible conformations of Aβ42 region 

on the αHL scaffold, given the low-resolution electron density. We found the models to be 

ranked as follows: 1. original β-barrel strand pairing with custom alignment (blue), 2. original 

β-barrel strand pairing with hhpred alignment (orange), 3. shifted β-barrel strand pairing with 

custom alignment (green), 4. shifted β-barrel strand pairing with hhpred alignment (red).  
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Figure S9. Map superposition of WT αHL (green) and the hybrid Aβ42-αHL (red). The 

hybrid Aβ42-αHL β-barrel pore has a shorter length (35.5 Å) and a similar inner diameter 

(27.4 Å) of the largest circular cross-section, compared to the WT αHL barrel (47.8 Å high 

and 23.8 Å wide).  
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Table S2. Structure refinement by Phenix software 

 

Model 

Composition (#)                                                                        

  Chains                                7 

  Atoms                                 
  32434 (Hydrogens: 

15921)                     

  Residues                              
  Protein: 2051 

Nucleotide: 0                  

  Water                                 0 

  Ligands                               0 

Bonds (RMSD)                                                                           

  Length (Å) (# > 4σ)                     0.007 (0)                                    

  Angles (°) (# > 4σ)                     0.560 (0)                                    

MolProbity score                        1.35 

Clash score                             4.28 

Ramachandran plot (%)                                                                  

  Outliers                              0 

  Allowed                               2.75 

  Favored                               97.25 

Rama-Z (Ramachandran 

plot Z-score, RMSD) 
                                               

  Whole (N = 2037)                        0.21 (0.18)                                  

  Helix (N = 42)                          4.43 (0.08)                                  

  Sheet (N = 1057)                        0.32 (0.16)                                  

  Loop (N = 938)                          0.35 (0.20)                                  

Rotamer outliers (%)                    0.39 

Cβ outliers (%)                         0 

Peptide plane (%)                                                                      

  Cis proline/general                     11.1/0.0                                     

  Twisted proline/general                 0.0/0.0                                      

CaBLAM outliers (%)                     0.69 

ADP (B-factors)                                                                        

  Iso/Aniso (#)                           16513/0                                      

  min/max/mean                                                                         

    Protein                               28.63/173.52/59.28                           

    Nucleotide                            ---                                          

    Ligand                                ---                                          

    Water                                 ---                                          

Occupancy                                                                              

  Mean                                  1 

  occ = 1 (%)                           100 

  0 < occ < 1 (%)                       0 

  occ > 1 (%)                           0 

Data 

Box                                                                                    

  Lengths (Å)                             112.27, 112.27, 111.24                       

  Angles (°)                              90.00, 90.00, 90.00                          
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Supplied Resolution (Å)                 3.3 

Resolution Estimates (Å)                
  Masked                  

Unmasked             

  d FSC (half maps; 0.143)                ---                     ---                  

  d 99 (full/half1/half2)               
  3.4/---/---             3.4/---/-

--          

  d model                                 3.3                     3.3                  

  d FSC model (0/0.143/0.5)             
  2.7/3.1/3.3             

2.7/3.1/3.3          

Map min/max/mean                          -0.08/0.14/0.00                              

Model vs. Data 

CC (mask)                               0.8 

CC (box)                                0.73 

CC (peaks)                              0.74 

CC (volume)                             0.79 

 

 

 

 
Figure S10. A: Superposition of heptameric Aβ42 displayed on the αHL scaffold (in orange) 

and WT αHL (in blue). B-C: Comparison of the displayed Aβ42 sequence (in orange) and αHL 

pre-stem domain (residues 106-147 in blue).  
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 Figure S11. The visualization of hybrid Aβ42-αHL particles in two regions by cryo-EM. 

2’438’446 particles (green box) from 4’284 micrographs were automatically picked by 

RELION 3.0.  
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Figure S12. The primary 2D classification of hybrid Aβ42-αHL particles. Some classes that 

are not framed in red boxes contained noise or contamination and thus were dropped before 

proceeding on the density map.  The particles being framed in the red box were used for 3D 

auto-refine and the beam tilt values for the entire data set.   
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4.1 Abstract 

Prion disease is a fatal neurodegenerative disorder characterized by the conversion of the 

cellular prion protein (PrPC) into a misfolded prion form, which is believed to disrupt cellular 

membranes. However, the exact mechanisms underlying prion toxicity, including the 

formation of membrane pores, are not fully understood. Prion protein consists of two domains: 

a globular domain (GD) and a flexible N-terminus (FT) domain. Although a proximal polybasic 

amino acid (FT(23-31)) sequence of FT is a prerequisite for cellular membrane 

permeabilization, other functional domain regions may modulate its effects. Through single-

channel electrical recordings and cryo-electron microscopy (cryo-EM), we discovered that the 

FT(23-50) fragment forms pore-shaped oligomers and plays a dominant role in membrane 

permeabilization within the full-length mouse prion protein (mPrP(23-230)). In contrast, the 

FT(51-110) domain or the C-terminal domain down-regulate the channel activity of FT(23-50) 

and mPrP(23-230). The addition of prion mimetic antibody, POM1 significantly amplifies 

mPrP(23-230) membrane permeabilization, whereas POM1_Y104A, a mutant that binds to PrP 

but cannot elicit toxicity, has a negligible effect on membrane permeabilization. Additionally, 

anti-N-terminal antibody POM2 or Cu2+ binds to the FT domain, subsequently enhancing 

FT(23-110) channel activity. Importantly, our setup provides a novel approach without an 

external fused protein to examine the channel activity of truncated PrP in the lipid membranes. 

We therefore propose that the primary N-terminal residues are essential for membrane 

permeabilization, while other functional segments of PrP play a vital role in modulating the 

pathological effects of PrP-mediated neurotoxicity.  

Keywords: Prion disease, channel activity, membrane permeabilization, antibody, 

neurotoxicity 

4.2 Introduction 

Prion diseases comprise a range of fatal neurodegenerative disorders characterized by the 

progressive loss of neurons. Notable examples include human Creutzfeldt-Jakob disease (CJD), 

scrapie in sheep, and mad cow disease. Central to the pathology of these diseases are two prion 

isoforms, each consisting of 209 amino acids: the physiological/cellular prion proteins (PrPC), 

which predominantly has an α-helical structure, and the insoluble scrapie isoform (PrPSc) 

characterized by a β-sheet rich structure 1. The conformational transition from soluble PrPC to 
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infectious PrPSc, characterized by structural misfolding, is believed to underline prion 

propagation. However, the exact toxic pathogenic mechanism remains elusive. While 

aggregated PrPsc fibril alone is not considered the primary agent of pathogenesis 2, 3, 

membrane-bound PrPC plays a crucial role in prion-mediated neurodegeneration 3, 4. 

Interestingly, soluble low-molecular-weight PrP oligomers display significantly higher 

infectivity and neurotoxicity than insoluble PrPSc fibrils, both in vitro and in vivo 5, 6. This 

observation aligns with the  ‘toxic oligomer hypothesis’ 7 prevalent in neurodegeneration where 

the oligomers emerge as the most neurotoxic species 8 through permeabilizing cellular 

membranes and leading to cellular dysfunction 9, 10.  

Extensive research has indicated that amyloid oligomers can adopt ring-like structures, forming 

pores within lipid membranes 6-8. Investigation using techniques such as Atomic Force 

Microscopy (AFM) and Electron Microscopy (EM) has uncovered pore-like morphologies in 

a range of amyloid proteins, including Aβ (1–40), α-synuclein, ABri, ADan, serum amyloid A, 

and IAPP 6-8. These findings provide insights into their interactions with lipid vesicles and 

planar bilayers, as observed through single-channel electrical recordings, demonstrating 

diverse channel behaviors ranging from transient states to high conductance states and 

fluctuations 6-8. Notably, other freshly prepared amyloid proteins, including IAPP, β2-

microglobulin, and a prion protein fragment, exhibit activities akin to Aβ pores in planar 

bilayers 7,8. Furthermore, amyloid proteins can induce lipid membrane permeability through 

additional mechanisms such as carpeting and detergent effects 8. This increased permeability 

leads to the influx of calcium ions into neurons, triggering a cascade of downstream effects that 

contribute to neurotoxicity, neuronal cell death, and the progression of prion diseases and other 

neurodegenerative disorders. Therefore, comprehending the molecular relationship between 

protein sequence and channel permeabilization holds paramount importance in the 

development of potential therapeutic strategies aimed at targeting these processes, potentially 

slowing or halting the advancement of neurodegenerative diseases. 

Single-channel electrical recordings have revealed that membrane poration could be a 

mechanism underlying the neurotoxic effects of prions 11-14. The prion protein is composed of 

two domains: a flexible N-terminal domain (FT) and a globular C-terminal domain (GD), as 

illustrated in Fig. 1. The FT region is intrinsically disordered and plays a crucial role in the 

pathogenesis of prion diseases 15.  Notably, a specific segment of polybasic amino acids (23-

31) has been identified as a prerequisite for channel activity of a truncated PrP protein, where 
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105-125 amino acids are deleted (∆CR PrP) 11, 12. However, the influence of the GD and other 

sections of the FT domain on the primary N-terminal region’s channel activity remains a topic 

of investigation. An intriguing feature of the FT domain is the  octa-repeats (OR) region 

(residues 51-90), which has an affinity for metal ions such as Cu2+ or Zn2+ 16, 17. This region 

plays a role in mediating the interactions between FT and GD domains 18-20. Antibodies have 

been utilized to modulate the neurotoxic effects of PrP 16. Among these antibodies, POM1, 

which specifically targets the GD region of PrP, has demonstrated a potent capacity to enhance 

neurotoxicity. However, its mutant variant, POM1_Y104A, shares the same epitope of 

mPrP(23-230) with the POM1 but could mitigate its impact on the neurotoxicity of PrP 21. 

Conversely, POM2, which targets the N-terminal region's octapeptide repeat segment, has been 

shown to exert a lesser impact on the neurotoxicity of PrP compared to POM1 22-24. Other 

functional segments within the FT, such as two charged clusters (CC1 and CC2), and a 

hydrophobic domain (HD), may also regulate channel activity of the primary N-terminal 

residues. Delving into how these various segments within FT and GD influence channel 

activity could shed light on the toxic mechanism of prions.  

In this study, we utilized single-channel electrical recordings to explore the potential of the 

prion protein to induce pore formation, as well as how the different functional segments of FT 

and GD change the channel activity of the primary N-terminus region. Combined with cryo-

electron microscopy (cryo-EM), we found that the primary N-terminal domain FT(23-50) can 

form sizeable pores in lipid membranes. Moreover, extending the sequence from the primary 

N-terminal domain results in diminished channel activity. Additionally, Cu2+ and anti-prion 

antibodies (POM1 or POM2) that can bind to the GD or FT domains subsequently enhance 

membrane permeabilization. We therefore reveal that the primary N-terminal domain (FT(23-

50)) is essential for permeabilizing cell membranes but other functional segments within the 

full-length mouse PrP (mPrP(23-230)) appear to down-regulate the activity or other fragments, 

suggesting they might modulate the pathological effects associated with PrP-medicated 

neurotoxicity.  
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Figure 1. Schematic representation of recombinant mouse full-length mPrP(23-230), 

consisting of a flexible tail (FT) and a globular domain (GD). The FT domain of the prion 

protein contains several distinct regions, including the charged clusters CC1 (residues 23-28), 

CC2 (residues 100-109), the octa-repeat region (OR, residues 51-91), and a hydrophobic 

domain (HD, residues 112-133). In order to study their influence on mPrP ion channel 

formation in lipid bilayers, specific PrP fragments corresponding to these regions were selected 

for investigation. 

4.3 Results  

4.3.1 PrP sequence with more amino acids remaining in the primary N-terminal domain 

shows less channel-forming activity in lipid membranes 
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Figure 2. The representative current traces from single-channel electrical recordings. (A) 

The trace corresponds to the full-length recombinant mPrP(23-230) protein, while traces (B-D) 

depict the truncated N-terminal domains of PrP. Within the current trace of truncated FT(23-

50) (C), six pore clusters were identified, suggesting the presence of different oligomeric states 

in the lipid membranes. The heterogeneous channels exhibit subtle variations in currents. 

Histograms of the counts, generated from the induced current traces, are displayed alongside 

the current trace. The difference between two currents is represented as ΔCurrent. The 

distribution of these counts was fitted using the Gaussian distribution function method, where 

the area under the curve indicates the number of observations. Utilizing the Gaussian function 
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allows for analysis of raw data without biased processing, minimizing the influence of 

performer or operator prejudices. The peptides were present at a final concentration of 0.4 µM 

in 10 mM Hepes buffer (pH 7.4) with 1 M KCl in the trans side of the chamber. Lipid bilayers 

were prepared using a lipid mixture comprising 10 mg/mL DOPC:DOPG at a ratio of 4:1. 

Table 1 presents the probabilities of membrane permeabilization induced by truncated 

prion proteins, denoted as n/N, where n represents the observed ion-channel formation 

events and N represents the total number of experiments conducted. 

Fragment 
n/N (n is the observed ion-

channel formation events, N 
is the total performed times) 

mPrP(23-230) 3/5 

FT(23-110) 4/7 

FT(23-50) 3/7 

FT(23-110) with POM2 antibody 4/5 

FT(23-110) with Cu2+ 3/5 

mPrP(23-230) with POM1 antibody  3/6 

mPrP(23-230) with POM1_Y104A antibody 5/6 

mPrP(23-230) with POM2 antibody 4/7 

To investigate the channel activity of different PrP segments, single-channel electrical 

recordings were first carried out across physiologically relevant and negatively charged 

membranes comprised of DOPC and DOPG at a ratio of 4:1, suspended in 10 mM Hepes buffer 

(pH 7.4) with 1 M KCl 25. The two sides separated by the lipid bilayer are cis or trans side, in 

which the cis part is defined as the grounded side. When a positive potential is applied, the 

positively charged analytes, like full-length mPrP(23-230) and other functional fragments, 

translocate from trans to cis through the bilayer. We added the recombinant PrP into the trans 

part of the chamber and monitored channel formation under 100 mV. Shown in Fig.2A-C, the 

near-zero currents indicated the low baseline permeability of the lipid membranes. The abrupt 

jumps in the recordings were attributed to channel formation, signifying the onset of individual 

ion channels facilitating ion diffusion across the membranes. A higher amplitude in these 

recordings suggests more ion permeation through the membranes  induced by prion proteins.  

Fig. 2A represents the amplitude histograms, which display the number of observations that 

fall within a specific amplitude distribution. This figure has the upper and lower two plots, both 

showing unique observations of the full-length prion, mPrP(23-230)  in single-channel 

electrical recording. The first plot indicates a single channel formation, while the second 

showcases a step-wise channel formation. mPrP(23-230) displayed two similar channels with 

distinct conductance (0.02 and 0.04 nS (Nanosiemens)), presumably caused by the 

conformational transition of heterogeneous PrP in lipid bilayers 26. The conductance was 
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calculated through a formula: conduction=current/voltage. Interestingly, the multilevel 

conductance is very similar to the Alzheimer-associated A pores 27 but differs from the typical 

folded, functional ion channels, which usually have two steady-state current levels (open and 

closed states) for controlling the ion flux 28-30. This specific current pattern was seen in 60% of 

our experiments (n/N=3/5, where n represents the ion-channel formation events and N denotes 

the total experimental iterations), as detailed in Table 1.  

We next aim to discern whether the N-terminus of prion protein (FT) could alone induce 

channel formation. Our observations revealed that both the FT(23-110), which spans the entire 

FT region (Fig. 2B), and FT(23-50) (Fig. 2C) sequences formed channels in the lipid bilayers. 

In contrast, other FT segments (residues 32-80, 53-90, and 93-120 in Fig. 2D) failed to induce 

pores formation in the lipid bilayers, This underscores the pivotal role of the proximal N-

terminal amino acids (23-50) in the formation of PrP channel. These findings are consistent 

with previous research showing that mice expressing the initial nine amino acids (23–31) 

manifest spontaneous neurodegenerative phenotypes 31. Additionally, this segment is identified 

as a transduction domain crucial for lipid membrane insertion 11, 12. Our results further support 

the significance of FT (23–31) in PrP-related neurotoxicity. Interestingly, among all the mPrP 

segments and the full-length mPrP, the shortest fragment FT(23-50) exhibited the most 

pronounced channel formation. We identified six distinct pore clusters within the current trace 

of FT(23-50), varying the conductance from 2.25 to 11 nS. This stands in contrast to the FT(23-

110) which only showed a conductance between 0.05-0.15 nS (Fig. 2C). Our data suggests that 

the FT(23-50) segment of the PrP protein is primarily responsible for membrane 

permeabilization, while the C-terminal domain and other FT sequences appear to down-

regulate the channel formation of FT(23-50), especially within the context of the full-length 

mPrP(23-230) protein. 

To validate that membrane permeabilization results from pore formation in the lipid bilayer, 

we employed cryo-electron microscopy (cryo-EM). Given its pronounced channel activity, the 

FT(23-50) fragment was selected for study, as we postulated that it could form oligomers of a 

size suitable for visualization under cryo-EM. Indeed, our cryo-EM observations identified 

pore-shaped oligomers with an average size of approximately 8-9 nm (Fig. 3). However, due 

to the inherent heterogeneity of these structures, it remains challenging to pinpoint the precise 

structure and determine the number of subunits constituting each pore. Nevertheless, the 

identification of pore formation in the FT(23-50) fragment lends weight to the toxic oligomer 
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hypothesis that the prion oligomers induce cellular membrane permeabilization, leading to the 

formation of pores or channels, thereby culminating in cellular dysfunction 14, 32, 33. For 

comparison, we assessed the FT(23-100)  pore formation using cryo-EM (Fig. S2) and found 

an absence of pore formation. This observation aligns with our expectation, given that FT(23-

100) displays a significantly lower conductance, compared to FT(23-50). Such diminished 

conductance implies minimal channel activity, suggesting the formation of pores so minuscule 

that they elude detection via cryo-EM. Furthermore, the full-length mPrP(23-230) exhibited an 

even reduced conductance than FT(23-110), leading us to infer the absence of pore formation 

in the full-length mPrP(23-220). 

 

Figure 3. Cryo-EM image of prion fragment FT(23-50) (2 mg/mL). The sample was 

prepared at a concentration of 2 mg/mL. The image reveals the presence of pore formation in 

the FT(23-50) fragment, which is indicated by black circles. The average size of these pores is 

estimated to be approximately 8-9 nm. 

4.3.2 Globular domain modulates the full-length mPrP(23-230) channel-forming activity 

in lipid membranes 

To validate that the globular domain (GD) down-regulates the full-length mPrP(23-230) 

channel activity, we introduced the GD binding antibody, POM1. Our single-channel electrical 

recording data revealed a marked enhancement in the channel-forming activity of mPrP(23-

230) (Fig. 4B). Given that POM1 alone does not induce the channel activity (Fig. S1), this 

suggests that upon binding to GD, POM1 augments the N-terminus interaction with lipid 
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membranes. This implies a possible conformational change of mPrP(23-230), driven by POM1 

binding, that promotes the N-terminus interaction with the lipid bilayer, thus facilitating pore 

formation.   

To substantiate our findings on the effect of POM1, we examined its mutant variant, 

POM1_Y104A antibody 21. Though targeting the same epitope as POM1 on mPrP(23-230), the 

variant doesn’t change the toxicity of mPrP (23-230) 21. Notably, POM1_Y104A almost 

abolishes the channel-forming activity of mPrP(23-230) in the lipid bilayers (Fig. 4D). This 

points to the inability of POM1_Y104A to induce the toxic conformation that facilitates the 

FT’s interaction with lipid membranes. Thus, it’s inferred that POM1_Y104A alters the GD 

segment’s conformation, allowing the C-terminus to inhibit the FT segment’s interaction with 

lipid membranes. Our study is in agreement with the previous work by Frontzek et al., who 

demonstrated the neuroprotective effect of POM1_Y104A on neuronal cells expressing the 

prion proteins 34. In essence, the antibodies modulate the prion protein neurotoxicity by 

interacting with the GD domain, thereby influencing the FT(23-50) channel-forming activity 

in lipid membranes. 
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Figure 4. Schematic representative of single-channel electrical recordings with the full-

length recombinant mPrP(23-230) protein in the presence of antibodies. (A) The binding 

of POM1 and POM2 antibodies to the GD domain and the octarepeats of the FT region, 

respectively, is depicted. (B) Representative traces of spontaneous currents recorded from 

mPrP(23-230) in the presence of POM1 (B), POM2 (C), and POM1_Y104A (D) are shown. It 

can be observed that POM1 significantly enhances the channel-forming activity of mPrP(23-

230), while POM2 has a negligible effect on channel formation. POM1_Y104A retains the 

channel-forming activity. The proteins were added to the trans side at a final concentration of 

0.4 µM. 

4.3.3 The role of octarepeats (OR) stabilization and external agents on PrP channel-

forming activity  
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So far, our data have highlighted that the primary N-terminus of the prion protein, particularly 

the FT(23-50), plays a pivotal role in channel formation. Based on this result, we sought to 

discern if the stabilization of other FT domains could modulate this activity. To this end, we 

introduced POM2, an antibody specifically targeting the octarepeat (OR) region, which spans 

residues 51-90. Upon the addition of POM2 to mPrP(23-230), we observed a pronounced surge 

in transient spike events, as depicted in Fig. 4C. These transient spikes are often indicative of 

impending prion ion channel formation and are emblematic of membrane destabilization 35. 

Consequently, this increase suggests that the antibody-bound N-terminus might promote the 

interaction of mPrP(23-230) with lipid membranes. Such interactions would, in turn, increase 

the propensity for membrane destabilization. However, despite this interaction, POM2 didn't 

notably enhance the overall channel-forming activity of mPrP(23-230). From this observation, 

we hypothesize that the stabilization of the OR domain doesn't seem to counteract the inhibitory 

effects exerted by the GD domain on mPrP(23-230) channel activity. 

To validate this hypothesis, we conducted further experiments with the FT(23-110) in the 

presence of the POM2 antibody, as presented in Fig. 5A. Given the absence of the GD domain, 

we anticipated that stabilizing OR might induce conformational changes in the FT fragment, 

thereby influencing prion channel activity. We indeed observed a marked increase in 

conductance, approximately 0.1-0.3 nS (Fig. 5B), compared to FT(23-110) alone. Surprisingly, 

we also detected an exceptionally high and diverse channel current, with conductance soaring 

to 30 nS. This conductance even surpassed that of FT(23-50), which implies that POM2 might 

render the FT(23-110) conformation more unstable and heterogeneous, yet more adept at 

permeabilizing lipid membranes. This outcome further underscores the repressive influence of 

the GD domain on the channel-forming capability of the N-terminus in full-length prion 

proteins within lipid membranes. Hence, we deduce that while the OR domain binding might 

exert a minimal effect on the channel-forming activity of the full-length mPrP(23-230), its 

stabilization in the absence of the GD domain significantly boosts the channel-forming prowess 

of the FT domain. 

In addition to POM2, Cu2+ ions are also known to associate with the OR region, modulating 

PrP toxicity under physiological conditions 36. Thus, we assessed whether Cu2+ ions would 

either enhance or diminish the channel-forming capacity of FT(23-110). Mirroring the effects 

observed with POM2, Cu2+ ions augmented the channel-forming activity of FT(23-110), as 

evidenced in Fig. 5C. These results further reinforce our understanding that conformational 
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changes in the OR segment, induced by Cu2+, can amplify the neurotoxic properties of the 

FT(23-110) segment. 

 

Figure 5 Representative single-channel electrical current traces of FT(23-110) in the 

presence of Cu2+ or antibodies. (A) The binding sites of the POM2 antibody and Cu2+ ions 

on the FT(23-110) sequence are depicted. (B-C) The representative traces of spontaneous 

currents were recorded from mPrP(23-230) in the presence of POM2 or Cu2+. It is evident that 

both POM2 and Cu2+ significantly enhance the channel-forming activity of FT(23-110). 

4.4 Discussion 
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Figure 6. Ion channel formation model of prion fragments in the presence or absence of 

antibodies or Cu2+.  (A) Ion channel formation of N-terminal regions of FT(23-50), FT(23-

110), FT(23-110) with POM2 antibody or Cu2+ and full-length mPrP. FT(23-50) (represented 

by green round balls) exhibits the highest channel-forming activity, indicating that FT(23-50) 

potential drives pore formation, enabling the permeation of cations (represented by pink round 

balls) through the lipid bilayer. POM2 antibody or Cu2+ binding to the OR segment of FT(23-

110) enhances its channel-forming activity. (B) Ion channel formation of full-length mPrP with 

the antibody POM1, POM1_Y104A or POM2. POM1 antibody, which targets the C-terminus 

(GD domain represented by a green elliptical ball) of mPrP, significantly enhances channel-

forming activity. POM1_Y104A antibody nearly abolishes the channel-forming activity of 

mPrP in lipid bilayers. POM2, on the other hand, does not enhance the channel-forming activity 

of mPrP, suggesting that the GD domain down-regulates N-terminus channel formation in full-

length prion protein.  

Neurodegenerative disorders, such as Alzheimer’s, Parkinson’s, and prion diseases, are thought 

to share a common neurotoxic mechanism involving the interaction of the misfolded amyloid 

proteins with cellular membranes,  leading to the generation of pores or membrane 
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permeabilization and subsequent cell dysfunction 14, 27. It has been shown that membrane 

poration could be a mechanism underlying the neurotoxic effects of prions 11-14. The FT region, 

an intrinsically disordered domain, has been identified as playing a critical role in the 

pathogenesis of prion diseases 15. Elucidating the contribution of different fragments of the 

prion protein to channel formation activity provides insights into the mechanism underlying 

prion-induced neurodegeneration. Recently, the Harris group demonstrated the primary 

polybasic amino acids (23-31) of the prion sequence as a prerequisite for the channel-forming 

activity of the truncated PrP protein (∆CR PrP with 105-125 amino acids deleted) 11, 12. 

However, the way in which GD and other FT regions modulate the primary N-terminal’s 

channel-forming activity remains unclear. Here, several truncated fragments of prion proteins 

including different N-terminal functional regions were chosen to determine their roles in 

channel-forming activity. Utilizing the sensitive and dynamic single-channel electrical 

technique, our investigation revealed the prominent influence of the FT region and the 

inhibitory role of GD in modulating prion channel-forming activity, especially within the 

primary region. 

Our results shed light on the intricate interplay between prion domains and lipid membranes in 

channel formation. We show that the full-length recombinant mPrP(23-230) is less active in 

channel formation than the N-terminal fragment FT(23-110). Interestingly, as we extend the 

amino acid sequence from FT(23-31), the channel-forming activity in the lipid bilayer 

diminishes. The fragment FT(23-50) stands out with the largest conductance within all the 

chosen prion fragments, ranging from 2.25-11 nS, indicating the highest channel activity. Our 

cryo-EM observations of this fragment revealed pore-like structures (Fig. 3), lending credence 

to the toxic oligomer hypothesis. Although we discerned six distinct pore clusters of FT(23-50) 

oligomers (Fig. 2C), the heterogeneity and insufficient particle numbers make it arduous to 

make a 2D classification of the particles and characterize the number of subunits in each pore.   

Both FT(23-110) and full-length mPrP(23-230) display a reduced conductance, down to 0.2 

nS. This data implies that GD or added FT sequence might be obstructing the channel-forming 

activity. Previous research reported that truncated PrP(1-109) induces higher ionic currents on 

N2a cells than that of truncated PrP segment FT(1-90), followed by FT(1-58) 12. We postulate 

that the discrepancies from their findings arise due to the potential artifacts from the EGFP 

(enhanced green fluorescence protein) molecule equipped with a GPI 

(glycosylphosphatidylinositol) anchor linked to N-terminal PrP 12. Similar to other FT 
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functional segments, we think the fused EGFP sequence presumably modulates the interaction 

of the primary N-terminal FT(23-50) with lipid membranes. Our setup provides a 

straightforward method without involving any external fused proteins to examine the channel-

forming activity of truncated PrP in the lipid membranes.  

The enhanced full-length mPrP(23-230) channel-forming activity with a C-terminal binding 

antibody POM1 rather than the N-terminal binding antibody POM2 reinforces the conclusion 

that the GD domain down-regulates the full-length mPrP channel-forming activity in the lipid 

membranes. Moreover, the binding of FT(23-110) to POM2 or Cu2+ increases the channel-

forming activity. The provoked spontaneous ionic currents agree with the previous observation 

where the toxic POM1 antibody acted as a prion mimetic inducing neuronal death 37.  

The detection of pore formations in FT(23-50) lends further support to the idea that these 

formations are responsible for the channel permeabilization in the lipid bilayer (Fig. 3). 

Although we noted the small current conductance (0.02-0.04 nS) of full-length mPrP(23-230), 

such subtle changes could be negligible in a complicated environment of cellular studies 11, 13. 

In the presence of POM1,the conductance of mPrP(23-230) varied (approximately from 1-11 

nS), with the peak levels closely mirroring those of FT(23-50). It is plausible that the POM1 

binding stabilizes the C-terminus of mPrP(23-230), triggering a conformational shift that 

promotes mPrP(23-230) oligomerization and its N-terminal interaction with the lipid bilayer. 

However, there is a marked difference in the persistence of high conductance between 

mPrP(23-230) within POM1 and FT(23-50), in which the former lasts as short as only 1-2 

seconds, indicative of being more transient and unstable, and the latter  retains stable at around 

11 nS for extended periods.  Such heterogeneity in channel activity of mPrP(23-230) within 

POM1 complicates the direct confirmation of pore formation by Cryo-EM, even though this 

technique offers robust evidence for pore formations. To further validate mPrP(23-230) pore 

formations induced by antibodies, we suggest exploring other imaging methods capable of 

characterizing dynamic systems, though such investigations are beyond the current scope. 

However, it is imperative to acknowledge the limitations if our study. The truncated fragments 

are synthetic and do not naturally exist in human neurons. While the lipid we chose is 

physiologically relevant, it remains a simplified model lipid that lacks the intricate nuances of 

cellular environment. 
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In summary, our findings highlight the significant channel-forming activity and membrane 

permeabilization attributes of the primary N-terminal FT(23-50) fragment, as demonstrated in 

Fig 6. This observation aligns with the critical role of the primary nine amino acids (23-31) in 

driving channel formation (11). Additionally, we observed a negative correlation between 

membrane permeabilization and the presence of the C-terminal extended segment of the prion 

protein. The stabilization of this functional C-terminal segment appears to positively influence 

membrane permeabilization, shedding light on the molecular mechanism underlying prion 

neurotoxicity. These insights provide a basis for potential treatments or drug screening 

strategies targeting the toxic N-terminal FT(23-50) fragment while sparing other fragments. 

Moreover, our in-bulk approach, using single-channel electrical recordings combined with cryo-

EM imaging, provides an innovative and straightforward method to delineate the membrane 

permeabilization of the PrP pore-shaped oligomers, which can reveal the molecular and 

structural intricacies driving prion-mediated neurotoxicity. Understanding these processes can 

be helpful, not only for crafting tailored therapeutic strategies but also for screening inhibitors 

that can negate channel activity, especially in mitigating the oligomer-induced toxicity in other 

neurodegenerative diseases. 

4.5 Materials and methods 

4.5.1 Protein expression and purification 

The recombinant full-length mouse mPrP(21-230), FT(23-119) and GD(111-231) have been 

previously described 38. A series of fragmented PrP sequences, including the N-terminal 

flexible tail FT peptides (FT(23-50), FT(32-80), FT(53-90), FT(93-110)) were all purchased 

from EZ Biosciences. 

4.5.2 Preparation of black bilayer lipid membrane 

First, a mixture of DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine): DOPG (1,2-Dioleoyl-

sn-glycero-3-phospho-rac-(1-glycerol)) (20 mg/mL) at a ratio of 4:1 (w/w) which was 

dissolved in chloroform was prepared in a glass vial and then dried by N2 in a fume hood. To 

thoroughly eliminate the chloroform, a vacuum desiccator was further used overnight. The thin 

lipid film was added pentane (99%, Sigma-Aldrich, Cat number: 236705) to a final 

concentration of 10 mg/mL. The lipid bilayer was formed followed by the “Montal-Muller” 

technique 39. Briefly, a home-made chamber separated by a 25 μm thick Teflon film (Good 

Fellow Inc., #FP301200) with a 150 µm aperture was prepared. The aperture was pretreated by 
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0.5 µL, 10 % (v/v) hexadecane/pentane mixture and was dried immediately by N2. Then 500 

µL, 10 mM Hepes buffer (pH 7.4, with 1 M KCl) and 5 uL DOPC:DOPG (4:1, 10 mg/mL) was 

added into the two compartments (cis and trans) of the home-made chamber. The single-

channel electrical recording was carried out at room temperature through a pair of Ag/AgCl 

electrodes. The cis side was defined as the grounded side and a voltage potential was applied 

to the trans side, which means that the positively charged analytes translocate from trans to cis 

through the bilayer. 

4.5.3 Single-channel electrical recordings and data analysis  

Single-channel electrical recordings were conducted in a whole cell mode with a patch clamp 

amplifier (Axopatch 200 B, Axon instrument, Molecular Devices, CA). The purified 

recombinant full-length mPrP(23-230) or the fragmented PrP (FT(23-110), FT(23-50), FT(32-

80), OR(53-90) or FT(93-110)) in the presence of 0.1 % DDM, was added to the trans part of 

the chamber with the final concentration 0.4 M. 100 mV voltage was applied during all the 

experiments. For data acquisition, a DigiData 1440 A/D converter (Axon) was equipped with 

a PC, where the pClamp and Clampfit were installed for data process. Ion channel 

permeabilization experiments with each prion fragment were performed at least three times, 

more typically 5-7 times. 

4.5.4 Prion protein pore image by cryo-electron microscopy (cryo-EM) 

3.5 µl of the FT(23-50) (2 mg/ml protein in PBS buffer) was pipetted onto a glow-discharged 

Quantifoil grid (R 1.2/1.3, Cu 200). Grids were blotted for 3.5 s with blot force 15 and plunge-

frozen in liquid ethane using a Vitrobot Mark IV (ThermoFisher Scientific) with 100% 

humidity at 4 ˚C. Images were acquired on a Titan Krios electron microscope at 300 keV 

(Thermo Fisher), with a GIF Quantum LS Imaging filter (20 eV slit width), a K2 Summit 

electron counting direct detection camera (Gatan), using a magnification of 130000, resulting 

in a calibrated pixel size of 1.07Å.  

4.5.5 Data availability  

All data generated or analyzed during this study are included in this manuscript. 
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DOPC: 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DOPG: 1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) 

FT: flexible tail 

GD: globular domain 

4.10 Supporting information 

 
Figure S1. Representative single-channel electrical current traces of 0.4 µM POM1, 0.4 µM 

POM1_Y104A, 0.4 µM POM2 or 5 µM Cu2+ ions. The experiments were conducted under 

100 mV. 
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Figure S2. Example of a cryo-electron microscopy (Cryo-EM) micrograph of the prion 

fragment FT(23-110). The sample was prepared at a concentration of 2 mg/ml. No stable 

oligomeric species/pore by the FT(23-110) fragment could be visualized by cryo-EM 

imaging.  
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5.1 Abstract 

Protein homeostasis collapse typically leads to protein aggregation into amyloid fibrils and 

diffuse amorphous aggregates, which both occur in Alzheimer's and other neurodegenerative 

diseases, but their relationship remains to be clarified. Here we examine the interactions 

between the amorphously aggregated non-chaperone proteins (albumin, β-lactoglobulin, and 

superoxide dismutase 1) and Alzheimer’s amyloid-β (Aβ) peptides. Amorphous aggregates 

suppress the primary nucleation and elongation of Aβ fibrillation and modulate Aβ toxicity. 

The higher inhibitory efficiency of intermediately sized molten globular aggregates (20-300 

nm) on Aβ fibrillation is hypothesized to be due to the higher amount of exposed hydrophobic 

residues and higher free energy. The formed co-aggregates are off-pathway species that favor 

formation of the amorphous end-state instead of fibrillar amyloid structures normally formed 

by Aβ. Our findings expand our knowledge of how the native and aggregated cellular proteins 

modulate Aβ aggregation at the molecular and mesoscopic level and point out the major 

conclusions.  

 

Keywords: amorphous aggregates; neurodegenerative diseases; globular proteins; 

aggregation; toxicity  

5.2 Introduction 

In a balanced proteome, protein homeostasis (proteostasis) maintains the protein quality-

control systems 1 through molecular chaperones, proteolytic systems, and other molecular 

regulators 2. For instance, molecular chaperones control the folding status of the native protein 

state from the intermediates. Proteostasis collapse occurs when these protein systems and 

processes do not function properly and are out of balance. Such collapse thus results in 

increased protein misfolding, new types of intra- and intermolecular interactions, and 

subsequent protein aggregation 2. Aggregation can in turn lead to the accumulation of a series 

of different non-native species, including transient or metastable oligomers, amorphous 

aggregates without defined structure, or highly ordered amyloid fibrils 3-6. As two common end 

deposits, amorphous aggregates, and amyloid fibrils are thermodynamically more stable than 

other aggregated species 7.    

Aging is a predominant risk factor for proteostasis collapse, which contributes to the 

development of neurodegenerative and other disorders related to protein aggregation, such as 

Alzheimer's (AD) and Parkinson's diseases (PD) 8,9. Over 35 peptides/proteins have been 
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reported to deposit as amyloid fibrils in human pathologies 8,9, including the amyloid-β (Aβ) 

peptide in AD and the α-synuclein protein in PD. Amorphous aggregates (e.g., from protein 

p53 and superoxide dismutase 1 (SOD1)), are furthermore associated with about 20 human 

diseases including cancer and amyotrophic lateral sclerosis 8. Amorphous protein aggregates 

as diffuse deposits are also known to co-exist with more compact fibrillar amyloid aggregates 

in human AD brains 10. In both cases, the Aβ peptide is a major component of the deposits 11,12. 

It has been suggested that amorphous protein aggregates can interconvert to the fibrillar ones 
7,13-15. However, the more detailed molecular understanding about the interaction between 

different types of amorphous protein aggregates, fibrillar aggregates and disease mechanisms 

remains unclear.  

Aggregation is greatly affected by other proteins in the cellular context. For example, it has 

been shown that amyloid fibril formation can be modulated by chaperone proteins 16, non-

chaperone proteins 17-19, and other amyloidogenic proteins 20-23. Prevalent molecular 

chaperones, e.g., Bri2 24-26, Brichos 27,28, αB-crystallin 29,  and DNAJB6  30, show potent anti-

amyloid activity and also decrease oligomer-related neurotoxicity 31. Some globular non-

chaperone proteins, like lysozyme and human serum albumin (HSA) 32,33, can inhibit Aβ fibril 

formation, although the molecular interaction mechanisms remain to be explored 17,18. In such 

studies, the fibrillation kinetic assays are typically carried out at 37°C in bulk solution, where 

these chaperone and globular proteins themselves are prone to the formation of mesoscopic 

amorphous aggregates 34. It is possible or even likely that aggregates of chaperone and globular 

protein may influence amyloid protein fibrillation during fibrillation assays where monomeric 

proteins are added at the starting point. Furthermore, amorphous aggregates have been 

observed in the presence of amyloid protein with chaperone or non-chaperone proteins 35. It 

has recently been suggested that intrinsic aggregation propensity is an important and general 

property of ATP-independent chaperones 35, as such chaperones are often polydisperse and 

exchange rapidly between different aggregation states 36,37. It is therefore of great interest to 

investigate further how aggregated species of common non-chaperone proteins affect amyloid 

formation.  

Here we have investigated the molecular interactions between amorphous protein aggregates, 

formed from common globular proteins, and the Aβ peptide undergoing fibrillation in vitro.  

Amorphous aggregates have been prepared from human serum albumin (HSA), β-lactoglobulin 

(BLG), and superoxidase dismutase 1 (SOD1). All these proteins are common model proteins 

for simple small soluble proteins. HSA is the most abundant protein in the human plasma 
38, and is regarded as one of the most potent Aβ sequestering systems in that it binds 90% to 
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95% of the Aβ in the blood plasma 39. SOD1 is a key antioxidant enzyme, and is also one of 

the major targets for oxidative damage in the brains of patients suffering from Alzheimer's 

disease (AD) 40,41. BLG is the major protein of milk at an approximate concentration of 3 g/l 
42. Although not being a human protein, BLG is assumed to form amorphous aggregates that 

may affect human proteins within a digestive system. We observed that all of these proteins, 

and amorphous aggregates formed from them, can suppress Aβ fibrillation and regulate the 

toxicity in neuronal cells. The fibrillation inhibition efficiency can be regulated by the size of 

the amorphous aggregates.  By using native ion mobility-mass spectrometry (MS), we revealed 

that partially unfolded BLG can form co-complexes with Aβ. Our study provides new insights 

into amyloid protein interaction with chaperone and non-chaperone proteins and delivers a 

possible molecular relationship between diffuse deposits and Aβ fibrils in AD. 

5.3 Results 

5.3.1 HSA, BLG, and SOD1 form amorphous aggregates in vitro after heat treatment 

 

Figure 1. Preparation of amorphous aggregates and their inhibitory effects on Aβ40 

aggregation. (A) Scattering intensity of size distribution (diameter, d.nm) of non-chaperone 

proteins (HSA, BLG and SOD1) under the native and amorphous states. The final 

concentration of proteins is 7.5 μM. The amorphous aggregates were prepared by denaturing 

at 60 (red line) or 95 °C (yellow line) for 30 min respectively. HSA was optimized by 

decreasing the denaturation time to 5 min at 95 °C (green line).  The native proteins were 

freshly prepared on ice as a control (blue line). (B) TEM images of 5 μM amorphous aggregates 
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of HSA, BLG, and SOD1.  HSA was denatured at 95 °C for 30 min or 5 min. BLG or SOD1 

was denatured at 95 °C for 30 min. The scale bar is 200 nm. (C) ThT (20 μM) measurement of 

Aβ40 aggregation kinetics in the presence of native or amorphous states of non-chaperone 

proteins. The measurement was conducted at 37 ℃ without agitation. The final concentration 

of Aβ40 is 10 μM with 0.5 μM non-chaperone proteins in 20 mM PB buffer (pH 7.4).   

Protein aggregates were prepared by denaturing the freshly prepared non-chaperone proteins 

(HSA, BLG, and SOD1, each at 50 µM) at 95 °C for 30 min. Denaturation at 60 °C for 30 min 

was also performed as a comparison. The size distribution of the denatured proteins was then 

analyzed using dynamic light scattering (DLS) experiments (Figure 1A). DLS analysis of HSA 

revealed a broad size distribution with two populations, ranging from 150 nm to 700 nm after 

incubation at 95°C for 30 min (Figure 1A, yellow trace). No peak for a native species expected 

to be located at around 7 nm (blue trace) was detected, which is in accordance with a previous 

study 43. This indicates substantial conversion from monomers to higher-order aggregates. The 

denaturation of HSA at 60°C for 30 min, led to aggregation into particles with smaller 

diameters (red trace). A relatively high amount of the native species was also retained after 

incubation at this lower temperature. Similar sized HSA aggregates as were obtained at 60°C 

could also be obtained by a short incubation at 95°C for only 5 min (green trace). Incubation 

of BLG and SOD1 (Figure 1A) at 95°C for 30 min led to the formation of aggregates with 

diameters of 50 nm or 300 nm. Compared to the size distribution of these samples incubated at 

60 °C, the aggregates were predominant in the solution and the relative number of native 

species was small.  

Native MS (mass spectrometry) analysis of samples similarly incubated at 95°C for 30 min 

revealed that SOD1 convert into a state with large unresolved peaks indicative of large 

aggregates, in addition to more clearly distinguishable monomeric and dimeric states (Figure 

S1A) typically detected for native wild-type SOD1 44. All signals for incubated SOD1 are 

however low in intensity, indicating that most of the protein population has converted into a 

state not observable by native MS. BLG on the other hand was observed as a wide distribution 

of charge states, corresponding to unfolded monomers, dimers, and trimers, after incubation at 

the same conditions (Figure S1B). The signal intensity was in this case high and all signals 

could be nicely resolved. It has been observed from the DLS result (Figure 1A) that a higher 

amount of BLG monomers formed the amorphous aggregates compared to the SOD1 

monomers, but a well-resolved charge state distribution including the monomers was only 

observed for BLG, but not SOD1. We assume the reason mainly attributed to the different 
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stabilities and equilibrium to the monomer or other low molecular oligomers of BLG and SOD1 

aggregates in the gas phase via the process of electrospray ionization in the native MS 

measurement. HSA could on the other hand not be sprayed and analyzed in native MS at all 

after incubation at 95°C for 30 min. These observations are in agreement with the DLS results 

(Figure 1A), as BLG is converted into smaller aggregates compared to SOD1 and HSA after 

the incubation. Further native MS experiments were thus focused on BLG.  

BLG incubation over time induced a shift from a native folded state in which monomers and 

dimers are in low charged states below, to a state where dimers dissociate into unfolded 

monomers with higher electrospray charge. Electrospray charging is dependent on solvent 

accessible surface area (SASA) and a shift from low charge states to higher charge states is 

associated with unfolding, as the detected SASA is increasing 45. The so-called Rayleigh limit 

(zR) is the highest electrospray charge state that can theoretically originate from ionization of 

a folded protein of a particular size, and charge states of higher charge than this indicates a shift 

towards more extended states (Figure S2A). Such unfolding over time was also confirmed 

using circular dichroism (CD) spectroscopy and ion-mobility (IM) spectrometry. The melting 

of the protein could be seen in CD spectroscopy as a shift from the native β-sheet structure of 

BLG into a more helical structure (Figure S2B). Unfolding of BLG with increased temperature 

was furthermore observed in IM as the drift time of ions increased (Figure S2C). Taken together 

this seems to indicate that heating of BLG results in the formation of a soluble molten globular 

state which then aggregates to form non-native oligomers and aggregates.  

The amorphous morphology of aggregates formed from these globular proteins at 95 °C was 

confirmed by transmission electron microscopy (TEM) imaging (Figure 1B). BLG and SOD1 

aggregate homogeneously after 30 min incubation at 95 °C. HSA heated at 95 °C for 30 min 

and 5 min shows different morphologies, in which the latter displays smaller aggregates in 

agreement with the DLS data. HSA incubated at 60 °C for 30 min displayed incomplete 

denaturation (Figure S3). To further demonstrate how different denaturation conditions induce 

the partially or fully denatured HSA, circular dichroism (CD) spectroscopy measurements were 

further applied. The results shown in Figure S3B exhibited the characteristic CD spectra of 

native HSA measured in the far-UV region with two negative signals at ~208 nm and ~222 nm 

and one positive signal at ~ 193 nm, attributions to the typical α-helical conformation of HSA 
46. The CD signal gradually decreased as the denaturation temperature increased from 60 °C to 

95 °C both for 30 min, indicative of the loss of the α-helix content caused by the formation of 

large aggregates over denaturation. Though the shape of CD curves remained very similar 



Chapter 5-Identifying the role of co-aggregation of Alzheimer’s amyloid-β with amorphous 
protein aggregates of non-amyloid proteins 

 

 139 

between denatured HSA at 60 °C and at 95 °C for 30 min, the TEM observation (Figure 1B & 

S3) provided complementary information to show the structural difference of the denatured 

aggregates. HSA denatured at 95 °C for 5 min showed a lower diminished CD intensity than 

the denaturation at 95 °C for 30 min, suggesting the less aggregated states of HSA at a shorter 

time. This is consistent with the TEM results in figure 1B that HSA formed a bigger size of 

aggregates when denatured at 95 °C for 30 min. These results confirm that HSA forms 

homogeneous-size amorphous aggregates after 5min incubation at 95 °C.   

5.3.2 Amorphous aggregates show better Aβ40 fibril inhibition than natively folded 

proteins 

To monitor the effects of amorphous aggregates on Aβ40 peptide fibrillation, Thioflavin T (ThT) 

aggregation kinetics assays were carried out at 37 ℃. ThT is a common fluorescence probe for 

binding amyloid fibrils with an increased emitted fluorescence. Here, Aβ40 was used instead 

of Aβ42, which was mainly due to the longer primary nucleation of Aβ40 than that of Aβ42 

under the same fibrillation conditions. The longer nucleation process would allow us to better 

determine how the amorphous aggregates affect Aβ monomeric or oligomeric species during 

the primary nucleation. Additionally, we have established a highly reproducible kinetic 

protocol for Aβ40 fibrillation based on our previous publication 16,22 but not for Aβ42 peptides, 

due to the Aβ42’s fast accumulation kinetics.  On the other hand, though Aβ42 is more toxic 

than Aβ40, Aβ40 can be substantially deposited in AD’s brain as well. Therefore, we chose 

Aβ40 peptides to understand the interactions with amorphously aggregated globular proteins 

(HSA, BLG, and SOD1).  

In agreement with previous studies 5, Aβ40 fibrillation kinetics in figure 1C can be fitted with 

a sigmoidal kinetic curve. The presence of 0.5 µM of any of the three studied globular native 

proteins led to a decrease in aggregation rate. Native HSA and BLG were particularly effective 

at decreasing the aggregation rate. The result is consistent with previous reports that the 

monomeric HSA 32,33 and BLG 17 inhibit Aβ40 fibrillation kinetics, and significantly prolong 

the lag time. The inhibitory effect on Aβ40 fibrillation increased further when SOD1 and BLG 

were pre-incubated at 95°C for 30 min before mixing with Aβ40, while proteins pre-incubated 

at 60°C had similar inhibitory effects as native proteins. This can be explained by the fact that 

DLS measurements revealed a high fraction of native species in these samples. The ratio of 

globular proteins to Aβ40 (0.5 µM:10 µM) was chosen based on our previous report that a 

series of native globular proteins can prevent Aβ40 fibrillation at a substoichiometric ratio 17. 

On the other hand, a higher concentration of globular proteins can completely suppress Aβ40 
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at both monomeric and amorphously aggregated states, in which the different effects of 

different states of globular proteins on Aβ fibrillation cannot be distinguished. The ThT results 

(Figure 1C) show that denatured and aggregated states of non-chaperone proteins show 

stronger inhibitory efficiency on Aβ40 peptides aggregation than their natively folded states.  

It was noted that the concentration of globular proteins via DLS measurements is 7.5 µM, 

which is higher than the concentration (0.5 µM) to interact with Aβ40 in the ThT assay. The 

reason we chose a higher concentration in DLS measurements is due to the low DLS signal-to-

noise ratio when the protein concentration is in the range of 0.01-0.4 µM. To further 

demonstrate the concentration variation will not change the distribution percentage of globular 

proteins in an aqueous solution, here we applied CD spectroscopy to compare the secondary 

structure of BLG between a higher and a lower concentration. The result in figure S3C showed 

that the higher concentration of BLG has a bigger CD signal intensity, but the CD signal shape 

curve was retained at the same position under these two different concentrations. This 

suggested that concentration dilution would not affect the secondary structure of the denatured 

proteins, which will not influence the proportion of aggregates in the solution.  

Aggregates of HSA prepared at 95 ℃ for 30 min, which were larger than aggregates formed 

by BLG and SOD1, did only display a marginal retardation of Aβ40 aggregation compared to 

HSA monomers. The smaller aggregates formed after incubation at 60 ℃ for 30 min did 

however prolong Aβ40 fibrillation times more than monomeric HSA. This indicates that not 

all protein aggregates are capable of suppressing fibrillation, and that the smaller amorphous 

HSA aggregates formed at 60 ℃ suppress Aβ40 aggregation more effectively compared to 

monomers, or the bigger aggregates formed at 95 ℃. We therefore further optimized the 

preparation method of HSA aggregates by reducing the denaturation time at 95 ℃ for 30 min 

to 5 min. Under these conditions, we observed formation of smaller (40 nm diameter) 

amorphous HSA aggregates with a single peak from the DLS result (Figure 1A), which indeed 

also displayed a stronger inhibitory effect on Aβ40 aggregation from ThT fluorescence assay 

(Figure S4). These results indicate an important correlation between formation of intermediate 

sized amorphous protein aggregates and Aβ40 fibrillation inhibition, that has not been studied 

before. 
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Figure 2. Native MS (mass spectrometry) spectra of BLG. Orange circles indicate BLG 

signals. Dimers are marked by double circles, trimers by triple circles. The major electrospray 

charge states are also indicated with numbers. A native BLG crystal structure 47 is shown, with 

hydrophobic residues colored orange. (A) BLG under native conditions, after 30 minutes 

incubation at 37 ℃. (B) BLG under denatured conditions, after 30 minutes incubation at 95 ℃ 

followed by 30 minutes incubation at 37 ℃. (C) BLG + Aβ40 (1:1 ratio) under native 

conditions, after 30 minutes of co-incubation at 37 ℃ after the addition of Aβ40. Aβ40 signals 

are indicated by red diamonds. An insert of the (BLG + Aβ40)+9 signal is shown (orange circle 

+ red diamond). (D) BLG + Aβ40 (1:1 ratio) under denatured conditions, after 30 minutes pre-

incubation of BLG at 95 ℃ followed by 30 minutes co-incubation at 37 ℃ after addition of 

Aβ40.  

Native MS was further used to probe if an increase in Aβ40 binding to BLG was indeed 

observed upon partial denaturation of BLG. This was done by adding Aβ40 at a 1:1 ratio to 

samples of native or partially denatured BLG, followed by incubation of the sample for 30 

minutes at 37 ℃ prior to MS analysis. BLG pre-incubated at 37 ℃ for 30 minutes (Figure 2A) 

was shown to retain the native fold. This native state includes a solution state equilibrium 

between folded dimers and monomers. Pre-incubation first at 95℃ for 30 minutes and then at 

37℃ for 30 minutes (Figure 2B) showed that also the denatured state of BLG with unfolded 

monomers and non-native trimers could still be observed. Addition of Aβ40 to the native BLG 

sample followed by pre-incubation (Figure 2C) resulted in a slight shift in the BLG dimer-

monomer equilibrium, towards the monomeric state. A small signal for a BLG-Aβ40 complex 

with charge of +9 could also be observed. The identity of this complex was confirmed using 

MS/MS (Figure S5). The shift in dimer-monomer equilibrium points towards an effect on the 
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native BLG structure upon Aβ binding. This is also further exemplified by the fact that higher 

charge states above the Rayleigh limit (zR) of the BLG monomer appear upon Aβ binding. Aβ 

binding would probably take place preferentially to hydrophobic surfaces on the globular 

protein, which would be buried in the native state. One example of such a hydrophobic binding 

site would be the dimer-dimer interface. Binding of Aβ at the hydrophobic dimer interface 

could therefore explain the relative decrease in the dimer signals.  

The formation of the BLG-Aβ40 complex was further increased if Aβ was instead pre-

incubated with the partially denatured BLG sample (Figure 2D). Binding of Aβ to BLG was 

also under these conditions detected as a +9 complex, indicating a similar binding mode. A 

plausible mechanism is thus that Aβ40 binds to hydrophobic sites which are partially buried in 

the native state, these sites become increasingly exposed upon denaturation and the amount of 

Aβ binding is consequently increased. This off-pathway binding of Aβ to BLG competes with 

Aβ-Aβ association events which are on-pathway for fibril formation.  

5.3.3 Amorphous protein aggregates delay the elongation of Aβ fibrillation 

 

Figure 3. Amorphous protein aggregates delay the elongation of Aβ fibrillation. (A) 10 

μM Aβ40 aggregation kinetics in the presence of monomeric and amorphous states of non-

chaperone proteins (HSA, BLG, and SOD1) with a concentration gradient (0.01 µM to 0.4 µM). 

(B) The seeding kinetics of 10 µM Aβ40 in the presence of 1 µM Aβ40 seeds or/and 0.5 µM 

amorphous aggregates. The seeds were prepared by taking the beginning point of the plateau 
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phase of Aβ40 fibrillation. Both measurements were conducted with 20 µM ThT in 20 mM PB 

buffer (pH 7.4) at 37 °C. 

To further test our hypothesis of how Aβ interact with partially denatured proteins and their 

amorphous aggregates, we evaluated the ThT fluorescence data further to gain insights into 

how the microscopic rate constants for Aβ40 fibrillation are modulated. This was done by 

varying the concentrations of amorphous aggregates during the ThT kinetics assay (Figure 3A) 

and then performing the global fitting of the data, as has been described earlier 48.   

Sigmoidal curve fitting was first applied to analyze the aggregation curves, yielding the Aβ40 

aggregation lag-time (tlag) and half-time (t1/2) shown in table 1 and table S1, respectively. In the 

absence of the globular proteins, 10 µM Aβ40 peptides formed amyloid fibrils with tlag and t1/2 

7.3±0.5 h and 10.4±0.5 h, respectively. Both the native and aggregated globular proteins lead 

to a prolonged tlag and t1/2 of Aβ40 fibrillation with increasing concentrations (Figure S6). The 

amorphous aggregates increased tlag and t1/2 of Aβ40 fibrillation compared to the 

corresponding native proteins. The ThT-fluorescence endpoints (Table S2 and Figure S6) for 

Aβ40 aggregation was reduced more in the presence of amorphous aggregates, compared to 

the native proteins, for HSA and BLG. In the presence of 0.1 µM HSA or 0.4 µM BLG 

amorphous aggregates, the Aβ40 peptides did not form any ThT-active material over the 

experimental time of 25 h (Table 1).  All these results demonstrate that compared to the native 

proteins, the amorphous aggregates have a stronger inhibitory activity against Aβ40 amyloid 

aggregation. 
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Figure 4. The influence of amorphous aggregates of globular proteins (HSA, BLG and 

SOD1) on secondary processes of Aβ40 fibrillation. ThT fluorescence over time was 

performed to monitor the aggregation kinetics of 10 µM Aβ40 in the absence or presence of 

amorphous aggregates (the raw data was derived from figure 3A and then global fitting was 

used on the AmyloFit online software server 48). Aβ40 alone was first fitted with a secondary 

nucleation-dominated model, from which a set of parameters including kn, k2, and k+ of 

Aβ40 fibrillation were obtained and used as the initial guess values for the following global fit.  

The kinetic data was then globally analyzed using an integrated rate law 49 by the AmyloFit 

online software server 48. Amyloid aggregates have been widely demonstrated to nucleate 

through primary (fibril independent) or secondary (fibril dependent) nucleation events, 

aggregation then proceeds by elongation of the formed nuclei 50,51. The rate of Aβ40 peptide 

aggregation is dominated by the secondary nucleation processes 16,22,51. Thus, three parameters, 

the primary nucleation rate constant (kn), the secondary nucleation rate constant (k2) and the 

elongation rate constant (k+), were obtained based on the secondary nucleation model in 

AmyloFit. The results in figure 4 show that kn and k+, rather than k2, can be freely fitted to 

explain the effects of the amorphous protein aggregates on Aβ40 aggregation. Analysis of the 

samples with the native protein species show that these also similarly affect kn and k+ (Figure 

S7).  Our data, therefore, suggest that the tested non-chaperone proteins interfere with the 

elongation process or primary nucleation of Aβ40 aggregation rather than the secondary 
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nucleation. Both the monomeric proteins and the aggregated proteins have this effect. The 

absolute effect is however larger for the aggregated species than it is for the monomeric proteins.  

To characterize which microscopic rate constant, kn or k+, is mostly influenced by these 

amorphous aggregates, seeding kinetic experiments of Aβ40 fibrillation in the presence of 

amorphous aggregates were performed. The main role of pre-formed seed fibrils is to act as 

templates for elongation. As shown in figure 3B, Aβ40 alone with the addition of seeds (red 

line) presents a concave kinetic curve as well as significantly accelerated fibrillation, indicative 

of the elongation-dominated process. This result is consistent with the previous publication 16. 

Notably, the amorphous aggregates supplemented with the seeds, especially HSA and BLG, 

prolonged the lag time of Aβ40 fibrillation than Aβ40 alone with seeds, as well as dimmed the 

lag time of Aβ40 fibrillation, compared to the unseeded samples (green line). These results 

suggest that the amorphous aggregates significantly influence the elongation process (k+) of 

Aβ40 fibrillation with seeds, due to the fact that the addition of the seeds has negligible 

influence on Aβ40 primary aggregation 52.  

Briefly, our sigmoidal curve fitting reveals that both the native species and amorphous 

aggregates prolonged the lag time (tlag, Table 1) and half time (t1/2, Table S1) of Aβ40 

aggregation within the concentration increasing.  Combined with the end-point fluorescence 

intensity (Table S2), the amorphous protein aggregates have a stronger inhibitory efficiency 

than the corresponding monomers. Global data analysis of these kinetic curves (Figure 4) 

suggests that amorphous protein aggregates influence both the primary nucleation and 

elongation processes. The seeding assay confirms the finding that the elongation process of 

Aβ40 is significantly modulated by the amorphous protein aggregates.  

Table 1. Phenomenological parameters for Aβ40 aggregation (tlag, h), calculated from the 

sigmoidal curve fitting of the ThT fluorescence kinetic assay. 

 
Concentrati

on 
 

tlag(h) 

Amorphou

s 

aggregates 

Native 

proteins 

Aβ40 10 µM 7.3±0.5 

HSA+ 

Aβ40 

0.01 µM 7.9±0.1 8.2±0.8 

0.05 µM 12.7±1.5 10.3±0.6 

0.1 µM >25 h 11.1±0.1 
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0.2 µM >25 h 11.9±1.0 

0.4 µM >25 h 16.3±1.5 

BLG+ 

Aβ40 

0.01 µM 7.9±0.2 6.5±0.9 

0.05 µM 8.5±0.5 8.6±0.3 

0.1 µM 8.9±0.6 10.2±0.8 

0.2 µM 13.1±1.2 10.7±0.3 

0.4 µM >25 h 11.5±1.8 

SOD1+ 

Aβ40 

0.01 µM 7.6±0.8 6.8±0.4 

0.05 µM 8.0±0.4 7.7±0.3 

0.1 µM 7.7±0.2 7.6±0.4 

0.2 µM 8.8±0.5 8.2±0.07 

0.4 µM 11.2±0.2 9.7±0.5 

 

5.3.4 Amorphous aggregates redirect Aβ40 aggregation towards a non-fibrillar end-state, 

but do not disaggregate mature Aβ40 fibrils 
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Figure 5. The non-fibrillar end-state of Aβ40 aggregation and the disassembility of 

mature Aβ40 fibrils by the amorphously aggregated or natively folded proteins. TEM 

images of 10 μM Aβ40 alone (A), or (B) incubating with 0.5 μM monomeric or amorphous 

non-chaperone proteins (HSA, BLG, and SOD1). The amorphous aggregates of HSA, BLG, 

and SOD1 were denatured at 95 °C for 5, 30, and 30 min, respectively. The samples are 

collected at the end-point of ThT measurement in figure 1C&S2. The scale bar is 200 nm. (C) 

The effect of amorphously aggregated or natively folded proteins (D) (HSA, BLG and SOD1) 

on the secondary structure transition of Aβ40 by the far-UV CD spectroscopy. 0.5 μM native 

or amorphous aggregated proteins (HSA, BLG and SOD1) with or without 10 μM Aβ40 were 

prepared in PB buffer (20 mM, no NaCl) after incubation at 37°C for 30 h without any shaking. 

10 μM Aβ40 monomers without incubation were taken as a control. The amorphous aggregates 

of HSA, BLG, and SOD1 were denatured at 95 °C for 5, 30, and 30 min, respectively. (E) 

Disaggregation of 10 μM Aβ40 pre-formed fibrils by adding 2 μM HSA, BLG, or SOD1 

(amorphous aggregates and monomers). Line 1 and line 2 represent the monomers and 

amorphous aggregates, respectively. The end-point ThT fluorescence intensity was presented 
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after incubating at 37 °C for 24 h. Higher fluorescence intensity indicates more fibrils in the 

solution, suggesting a lower disassembling mature fibril ability of non-chaperone proteins. 

TEM imaging was further conducted to verify Aβ40 fibril formation (Figure 5A) in the 

presence and absence of the native or amorphously aggregated proteins after 30 h aggregation, 

at 37 °C. Amyloid fibrils were observed in the presence of 10 μM Aβ40 (Figure 5A), with or 

without 0.5 μM monomeric HSA, BLG, or SOD1 (Figure 5B). In contrast, the presence of 0.5 

μM amorphous aggregates of HSA, BLG, or SOD1 only generated an end-state with 

amorphous aggregates, which is consistent with the ThT fluorescence assays that show a 

decrease in ThT active material. This shows that the observed interactions between Aβ40 and 

the amorphous protein aggregates modulate the Aβ aggregation rate and also redirect Aβ40 

aggregation into a non-fibrillar state. To further support TEM observations in figure 5B, the 

far-UV CD spectroscopy measurements were carried out by monitoring the effects of the 

amorphously aggregated proteins on the secondary structure change of Aβ40. It is known that 

under the incubation environment, Aβ monomers undergo a conformational transition from the 

random coil structure to α-helical intermediates, and gradually convert to the predominate β-

sheet-rich fibrils. We observed the structural transformation of Aβ40 alone (10 μM) after 

incubation at 37 °C for 30 h from a negative minima at ~ 198 nm (Figure 5C, black line), which 

represents the random coil structure, to a negative signal at ~ 220 nm (Figure 5C, red line), 

indicative of the formation of β-sheet fibrils. In the presence of 0.5 μM amorphous aggregates 

(HSA, BLG, or SOD1), no negative CD signal at ~ 220 nm was observed, which is in 

agreement with the TEM results in figure 5B that there were no Aβ40 fibrils observed in the 

presence of the amorphous aggregates. Instead, we observed the CD signal of HSA aggregates 

with Aβ40 at ~ 203 nm after incubation, which was located between monomeric Aβ40 (~ 198 

nm) and HSA aggregates (~ 205 nm) alone. We assume the signal at ~ 203 nm results from the 

mixture of HSA aggregates and monomeric or oligomeric Aβ40 species, but not from the 

specific single species. BLG and SOD1 aggregates also shifted the negative signal of Aβ40 

fibrils from 220 nm to ~ 200 nm, in which the solution is hypothesized to be monomeric Aβ40 

predominate. BLG aggregates slightly shifted the minima peak from Aβ40 monomers, which 

is ascribed to the structure of BLG aggregates alone. For the native globular proteins, HSA 

monomers with Aβ40 after incubation (Figure 5D) do not show the typical fibril CD signal at 

~ 220 nm, but have a very similar curve to native HSA alone, suggesting the significant 

structural overlap from native HSA. But we cannot conclude there is no β-sheet fibril in the 
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presence of native HSA proteins. The native BLG retained the Aβ40 fibril peak at ~220 nm 

and SOD1 monomers exhibited a mixture signal at ~ 205 nm. In total, the addition of natively 

folded proteins to Aβ40 induced a less shift of Aβ40 fibril signal from ~220 nm compared to 

the amorphous aggregates, representing the formation of β-sheet contents in the aqueous 

solution within the native proteins. We noticed that the intensity of CD signals in the presence 

of non-chaperone proteins both in native and aggregated states is stronger than the monomeric 

Aβ40 alone. The main reason lies in the fact that the secondary structures of non-chaperone 

proteins would overlap CD signals of Aβ40 peptides, making a higher signal than Aβ40 

proteins alone. The CD results support the conclusion that the amorphous aggregates show a 

higher inhibitory efficiency of Aβ40 fibrillation than the native ones. 

Apart from the inhibitory effect on Aβ aggregation, the disaggregating effect on the existing 

plaques is also of importance. It has been demonstrated that reversing existing plaques is less 

effective than preventing new plaque formation when it comes to potential AD treatments 53. 

Therefore, it is necessary to investigate whether amorphous protein aggregates can solubilize 

pre-formed Aβ40 fibrillar assemblies. 10 μM Aβ40 peptides were incubated until a fibrillation 

plateau was reached. 2 μM amorphous aggregates or monomeric test proteins (HSA, BLG, or 

SOD1) were added to the pre-formed mature fibrils for an additional incubation of 24 h. As 

shown in figure 5E, the remaining fluorescence intensity of Aβ40 treated with amorphous 

aggregates (Line 2) did not show a dramatic decrease, compared to Aβ40 fibrils alone. This 

indicates that the disaggregation of Aβ40 fibrils is negligible in the presence of the amorphous 

aggregates. The monomeric non-chaperone proteins (Line 1) also showed an insignificant 

effect on disaggregation against the pre-formed Aβ40 fibrils. We increased the concentration 

of these non-chaperone proteins to 10 μM with a final ratio of 1:1 to Aβ40 fibrils, however, no 

higher disassembling abilities than these of 2 μM non-chaperone proteins were observed (data 

not shown). The result indicates though the amorphous aggregates are able to disrupt Aβ40 

aggregation, their solubilization of Aβ40 fibrils is very weak.  

5.3.5 Amorphous protein aggregates retain Aβ toxicity 
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Figure 6. The toxicity of Aβ40 in the presence of amorphous protein aggregates. (A) The 

cytotoxic effect of the amorphous aggregates (HSA, BLG, and SOD1) on Aβ40-induced 

toxicity. The final concentration of Aβ40 and amorphous aggregates were 10 and 1 μM, 

respectively. All the SH-SY5Y cells were incubated in EMEM medium at 37 °C for 48 h. (B) 

Dot blot analysis of Aβ40 oligomer formation in the presence of amorphous aggregates or 

monomers. The final concentration of the globular proteins and Aβ40 was 10 and 25 µM, 

respectively. The anti-amyloid oligomer antibody A11 was used as the primary antibody.  At 

least three times were repeated for the dot blot experiment.  

We have so far shown that amorphous aggregates interact with soluble Aβ40 peptides, inhibit 

their amyloid aggregation, and re-direct them towards non-fibrillar aggregates. In order to 

investigate whether these amorphous aggregates could alleviate the toxicity induced by the 

Aβ40 peptides, cell viability assays were carried out in human neuroblastoma cells (SH-S5Y5) 

as described previously 5. To rule out the assumption whether these globular proteins alone 

(native species or amorphous aggregates) could be toxic to the cells, we first treated SH-S5Y5 

cells with 1 μM globular proteins alone for 48 h and found no effects on cell viability at this 

concentration (Figure S5A). Afterwards, these amorphous aggregates were mixed with Aβ40 

at a molar ratio of 1:10 and incubated for 48 h in the presence of SH-S5Y5 cells. Though all of 

these amorphous aggregates show similar inhibitory effects on Aβ40 fibrillation, their cytotoxic 

effects are different. The result (Figure 6A) showed that Aβ40 peptides induce higher 

cytotoxicity after the addition of HSA aggregates, while BLG aggregates almost retain and 

SOD1 aggregates alleviate Aβ40 cytotoxicity. Based on the “toxic Aβ oligomer” hypothesis 
5, we assume there are different amounts of Aβ40 oligomers induced in the presence of these 

amorphous aggregates, and the higher cytotoxicity (or lower cell viability) indicates more Aβ40 

oligomers. To support our hypothesis, a dot blot assay by using the A11 antibody, which only 

characterizes Aβ oligomers but not monomers or fibrils, was further applied. As shown in figure 
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6B, in the presence of aggregates, HSA displayed the biggest oligomer stain, indicating the 

highest generation of Aβ40 oligomers, followed by BLG, and then SOD1. Aβ40 alone has a 

similar stain as BLG aggregates, suggesting the comparable oligomers between them.  This 

result is in total agreement with the cytotoxic effects shown in figure 6A, showing that the 

lower cell viability in vivo correlates well with the higher Aβ40 oligomer concentrations 

detected in vitro.  

Native globular proteins, especially HSA and BLG, can also suppress Aβ40 fibrillation, 

however, their cytotoxic effects are different from the corresponding amorphous states. For 

HSA, the aggregates increase Aβ40 cytotoxicity while native proteins decrease it. BLG 

monomers are more efficient than the aggregates to decrease Aβ40 cytotoxicity, while SOD1 

has a reversal effect. We assume metal ions including Cu2+ and Zn2+ inside SOD1 themselves 

or the formation of the complex with Aβ40 are also involved in the regulation of cellular 

toxicity 54. The correlation of SOD1 with Aβ40 differs from HSA or BLG due to the metal ions, 

which may, at least partially, render the reversal effect of the cytotoxicity of SOD1 amorphous 

aggregates. As evidenced by the dot blot result, the main reason could be attributed to the 

production of different yields of Aβ40 oligomers induced by the different states of the globular 

proteins.  

5.4 Discussion 

 
Figure 7. A schematic illustration of the molecular pathway of Aβ40 aggregation 

modulated by the globular protein amorphous aggregates. On the contrary to the Aβ on-

pathway aggregation, the Aβ off-pathway aggregation has been observed in the presence of the 

protein amorphous aggregates. These aggregates have a size distribution from 20 nm to 300 
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nm. From the amorphous aggregates, the protein molten globule is proposed to form hetero-

oligomers with Aβ40 aggregates, leading to amorphous hetero-aggregation, inhibiting Aβ40 

primary nucleation and elongation processes, and modulating Aβ40 cytotoxicity.  

Using a range of different biophysical techniques, we have here presented an investigation on 

the effects of three selected globular non-chaperone proteins (HSA, BLG, and SOD1) on Aβ 

aggregation, both in their native state and in a denatured state where they form amorphous 

aggregates.  Our results have shown that the proteins in their denatured states were generally 

observed to be more efficient at reducing Aβ40 aggregation compared to in their native states. 

Amorphous protein aggregates ranging from 20 nm to 300 nm exhibited the optimal inhibition 

of Aβ40 fibrillation at a sub-stoichiometric ratio. Native MS and TEM imaging revealed that 

the denatured proteins can form the heterocomplexes with Aβ40 both at the microscopic 

protein-protein scale and at the mesoscopic aggregate scale. These complexes lead to the off-

pathway aggregation of Aβ40 into a non-fibrillar end-state, which is structurally distinct from 

the amyloid fibrils which are typically the end-state when Aβ40 aggregates by itself in vitro.  

Binding between Aβ and the non-chaperone proteins is increased in the denatured state, which 

could partially be due to an increase in hydrophobic surfaces in the non-chaperone proteins 

upon unfolding. From the perspective of Aβ40 peptides, the size of monomeric Aβ40 peptides 

is smaller than the native or aggregated non-chaperone proteins, thus monomeric Aβ40 would 

have a higher collision frequency with other Aβ40 proteins than with the non-chaperone 

proteins. However, the fact that non-chaperone proteins showing the effective inhibition of 

Aβ40 aggregation even with the lower frequencies of collisions implies these non-chaperone 

proteins might interact with specific oligomeric Aβ40, which have a similar size to the non-

chaperone proteins. This assumption is consistent with the previous report that HSA monomers 

have a significantly higher affinity for Aβ42 aggregates than for Aβ42 monomers 33. When 

these non-chaperone proteins become partially folded, their hydrophobic surfaces can 

favorably interact with the hydrophobic Aβ aggregates, prevent their self-association, but 

remain oligomeric Aβ42 cytotoxicity, as well as increase their solubility 55. Co-association 

between Aβ and a non-chaperone protein might however also be greatly favored by increasing 

the free energy of the non-chaperone protein by denaturation. Perturbing the protein structure 

results in a loss of favorable native interactions, which makes the system energetically 

frustrated. This is experimentally seen by the increase of BLG polydispersity as detected by 

native MS. Not only is the partially unfolded protein populating several conformational states, 

but it also populates several oligomeric states, including a non-native trimeric state (Figure 
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2B&2C). The system tries to decrease the energy of the partially unfolded protein by populating 

different non-native structures, none of which represent a particularly energetically favorable 

state 56. The binding of Aβ to the partially unfolded protein leads to a larger decrease in the free 

energy of the system compared to Aβ binding to the native protein, as the native protein is in 

itself lower in energy compared to the denatured protein. This is similar to how some 

polydisperse “holdase”-type chaperones such as DNAJB6 and crystallins have been suggested 

to suppress aggregation 35. This type of reasoning could also explain why the large HSA 

aggregates were poorer at suppressing Aβ fibrillation. Larger and more mature aggregates are 

probably more stable in themselves compared to the partially unfolded monomers and 

intermediate protein aggregates, which occur earlier in the aggregation pathway. Such “high-

energy” intermediate states of the non-chaperone proteins are thus more prone to co-aggregate 

with Aβ compared to both their native states, and their mature aggregates.  

We observed that the denatured proteins significantly reduce the rate of primary nucleation and 

elongation in the Aβ40 fibrillation process. Binding of soluble Aβ40 monomers and oligomers 

to the denatured proteins to form off-pathway states are in agreement with inhibition of primary 

nucleation. Primary nucleation can be envisioned as interactions between individual soluble 

Aβ species. Such binding to early Aβ oligomers has previously been detected for the DNAJB6 

chaperone, which specifically modulates the primary nucleation rate of Aβ 57. Inhibition of 

elongation could instead be interpreted as an interaction between the proteins and/or their 

amorphous aggregates and the Aβ fibril ends 58. It is however observed in figure 5E that the 

amorphous aggregates cannot solubilize pre-formed Aβ40 fibrils. This points towards the fact 

that the effect on aggregation does indeed originate from the earlier phases of aggregation 

where off-pathway species are generated, leading to formation of co-aggregated amorphous 

structures. This co-aggregate is probable a state where both the aggregation prone species, the 

intrinsically unstable Aβ monomer and the destabilized denatured protein, have together 

reached an energetically stable state. The mature fibrillar Aβ aggregates are on the other hand 

already in a stable state and are therefore less prone to mix with the proteins and their 

amorphous aggregates.  

Toxicity of the formed off-pathway aggregates does however differ, with hetero-aggregates of 

Aβ40 and HSA showing higher cytotoxicity to the neuronal cells than these of SOD1 and BLG. 

This illustrates that the effect on toxicity is more complex than simply redirecting Aβ 

aggregation from the fibrillar state. The dot blot assay further supports this idea, by showing 

that the effect on the formation of oligomers is different after co-incubation with different 
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proteins. The different cytotoxicities are presumably caused by different global structures of 

oligomeric complexes, responsible for lipid membrane permeabilization and other oligomer 

toxicity pathways. This could be related to various variables of the Aβ-binding protein, such as 

size, charge, hydrophobicity, or aggregate morphology. This might lead to the stabilization of 

Aβ at different aggregation states.  Our work highlights that those denatured proteins and their 

amorphous aggregates can play an important role in the modulation of amyloid protein toxicity 

and aggregation. 

Our work further illustrates how amyloid aggregation and co-aggregation are in general 

affected by the folding/unfolding and aggregation of proteins that could exist in the cellular 

environment. This would include chaperones 16,27,59,60, globular proteins17, and some 

amyloidogenic proteins 21,22. The activity of the Brichos domain, a human chaperone, has for 

example been shown to depend on its aggregation state, with the dimeric form inhibiting 

amyloid aggregation and the oligomeric form inhibiting amorphous protein aggregation 25. The 

Brichos domain does, however, unlike the proteins studied in here, inhibit surface-catalyzed 

secondary nucleation of Aβ aggregates 28. Also, the ATP-dependent chaperone Hsp70 has been 

shown to have a reversible dynamic equilibrium between monomeric, dimeric, trimeric, and 

higher-order oligomeric species in vitro 61. The small heat-shock proteins, including αA or αB-

crystallin 62-64,  also form globular assemblies including some large, aggregated clusters. It has 

been demonstrated that aggregated state of molecular chaperones shows different binding to 

the substrates and exhibits the maximum activity 65-68.  Additionally, many globular proteins, 

for example, the bovine or human serum albumin 69,70, lysozyme  70,  SOD1 71, and BLG 72 

grow supramolecular amorphous aggregates under some experimental conditions.  

Co-aggregation is also known to take place between different disease-related aggregation-

prone proteins. We have for example previously studied the co-aggregation of Aβ with tau 

protein and with insulin 20,22. Co-aggregation with tau protein can similarly redirect Aβ 

aggregation from fibrillar aggregates to amorphous aggregates. Tau also displays different 

binding affinities to different aggregated species from on-pathway fibrillation of Aβ 22.  It is 

possible that Aβ and tau aggregate into hetero-oligomers or hetero-aggregates. Hetero-

assemblies with aggregation-prone protein species have also been observed for the interactions 

of human prion protein (PrP) with Aβ as well as with the human islet amyloid polypeptide 

(hIAPP).  Upon binding to Aβ oligomer, the human prion protein changes its structure and co-

aggregates into large hetero-assemblies where the N-terminal of PrP is immobilized 73. Also, 

the prion fragment (PrP106–126) forms hetero-oligomeric aggregates with hIAPP in which 
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hIAPP converts into an amyloidogenic β-hairpin conformation 74. This comparison suggests 

that the partially unfolded high-energy molten globule state of globular proteins may display 

similarities with amyloidogenic proteins, which are also intrinsically unstable due to a high 

free energy. The molten globule state can just as amyloidogenic proteins either self-interact and 

form homo-aggregates or interact with other proteins and form hetero-aggregates. 

Both diffuse deposits of amorphous aggregates and plaque deposits of amyloid fibril have been 

observed in AD and represent two states that could form in cells due to proteostasis collapse. 

Our study demonstrates how amorphous aggregates from other proteins may interact with Aβ 

and lead to inhibition of fibrillation in favor of non-fibrillar aggregation.  Aggregates observed 

in AD patients are indeed known to contain many other proteins 75, illustrating that co-

aggregation is important to consider in the real disease mechanism. Further studies of co-

aggregation with cellular proteins and how this affects the Aβ aggregation process will 

probably be of importance for understanding the molecular pathogenesis in AD. 

5.5 Supplemental information  
The experimental section (Materials and methods) and Figures S1-8 and Tables S1-S2 are 

available in supporting information. 
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5.10 Supporting information 

5.10.1 Materials and methods 

Aβ40 and amorphous aggregates preparation 

Recombinant Aβ40 was purchased from Alexotech (purity>95 %, Umeå, Sweden). Albumin 

human (HSA, purity>96%, Cat No. A9731), β-lactoglobulin (BLG) (purity>90%, Cat No. 

L3908). Thioflavin T (ThT, Cat No. T3516) were obtained from Sigma-Aldrich (St. Louis MO, 

USA). Superoxide dismutase 1 (SOD1) was produced as described below.  1x PBS saline 

without Ca2+ and Mg2+ (Cat No. 14190144) was obtained from Gibco. All solvents and other 
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reagents were obtained from Sigma-Aldrich unless otherwise stated. All the buffers were 

filtered by 0.22 μm filter prior to use.   

1 mg Aβ40 powder was dissolved in 1 mL 10 mM NaOH and sonicated on ice-water bath for 

1 min, like the previously reported preparations 1. Then the solution was aliquoted on ice and 

stored at −80 °C.  

Recombinant full-length SOD1 was expressed and purified following an established protocol 
2. Briefly, the SOD1 protein was expressed in E-coli BL21(DE3)plysS and induced by 0.5 mM 

IPTG when an OD600 of 0.5-0.6 was reached. The cells were incubated for 4 h at 37℃, 180 

rpm and then harvested by centrifuging at 8000 g for 15 min at 4 ℃ and ultra-sonicated with 

the bigger horn on ice (1 min with three times, each 1 s sonication and 0.5 s pause).  Solid 

ammonium sulphate was added into the lysate supernatant to a final concentration of 50% and 

mixed at 4 ℃ for 2 h. The supernatant was collected and solid ammonium sulphate was added 

to a final concentration of 60% and mixed at 4 ℃ for 2 h. Afterwards, the supernatant was 

collected again and solid ammonium sulphate was added to a final concentration of 90 % and 

mixed at 4 ℃ for 2 h. The precipitated proteins were later collected by centrifuging and 

dissolved in 50 mM Tris-HCl, pH 7.5, before loading on a size-exclusion chromatography 

column HiLoad Superdex 75, 16-60 column. The SOD1 containing fractions were further 

loaded onto a 5 mL HiTrap Q FF column for further purification. The fractions with SOD1 

were verified by SDS-PAGE.  In order to lyophilize SOD1, the protein was dialyzed against 20 

mM ammonium acetate solution.  

The amorphous aggregates were freshly prepared by dissolving the powders of HSA, BLG and 

SOD1 in 1x PBS buffer on ice. The solutions were then filtered by a 0.22 μm filter. The 

concentrations were determined by measuring the UV-absorption at 280 nm using Nanodrop.  

50 μM proteins were denatured at different temperatures 60 and 95 ℃ for 30 min respectively. 

The optimized HSA amorphous aggregates were prepared by denaturing at 95 ℃ for 5 min. To 

check the size of aggregates of these denatured proteins, DLS (dynamic light scattering) was 

further used.  

Dynamic light scattering (DLS) 

To characterize the sizes of the amorphous aggregates, Malvern Zetasizer Nano S (Malvern 

Instruments Ltd., UK) with a detection angle of 173° was applied. The intensity size 

distributions of 7.5 µM denatured globular proteins of HSA, BLG and SOD1 were obtained. 
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Each sample has at least 3 repeat measurements to check the result repeatability. All 

measurements were taken at room temperature. 

ThT fluorescence assay 

To investigate the inhibitory effect of the denatured proteins (HSA, BLG and SOD1) on the 

kinetics of Aβ40 aggregation, 10 μM Aβ40 was incubated with 0.5 μM of the above globular 

proteins in 20 mM PB buffer (pH 7.4) with 20 μM ThT fluorescence dye. 45 μL of each sample 

was transferred to a 384-well black plate with a transparent bottom (NUNC, Cat No. 242764, 

Thermo Fisher). The plate was then sealed and the ThT fluorescence intensity was measured 

using a PHERAstar FSX (BMG LABTECH, Germany) microplate reader (excitation: 430 nm, 

emission: 480 nm) at 37 °C under quiescent conditions.  

To get further insight into the microscopic mechanism, another set of ThT fluorescence assays 

was prepared by using a concentration gradient (0.01, 0.05, 0.1, 0.2 and 0.4 μM) of aggregated 

HSA (95 ℃, 5 min), BLG (95 ℃, 30 min) and SOD1 (95 ℃, 30 min) incubating with 10 μM 

Aβ40 at 37 °C under quiescent conditions. The final concentration of ThT was 20 μM. The 

averaged data were normalized and then globally fitted, based on the published protocol 3.  

In the seeding assay, Aβ40 seeds were prepared by monitoring the ThT (20 μM) fluorescence 

intensity of 10 μM Aβ40 until the beginning of final phase of Aβ40 fibril formation. Then, the 

seeds were sonicated in an ice-water bath for 2 min. The final concentration of Aβ40 seeds and 

Aβ40 in the presence of 0.5 μM amorphous aggregates was 1 and 10 μM, respectively.  

To investigate the potential disaggregating effect of amorphously aggregated globular proteins, 

Aβ40 fibrils were prepared by incubating 10 μM Aβ40 with 20 μM ThT in a 384-well plate at 

37 ℃. When the fluorescence intensity of Aβ40 reached the plateau phase, the freshly prepared 

monomeric and denatured globular proteins (HSA, BLG and SOD1) were added to the mature 

fibrils. The final concentration of the globular proteins and Aβ40 were 4.5 and 9 μM 

respectively. The decreased fluorescence was monitored by the plate-reader (PHERAstar FSX, 

BMG LABTECH, Germany) at 37 °C without shaking.  

Transmission electron microscopy imaging (TEM)  

To confirm the morphology of the amorphous aggregates, 50 µM aggregated proteins of HSA, 

BLG and SOD1 were diluted to 5 µM by PBS buffer.  6 µL of the above proteins without Aβ40 

were absorbed on a freshly glow-charged 400-mesh Formvar‑carbon coated copper grid for 2 

min. The grids were then washed by 20 μL ddH2O for 30 s. 6 μL 2 % uranyl acetate were 
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stained onto the grids for 30 s twice and 20 μL ddH2O was applied to wash the grid for 15 s 

twice. Images were taken with a TEM (JEOL 2010) at an accelerating voltage of 200 KV.  

For the inhibitory effect of the amorphous aggregates on Aβ40 fibrillation, TEM samples were 

all taken from the ThT ending point and prepared as the above procedures. 

Circular dichroism (CD) spectroscopy 

The far-UV region of CD spectra was recorded from 190-260 nm on a Chirascan plus CD 

spectropolarimeter (Applied Photophysics Limited, U.K.) under constant N2 flow. The samples 

were measured in a quartz cuvette with a path length of 1 mm, using a bandwidth of 1 nm, step 

size of 1nm, and 1 s response time. The final concentration of native or amorphous aggregated 

proteins (HSA, BLG, and SOD1) was 0.5 μM in 20 mM PB buffer (pH 7.4) without NaCl.  

The samples of Aβ40 with or without native or amorphous aggregated proteins (HSA, BLG, 

and SOD1) were prepared by incubating 10 μM Aβ40 in or out of the presence of 0.5 μM native 

or amorphous aggregated proteins (HSA, BLG, and SOD1) at 37 °C without shaking for 30 h.  

The incubation buffer is 20 mM PB buffer (pH 7.4) without NaCl. Each spectrum represents 

the average of three accumulated scans. The relevant baseline was subtracted by PB (20 mM, 

pH 7.4) alone as a blank. 

Dot blot 

To determine the oligomer formation of Aβ40 with or without the presence of the amorphous 

aggregates, 25 µM Aβ40 (final concentration) was incubated with 10 µM (final concentration) 

freshly-prepared aggregated or monomeric states of HSA, BLG, or SOD1 at 37 °C for 2 h 

under quiescent conditions. A 96-well dot blot plate system (GE Whatman) with a piece of dry 

nitrocellulose (Amersham, Catalogue No 10600124) membrane was applied and each well was 

added into 50 uL of 10 times-diluted above described Aβ40 oligomer with or without the 

presence of the amorphous aggregates. A vacuum pump was used to dry the membrane for 30 

min. The blot was blocked with 5 % non-fat milk in TBS-T (20 mM Tris-HCl, pH 7.5, 0.8 % 

(w/v) NaCl, 0.1 % (v/v) Tween-20) for 1 h at room temperature. The membrane was then 

incubated with the primary antibody A11, which was diluted 1:1000 and kept in 1 % non-fat 

milk in TBS-T buffer overnight at 4 ℃. Blots were later washed 3 x 10 min with TBS-T. The 

goat anti-Rabbit IgG H&L (HRP) secondary antibody (Abcam) was diluted 1:4000 in 1 % non-

fat milk TBS-T and incubated for 1 h at room temperature. It was then washed 3x 10 min with 
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TBS-T buffer. Blots were later developed with the chemiluminescent reagent (LumiGLO, 

Chemiluminescent Substrate Kit).    

Cell toxicity 

Neuroblastoma SH-SY5Y cells were cultured in EMEM medium supplemented with 15 % 

(v/v) fetal bovine serum, 2 mM glutamine (final concentration), and 1% (v/v) 

penicillin/streptomycin. Cells were kept at 37 °C, 5 % CO2 in a petri dish. The maximum 

passage number was 15 times. 50 μL of the resuspended cells with 6000 cells/well density was 

dispensed to a 96-well plate. The plated cells were incubated for 24 h at 37 °C, 5 % CO2. The 

amorphous aggregates and monomers of HSA, BLG and SOD1 (final concentration 1 µM) in 

the presence or absence of Aβ40 (final concentration 10 µM) were added into the cells. PBS 

buffer was used as the control. Afterwards, the wells were incubated with the serum-free 

medium for 48 h. Before adding an equal volume of CellTiter-Glo luminescent reagent 

(Promega, cat. G7571) to the cell culture, the plate was equilibrated at room temperature for 

30 min. Afterwards, the plate was put on an orbital shaker for 2 min and waited for 10 min to 

stabilize the luminescent signal. The luminescent intensity was measured on the PHERAstar 

96-well plate reader. Three independent experiments were performed. 

Native ion mobility-mass spectrometry 

Samples of denatured globular proteins (50 μM) were buffer exchanged into 200 mM 

ammonium acetate pH 7.0 using Micro Bio-Spin 6 columns (Bio-Rad) for native IM-MS 

analysis. Denatured BLG was also mixed with Aβ40, to final concentrations of 10 μM BLG 

and 10 μM Aβ40 in 200 mM ammonium acetate pH 7.0. Samples were then left to equilibrate 

for 15 minutes before IM-MS analysis.  

Samples were introduced into a Waters Synapt G2S IM-MS instrument via nESI ionization 

using borosilicate emitters (Thermo Scientific). Instrument parameters were tuned to retain 

native protein behavior in the gas phase. Protein structure was monitored by IM drift time to 

ensure that instrument settings did not cause gas phase unfolding. Parameters were as follows:  

Capillary voltage 1.5 kV, Sampling cone 20 V, Source temperature 20 °C, Trap energy 5 V, 

Transfer energy 2 V, Trap Gas 10 mL/min, Helium Gas 100 mL/min, IMS Gas 50 mL/min, 

IMS Wave Velocity 900 m/s, IMS Wave Height 40 V.  

5.10.2 Results 
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Fig. S1. Mass spectra of SOD1 (A) and BLG (B) after incubation in PBS at 95 °C for 30 
minutes and then buffer exchanged into 200 mM ammonium acetate pH 7.0. Species are 
annotated as Oligomeric state+charge state, M = monomer, D = dimer, Tr = trimer, Te = 
tetramer, Pe = pentamer. The mass spectrum for SOD1 has additional broad peaks that could 
not be annotated.   
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Fig. S2. Samples of 50 μM BLG were incubated in PBS at 95 °C for 0-30 minutes and then 
buffer exchanged into 200 mM ammonium acetate pH 7.0 (for IM-MS) or 20 mM sodium 
phosphate buffer pH 7.3 (for CD spectroscopy) using micro Bio-Spin P6 columns (Bio-
Rad).MS analysis of the non-heated sample show a dimer-monomer equilibrium with low-
charged ions detected (A, top panel), indicative of folded structures. The theoretical Rayleigh 
limit (zR) was calculated to be +9 for monomeric BLG, and +13 for the dimer. zR is the highest 
theoretical electrospray charge that a folded protein of a certain mass can acquire. Charges 
higher than zR are thus likely to arise from more unstructured species. zR for the monomer is 
indicated in the figure with a red line. +9 was the highest monomeric charge state and +13 was 
the highest dimeric charge state experimentally detected for the non-heated sample. This is in 
excellent agreement with the theoretical predication. Upon heating the mass spectrum notably 
shifts towards both smaller m and higher z (A). The monomer-dimer equilibrium shifts towards 
the monomeric states, and monomeric charge states +10 to +12 appear. These higher charge 
states indicate a shift towards more unstructured monomeric species becoming populated. Also 
the dimeric species display a wider distribution of charges upon heating, indicating a wider 
ensemble of structures being populated. The signal to noise for the MS peaks become 
increasingly worse with increased incubation time, perhaps indicating a loss of protein to a 
state that can not be detected by MS. The shift in structure that is indicated in MS could also 
be detected using CD spectroscopy (B) and ion mobility (IM) spectrometry (C). CD shows a 
shift from the native β-sheet structure with a minimum around 215 nm towards a more 
unstructured/helical structure with a spectral minimum at slightly lower wavelength upon heat 
treatment. IM similarly detects a slight extension of the structure, as seen by an increased drift 
time. This is most noticeable at charges close to zR. 
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Fig. S3. (A) TEM images of 5 µM HSA denatured at 60 °C for 30 min. The scale bar is 200 
nm. (B) Far-UV CD spectroscopy of 0.5 μM HSA in the native and denatured states. Denatured 
HSA was prepared by heating at 60 °C for 30 min, or 95 °C for 30 min and 5 min respectively. 
(C) Far-UV CD spectroscopy of BLG in the native and denatured states. Two different 
concentrations of BLG (0.5 μM and 2.5 μM) were applied. Denatured BLG was prepared by 
heating at 60 °C for 30 min, or 95 °C for 30 min.  
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Fig. S4. ThT measurement of Aβ40 aggregation kinetics in the presence of HSA amorphous 
states. HSA was denatured at 95 ℃ for 5 mins. The measurement was conducted at 37 ℃ 
without agitation. The final concentration of Aβ40 is 10 μM with 0.5 μM HSA in 20 mM PB 
buffer (pH 7.4). 
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Fig. S5. MS/MS spectrum for the peak at m/z = 2522 after collisional activation in the trap cell 
of the MS instrument, confirming the identity of a BLG-Aβ40 heterodimer (+9). BLG 
monomers are annotated as yellow circles, while Aβ40 monomers are annotated as red 
diamonds.  
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Fig. S6. The lag time (tlag time, h) (A), half time (t1/2, h) (B) and the end point (C) of 
fluorescence intensity of Aβ40 aggregation kinetics in the presence of native or amorphous 
states of HSA, BLG or SOD1. The final concentration of Aβ40 is 10 μM with a varying 
concentration 0-0.4 μM above non-chaperone proteins in 20 mM PB buffer (pH 7.4).   
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Fig. S7. The influence of native folded non-chaperone proteins (HSA, BLG and SOD1) on 
secondary processes of Aβ40 fibrillation. ThT fluorescence over time was performed to 
monitor the aggregation kinetics of 10 µM Aβ40 in the absence or presence of the native 
proteins (the raw data was derived from figure 6 and then globally fitting was used on 
the AmyloFit online software server 3). Aβ40 alone were first fitted with a secondary nucleation 
dominated model, from which a set of parameters including kn, k2, and k+ of Aβ40 fibrillation 
were obtained and used as the initial guess values for the following global fit. 
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Fig. S8. The cytotoxic effects of the native and amorphous aggregates (HSA, BLG and SOD1) 
alone on SH-SY5Y cells. The final concentration these non-chaperone proteins was 1 μM. All 
the SH-SY5Y cells were incubation in EMEM medium at 37 °C for 48 h. 
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Table S1. Phenomenological parameters for Aβ40 aggregation (t1/2, h), calculated from 
sigmoidal curve fitting to Thioflavin T (ThT) fluorescence kinetic data. 

t1/2(thalf time, h) 

 Conc. 
(µM) 

Amorphous aggregates Natively folded 
proteins 

Aβ40  10.4±0.5 

 
 

HSA 

0.01 11.6±0.1 11.8±0.5 
0.05 16±1.3 12.6±0.5 
0.1 >25 h 12.9±0.03 
0.2 >25 h 14.3±1.1 
0.4 >25 h 21.3±1.1 

 
 

BLG 

0.01 9.6±0.04 8.1±0.9 
0.05 10.9±0.9 12±0.3 
0.1 11.3±0.5 12.8±1.0 
0.2 15.4±1.2 13.0±0.7 
0.4 >25 h 13.0±1.6 

 
 

SOD1 

0.01 10.7±0.8 8.8±0.3 
0.05 10.2±0.4 10.0±0.2 
0.1 10.2±0.9 10.0±0.4 
0.2 11±0.4 11.2±0.4 
0.4 14.4±0.4 12±0.3 

Table S2. Phenomenological parameter of end fluorescence point of Aβ40 aggregation in the 
presence of non-chaperone proteins, calculated from sigmoidal curve fitting to Thioflavin T 
(ThT) fluorescence kinetic data. 

End fluorescence point 

 Conc. 
(µM) 

Amorphous aggregates Natively folded 
proteins 

Aβ40 10 0.92±0.01 

 
 

HSA 

0.01 0.58±0.03 0.88±0.03 
0.05 0.29±0.03 0.68±0.05 
0.1 0.01±0.009 0.52±0.03 
0.2 0.006±0.002 0.26±0.03 
0.4 0.0007±0.0003 0.15±0.06 

 
 

BLG 

0.01 0.63±0.01 0.81±0.07 
0.05 0.69±0.02 0.77±0.02 
0.1 0.55±0.03 0.71±0.01 
0.2 0.48±0.05 0.71±0.02 
0.4 0.03±0.00 0.1±0.02 

 
 

SOD1 

0.01 0.86±0.01 0.85±0.02 
0.05 0.8±0.03 0.86±0.01 
0.1 0.79±0.07 0.86±0.01 
0.2 0.75±0.01 0.88±0.01 
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0.4 0.45±0.05 0.81±0.01 
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6.1 Abstract 

The lipid-α-Synuclein (α-Syn) interaction plays a crucial role in the pathogenesis of 

Parkinson’s disease. Here, we trap α-Syn in conjunction with an α-hemolysin (αHL) single 

nanopore-lipid to investigate the lipid binding and unbinding kinetics of α-Syn in a lipidic 

environment. The hybridized α-Syn is generated through a reaction between a 5’-thiol-

modified nucleotide oligo (dC30) and the α-Syn mutant (A140C). Owing to an applied voltage, 

single-molecule hybridized α-Syn can be trapped at the single nanopore. The trapping events 

are associated with dielectrophoretic force. The conformational switch events of α-Syn can be 

observed at the pore-membrane junction through the interpretation of blockade current 

amplitudes and dwell time. This can be related to the protein quaternary structure influenced 

by the α-Syn-membrane interaction, allowing further analysis of α-Syn conformational 

dynamics. We studied how disease-associated metal ions (Cu2+, Zn2+) modulate the dynamics 

of α-Syn at the interface of the membranes and pore, and how α-helical peptidomimetics 

stabilize the helical conformation of α-Syn in the presence of a membrane. These studies aid 

our understanding of the complexity of the interaction of α-Syn, lipid membranes, and metal 

ions, and in using peptidomimetics, a new strategy against α-Syn toxicity and aggregation is 

advanced. 

Keywords: α-Synuclein; single-nanopore; lipid bilayer; peptidomimetic; neurodegeneration 

6.2 Introduction 

Contributing to the pathogenesis of Parkinson’s disease (PD), intrinsically disordered α-

Synuclein (α-Syn), a 140-residue protein, is extensively expressed in neurons and enriched in 

the synaptic cleft 1. α-Syn consists of 3 domains: a membrane binding region with positively 

charged N-terminal residues from 1-60 2, 3, an aggregation associated central hydrophobic 

domain (NAC: from residues 61-95) and a disordered acidic C-terminal residues from 96-140 

4, 5. During aging, the protein deposits as β-sheet rich amyloid fibrils 6, with contemporaneous 

neuronal dysfunction and degeneration in the brain of PD. Although the biological role of α-

Syn remains elusive, a number of studies suggest that it interacts with phospholipid membranes 

in physiology and pathology, such as synaptic regulation and neuronal death 6, 7. In an effort to 

reveal the molecular basis of α-Syn toxicity and aggregation, the interaction of α-Syn with 

membranes has been widely explored 8-10. Several models have been presented to explain the 

α-Syn induced toxicity to lipid membranes: (1) membrane-permeabilizing toroidal or barrel 
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pores 11; (2) carpet model of disrupting and thinning membrane 12, 13; and (3) lipid extraction 

model 14. Reciprocally, the nature of the lipid membrane affects the binding, misfolding, and 

aggregation of α-Syn 15. For instance, α-Syn preferentially binds to membranes with negative 

charges and high curvatures 16. α-Syn is also reported to induce lipid expansion and lead to 

membrane remodeling 17. Additionally, the decreased α-Syn/membrane interaction can 

facilitate α-Syn aggregation and enhance the neurotoxicity 18. Folding and unfolding of α-Syn 

in a lipid membrane environment has been reported to play a vital role in toxicity yet the 

kinetics remain to be fully explored 19. It is known that the level of metal ions varies in PD 

patients and healthy brains 20, 21. For example, the cerebrospinal fluid of the substantia nigra 

from PD patients has abnormally high concentrations of Cu2+, Fe3+, and Zn2+ 22-24. In addition, 

metal chelators were able to inhibit the production of α-Syn oligomer-induced reactive oxygen 

species and meanwhile prevent oligomer-induced neuronal death 25. It suggests that metal ions 

also act as an important factor to modulate α-Syn folding, aggregation, and neurotoxicity 26. 

Overall, both the metal ions and lipid membrane interaction with α-Syn are two main factors 

that are involved in the pathogenesis of PD, either in a direct causal manner or as a consequence 

of misfolding. Thus, it would be important to investigate how metal ions modulate the α-Syn 

binding and unbinding to the lipid membranes for further understanding of the molecular 

mechanisms of α-Syn in the pathology of PD. 

Single-nanopore technologies have been used to record the interaction or aggregation among 

amyloid proteins with or without metal ions or small molecules at the single-molecule level 27-

30. The recording is on the basis of individual amyloid proteins blocking or translocating 

through a single nanopore. The dwell time and residual current of single-nanopore transient 

blockade by individual amyloid proteins can be extracted to gain an understanding of protein 

folding, topology, and noncovalent interactions of the lumen in the nanopore 31, 32. A biological 

nanopore, such as an α-hemolysin (αHL) nanopore, is an assembly of pore-forming toxins in 

reconstituted lipid membranes across cis (ground side) and trans sides (Fig. 1). Secreted by 

Staphylococcus aureus, αHL oligomerizes and self-assembles into a heptameric mushroom-

shaped β-barrel pore 33. By adding the amyloid peptides into the cis-side of wild-type αHL, 

Wang et al. investigated how amyloid proteins block or translocate the single nanopore for the 

characterization of amyloid aggregation or interaction 28, 29. As αHL pore entry (which is cis-

side in our convention) is elevated ∼5 nm above the bilayer, the trans-entrance (αHL exit) of 

the channel lies close to the bilayer surface.  When the peptides are added to the trans-side, the 

molecules, especially those preferring to interact with membranes like α-Syn 34, will easily 
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enter the channel. After the addition of α-Syn into the trans-side, Gurnev et al. observed the 

membrane-binding α-Syn, of which the C-terminal tail entered the pore and the N and NAC 

domains partitioned on the surface of the lipid membrane 10. Tavassoly et al. used the same 

setup and found that Cu2+ ions induce large conformational changes of α-Syn 35. However, in 

these cases, it is unclear how the whole sequence of α-Syn interacts with the lipid membranes 

and how metal ions regulate the entire α-Syn binding and unbinding to lipid membranes. 

Recently, Rodriguez-Larrea et al. studied the unfolding kinetics of thioredoxin (Trx) in a 

conjunction with a DNA oligonucleotide leader oligo(dC30) through a nanopore 36, 37. The 

oligo(dC30) linked Trx was added to the cis part of the chamber, where the unfolding of Trx 

only occurs without interacting with lipid membranes. Their work provides an insight into the 

unfolding kinetics of Trx without interacting with lipid membranes. The dynamics of α-Syn in 

a lipid membrane environment play a vital role in toxicity yet the kinetics remain to be fully 

explored. 

Using single-nanopore analysis, we investigated how Cu2+ modulates α-Syn dynamic lipid 

binding and unbinding states on the trans side that has a lipidic environment shown in Fig.1 at 

the single-molecular level. By conjunction α-Syn mutant (A140C) with oligo(dC30), we 

observed two step-wise blockades of single-nanopore by the oligo-linked α-Syn, which may 

be explained by single-nanopore dielectrophoresis (DEP) force model 38. In this model, the 

observed two blockade levels were caused by its interaction with the lipid membrane and 

trapped by a strong DEP force at the pore-membrane junction. We further studied two metal 

ions, Cu2+, Zn2+, and a helix mimetic compound that modulates α-Syn dynamics in a lipidic 

environment. These studies seek insights into the complexity of α-Syn interactions with lipid 

membranes in the presence of metal ions and small molecule modulators of misfolding, thus 

allowing the development of new strategies against α-Syn toxicity and aggregation.  

6.3 Results and discussion 
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Figure 1. Illustration of α-Syn-membrane interactions studied by single-molecule nanopore 

analysis. Wild-type (WT) α-Syn was added to the trans side of a single α-hemolysin (αHL) 

nanopore and induced the blockage of the αHL channel in a lipid bilayer. To study the 

interaction of full-length α-Syn with the lipid membrane, α-Syn mutant (A140C) was linked to 

oligonucleotide dC30. The conjunction α-Syn(dC30) was then added to the trans side of the αHL 

nanopore and induced the dielectrophoresis trapping of α-Syn(dC30) in lipid membranes. 

To investigate whether PD-associated Cu2+ ions modulate the binding between the lipid bilayer 

and α-Syn, we conducted a single-molecule αHL nanopore electrical recording in the presence 

of α-Syn with or without Cu2+ ions, shown in Fig. 1. The αHL nanopore was reconstituted in a 

planar lipid bilayer, composed of a mixture of neutrally charged DOPC (1,2-dioleoyl-sn-

glycero-3-phosphocholine) and negatively charged DOPG (1,2-dioleoyl-sn-glycero-3-

phospho-(1′-rac-glycerol)) with a ratio of 4:1. Though α-Syn is negatively charged (+3 net 

charge of N-terminus and -8 net charge of C-terminus), it is generally accepted that it is the N-

terminus that modulates α-Syn interaction with membranes, while the C-terminus remains 

unbound 39. Additionally, α-Syn preferentially binds to more physiologically relevant lipids 

(bilayer or small unilamellar vesicles) with anionic headgroups like PG 40, which typically 

takes up less than 30 % of lipids and has been used as a model lipid in the study of peptides 

with membrane-driven association 41, 42, cell-penetrating 43-45, and the channel activities 46. 

Thus, the mixture of DOPC: DOPG (4:1) is chosen in our setup to study the interaction of α-

Syn with lipid membranes.  
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Figure 2. (A) Representative current traces reveal the translocation of wild-type (WT) α-Syn 

through a single αHL nanopore in the presence or absence of Cu2+ ions with the applied voltage 

-100 mV. The samples were added to the trans side of the lipid bilayer, composed of DOPC 

and DOPG (4:1). (B) Left: scatter distribution of the event dwell time plotted against the 

residue current in the presence of WT α-Syn with or without Cu2+ ions. Right: residue current 

histogram in the presence of WT α-Syn with or without Cu2+ ions. (C) The conjunction α-Syn 

(A140C) with single-strand DNA oligos (dC30) through pyridyl disulfide reaction (Left) and 

α-Syn (A140C) dimer. (D) Representative current recording of a single αHL nanopore across 

a planar lipid bilayer composed of DOPC and DOPG (4:1) in the presence of α-Syn(dC30) with 

or without Cu2+ at -100 mV (Upper). (E) Illustration of α-Syn conformational switch in lipid 

membranes. α-Syn binding to lipid membranes accompanies the higher residual current. (F) 

Scatter distribution of the event dwell time plotted against the residual current in the presence 

of α-Syn(dC30) with or without Cu2+ ions. Due to the nanopore dielectrophoresis trapping, α-

Syn(dC30) binding to lipid bilayer generated a higher residual current than the unbinding state. 

Two distinct events were classified, the lipid-unbinding (red scatters) and lipid-binding events 

(black scatters) of α-Syn(dC30). (G) Residual current histogram in the presence of α-Syn(dC30) 

with or without Cu2+ ions. Similar to the presence of WT α-Syn, the addition of Cu2+ ions to 
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the hybrid α-Syn reduced the residual current of electrical recording, suggesting the different 

α-Syn conformations in the presence of Cu2+ ions. For all the nanopore experiments, the two 

sides of the chamber (cis and trans) are filled with 10 mM HEPES buffer, pH 7.4, with 1 M 

KCl. The final concentration of WT or hybridized α-Syn(dC30) and Cu2+ is 0.2 μM and 5 μM 

respectively. 

It has been reported that no blockage event for WT α-Syn in the αHL nanopore is observed 10, 

29 when the voltage is lower than 40 mV. Here, we applied the potential between the lipid 

bilayer -100 mV due to the easy observation of the full blocked capture of WT α-Syn in the 

αHL nanopore 29. Additionally, higher voltage makes current interruptions easily discernible. 

α-Syn binding to channels has also been demonstrated to vary with the bulk salt concentration 

10. The higher salt concentration makes the capture by the channel easier, due to the decreased 

Coulomb and/or solvation barriers by high salt concentrations, in which these barriers are 

suggested to control the rate of α-Syn binding to channels. We fixed the salt concentration at 1 

M, which is a standard salt concentration that has been applied in several publications 47-51.   

Fig. 2A shows transient blockade events of the α-Syn without and with Cu2+ from the trans 

side, which is consistent with the previous observation that α-Syn causes transient nanopore 

blockage 29. The final concentration of Cu2+ is 5 μM, which is far from the concentration (0.3 

mM) that Cu2+ would change the architecture of αHL nanopore and keep the current unstable 

52. The stoichiometry of WT -Syn to Cu2+ is 1:25, which is based on the previous publication 

that this ratio would induce -Syn to a more folding and compact structure 35. In the presence 

of Cu2+, α-Syn induces a lower residual current, which is shown as the red scatter distribution 

in Fig. 2B. The histogram analysis of the residual current amplitudes estimates α-Syn with and 

without Cu2+ ions to be -21 pA and -11.5 pA respectively. The lower nanopore blockage 

induced by the addition of Cu2+ ions revealed a more folded structure of α-Syn. This result is 

consistent with the previous publication that Cu2+ can induce the more -helical signal of -

Syn in the presence of lipid vesicles 53. The transient nanopore blockage may be caused by the 

translocation of α-Syn to the cis side 10. The charged C-terminus of α-Syn presumably leads 

the translocation of the full-length protein into the lumen of the nanopore. When the C-terminus 

enters the lumen, the current changes can be mainly attributed to the bilayer interaction with 

the N-terminus rather than the full-length protein. However, the transient current signal does 

not provide informative biophysical characterization for single-molecule α-Syn interaction 

with a lipid membrane.  
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To gain insights into the interaction of full-length α-Syn with lipid membranes, we linked the 

mutated α-Syn(A140C) to a single-strand 5′-thiol-modified DNA oligonucleotide dC30 with a 

hexamethylene linker which was activated with 2,2'-dipyridyl disulfide to yield 5′-S-

thiopyridyl oligonucleotides for coupling to α-Syn(A140C) (Fig. S3B) 36. Since α-Syn(A140C) 

only has one cysteine residue on the 140th amino acid alanine (A), dC30 will be coupled to the 

terminal cysteine residue (C). In this reaction, -Syn(A140C) can be dimerized through 

cysteine-cysteine (that is S-S) linkage. We fractionated hybrid -Syn(A140C)-dC30 

(abbreviation -Syn(dC30)) and -Syn dimer by ionic exchange column and confirmed -

Syn(dC30) and Syn dimer bands on the SDS-gel page (Fig. 2C). The purpose of oligo(dC30) is 

used as a leading to thread into the HL pore 36, 47, 54. When applying a negative potential at 

the trans side, the negative-charged oligonucleotides dC30 in the trans part will facilitate the 

C-terminal end of α-Syn into the channel.  Also, the N-terminal and NAC domains of α-Syn 

interact with membranes 39. In this scenario, the dC30 will get trapped in the nanopore under 

applied voltage due to -Syn N-terminal interaction with the lipids and highly negative charges 

of dC30. The trapped dC30 does not affect -Syn conformation and interaction, especially the 

interaction with lipids. The interaction can remain the protein away from the translocation into 

the nanopore and trap the single protein for understanding their interaction kinetics with lipids.  

The shorter oligo-nucleotides will be more difficult to control their passing through the 

nanopore due to the high-speed translocation and insufficient dwell time to reach analytic 

resolution 55. The oligonucleotide dC30 was chosen instead of dA30 or dT30, mainly due to 

poly(dC) giving a better discernible signal than poly(dA) 55 and a longer duration times of dC 

than that of dT 56. The purification of hybrid α-Syn(dC30) was shown on SDS-PAGE in Fig. 2C. 

The addition of α-Syn(dC30) to the trans side caused the trapping of αHL nanopore in Fig. 2D. 

This may be attributed to two factors: (1) α-Syn(dC30) released the full-length α-Syn for the 

interaction with the head group of lipid membranes; (2) with its longer sequence, α-Syn(dC30) 

had a stronger dielectrophoretic force (DEP) at the nanopore conjunction than the WT. DEP 

trapping was observed in a previous study where α-Syn could be trapped in the constriction of 

a nanopore and was considered as a reservoir−microchannel junction 29. Here, we observed two 

distinguished trapping levels in Fig. 2D-G, with approximately 10 pA current difference in the 

presence of α-Syn(dC30) but not WT α-Syn. At nanopore conjunction, a DEP of the opposite 

electric field induces particle deflection, focusing, and trapping 38. Large complexes, like α-

Syn(dC30), can be trapped in the conjunction but the smaller WT α-Syn translocates through the 

nanopore. Two different trapping events can be induced by the α-Syn interaction with the lipid 
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surface and a DEP that contributed to the binding and unbinding of α-Syn to the lipid 

membranes (Fig. 2E). The lower residue current we observed is assumed to be due to the 

folding of α-Syn.  After applying the voltage, the single-strand oligo(dC30) would drag the 

folded -Syn away from the lipid membrane, unbind to the lipid membrane and block the 

nanopore. The dwell time that -Syn trapped in the pore is the tm_unbinding in our study. Thus, 

the higher residue current indicates the oligo(dC30)-linked-α-Syn, that is α-Syn(dC30), would 

block the nanopore less. We assume that -Syn would not keep this folded state but unfold or 

change conformation and further get released from the nanopore, thus inducing the higher 

residue current. The time that -Syn remains as the unfolding state is the tm_binding, which 

was calculated from the interevent interval of two lipid-unbinding levels, that is the time 

between two times of folded -Syn trapped in the pore. The longer tm_binding indicates the 

more time that -Syn would take to recover from the unfolding state to the folding state. In this 

case, the unfolded -Syn would preferably bind to the lipid membrane, which is shown as the 

lipid-binding level in Fig.2E. The repeated two levels (lipid-unbinding and lipid-binding) 

suggest that α-Syn may display dynamics and kinetics with two conformational states while 

trapped at the lipid and nanopore conjunction. The dynamics and kinetics could be modulated 

by metal ions or small molecule ligands. For instance, shown in Fig. 2D, the inverted signal in 

the presence of Cu2+ ions represents more blockage by an α-Syn complex with Cu2+. Cu2+ ions 

refolded α-Syn in a more compacted structure with the reduced residue current and longer dwell 

time in the electrical recording in Fig. 2F-G. Analysis of these trapping events offers insights 

into the conformational dynamics and kinetics of α-Syn in the presence of lipid membranes, 

metal ions, and aggregation inhibitors.  
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Figure 3. (A) Representative current recording of hybridized α-Syn(dC30) with or without Cu2+ 

translocating a single αHL nanopore on the neutrally charged DPhPC lipid bilayer at -100 mV. 

Two distinct conformational switch events of α-Syn(dC30) were classified. The unbinding α-

Syn(dC30) to lipid membranes induced a smaller residual current than the binding conformation. 

The final concentration of hybridized α-Syn(dC30) and Cu2+ is 0.2 μM and 5 μM respectively. 10 

mM HEPES buffer, pH 7.4, with 1 M KCl was used to fill the two sides of the chambers (cis 

and trans). (B) Scatter distribution of the dwell time plotted against the residue current of α-

Syn(dC30) with or without Cu2+. The red and black scatters represent the unbinding and binding 

events respectively. (C) The distributions of residue current of α-Syn(dC30) with or without Cu2+ 

are plotted as histograms, fitting with the multiple-peak Gaussian function. 

As a control, we investigated the conformational dynamics of α-Syn(dC30) in the presence of a 

neutrally charged lipid membrane, composed of DPhPC (1,2-diphytanoyl-sn-glycero-3-

phosphocholine). Fig. 3A shows that α-Syn displays fewer binding and unbinding events in 

DPhPC lipids than that in negatively charged DOPC: DOPG (4:1) lipid membranes  (Fig. 2D), 

suggesting less completely α-Syn trapping into the nanopore. This may be explained by the 

greater association of α-Syn with a negatively charged lipid membrane, in agreement with 
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previous studies 57-59. Similar to the presence of a negatively charged lipid membrane, the 

addition of Cu2+ ions and the hybridized α-Syn to the neutrally charged lipid membrane gave 

reduced residue current in the electrical recording. This reveals both Cu2+ ions and the nature 

of the lipid determine the conformation of α-Syn. 

 

Figure 4. (A) Representative current recording of hybridized α-Syn(dC30) with or without Cu2+ 

or Zn2+ translocating a single αHL nanopore on the negatively charged DOPC: DOPG (4:1) 

lipid bilayer at -200 mV. Two distinct conformational switch events of α-Syn(dC30) were 

classified. The unbinding α-Syn(dC30) to lipid bilayers induced less blocked current than the 

binding structure. The final concentration of hybridized α-Syn(dC30) and Cu2+ or Zn2+ is 0.2 μM 

and 5 μM respectively. The two sides of the chamber (cis and trans) are filled with 10 mM 

HEPES buffer, pH 7.4, with 1 M KCl. (B) Scatter distribution of the dwell time plotted against 

the residue current of α-Syn(dC30) with or without Cu2+ or Zn2+. The red and black scatters 

represent the unbinding and binding events respectively. (C) The distributions of residue 

current of α-Syn(dC30) with or without Cu2+ or Zn2+ are plotted as histograms, fitting with the 

multiple-peak Gaussian function. The metal ions Cu2+ and Zn 2+ are obtained from CuCl2 and 

ZnSO4, respectively.  

An increased dielectrophoretic force was carried out for studying different trapping events. We 

increased the voltage to -200 mV and observed in Fig. 4A that the trapping events are similar 
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to the recording at -100 mV in Fig. 2D. However, the presence of Cu2+ ions slightly changes 

the effect of trapping at -200 mV in Fig. 4A, in comparison to the trapping at -100 mV. It 

suggests a higher voltage may give a stronger dielectrophoretic force for the trapping and 

interaction of the α-Syn moiety with the lipid membranes in the presence of Cu2+ ions. A 

plausible explanation is that α-Syn forms a folded complex with Cu2+ ions, taking a stronger 

dielectrophoretic force at a higher voltage. We compared the modulation of the α-Syn 

interaction with lipid membranes in the presence of Cu2+ and Zn2+ at -200 mV. Since the lowest 

blockade current is observed with Cu2+ this suggests a more compacted α-Syn conformation. 

Likewise, the lipid-unbinding time constant (τ1) is higher with Cu2+ than Zn2+ (Table 1), 

suggesting Cu2+ forms a more stable complex with α-Syn in the lipid membrane. This result is 

consistent with the outcome from nESI-IM-MS method that Cu2+ induced a more compact α-

Syn conformation when Cu2+ binds to α-Syn in vitro 60. 

Additionally, we found the addition of Cu2+ to -Syn induced the longer tm_binding than that 

of -Syn  alone, which means Cu2+ induced the longer time for unfolded or conformation 

switched -Syn to fold again. The main reason was assumed to be the formation of a more 

compact folded structure of -Syn in the presence of Cu2+, based on the observation of the 

lower residue current of -Syn compared to -Syn alone at the lipid-unbinding level. Such 

compact -Syn  conformation would take more time from unfolding to folding to bind to Cu2+. 

Though Zn2+ induced an even longer tm_binding compared to Cu2+, Zn2+ did not show a lower 

residue current at the lipid-unbinding level, suggesting Zn2+--Syn forms a less compact 

conformation than that of Cu2+--Syn. A plausible explanation is that Zn2+ induced different 

-Syn conformation changes from Cu2+. This conformation with Zn2+ would take more time 

for unfolded -Syn to fold again compared to Cu2+. Our trapping method as a complementary 

technique observed the dynamics of α-Syn within Cu2+ binding to lipid membranes. The 

residue current and time constant provide insight into the folding and complex stability 

information of metal ions, α-Syn, and lipid membranes. 

Table 1.  The conformational switch events of α-Syn(dC30) with or without Cu2+ at -100 mV on 

DPhPC and DOPC:DOPG (4:1) lipid bilayer. The time constant τ1_lipid-unbinding and τ2_lipid-

binding are calculated from the scatter distribution of the dwell time against the residue current, 

which was fitted by the double-exponential decay function. The rate constant is 

Kon=1/[τon×Cpeptide]. tm represents the mean value of the dwell time 29. Cpeptide represents the final 

concentration of the testing peptide in the aqueous phase. 
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 α-Syn(dC30) α-Syn(dC30)_Cu2+ α-Syn(dC30)_Zn2+ 

τ1_unbinding (ms) 0.623±0.266 1.29±0.201 0.68±0.025 

τ2_binding (ms) 0.515±0.097 1.80±0.119 4.537±0.134 

Kon_unbinding (L·ms-1·g-1) 1.60106 1.94106 1.47106 

Kon_binding (L·ms-1·g-1) 7.750105 5.56105 2.20105 

tm_unbinding (ms) 6.047±0.866 2.12±0.158 1.85±0.10 

tm_binding (ms) 2.108±0.100 4.106±0.25 12.82±0.87 
 

The single-nanopore trapping technique was further applied to investigate how small molecules, 

which can disrupt amyloid protein fibrillization kinetics, modulate α-Syn conformation in the 

presence of a lipid membrane (Fig. 5). Compound 3, an α-helical mimetic compound that can 

imitate the topography of an α-helix, is functionalized with, at physiological pH, cationic NH3
+, 

anionic COO-, and branched alkyl groups in the i, i+4 and i+7 positions respectively (Fig. 5B) 

61. Mimetic 3 is designed to target the helical surface of α-Syn comprising three amino acids 

(negatively charged Glu46, positively charged His50 and hydrophobic Ala53) that occupy the i, 

i + 4 and i + 7 positions (Fig. 5A), by forming complementary contacts. We have previously 

successfully demonstrated such an approach with islet amyloid polypeptide 62. As shown in 

Fig. 5C, compared to α-Syn(dC30) alone, the conformational switch events of α-Syn in the 

presence of mimetic 3 in lipid membranes are significantly reduced, consistent with the 

stabilization of the helical protein. Besides peptidomimetic 3, dopamine, another compound 

that kinetically stabilizes α-Syn oligomers 63-66, also reduces the binding and unbinding events 

of α-Syn to lipid membranes, but with more spikes and greater residual current, indicative of 

the weaker binding of dopamine to α-Syn than that of mimetic 3. These results suggest single-

nanopore trapping is a suitable method to characterize the effect small molecules exert on α-

Syn conformational dynamics in the presence of lipid membranes. Moreover, it may find use 

as a primary tool for the screening and optimization of aggregation inhibitors. 
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Figure 5.  (A) Schematic representation of an α-helix mimetic compound interacting with three 

residues (Glu46, His50, and Ala53) located in the α-helical region of membrane-bound α-Syn. 

(B) Structure of α-helix mimetic compound 3 with three side chains (yellow, orange and pink 

highlights) designed to form complementary contacts with residues Glu46, His50 and Ala53 

through salt bridges at i and i+4, and hydrophobic interactions at i+7. (C) Representative 

current recordings of hybridized α-Syn(dC30) in the presence of mimetic 3 or dopamine. 

Negatively charged DOPC: DOPG (4:1) lipid bilayer was formed under the voltage of -200 

mV.  

6.4 Conclusions 

Previously, single-nanopore studies characterized the conformation and dynamics of amyloid 

proteins using several heterogeneous events rather than the kinetics of a single-molecule 

amyloid protein. Here we observed the α-Syn interaction with lipids at a single-molecule level 

by trapping the molecule under externally applied dielectrophoretic force. We show that the 

conformational switch kinetics of α-Syn in the presence of lipid membranes can be extracted 

from single-molecule nanopore dielectrophoretic trapping. The binding and unbinding of α-

Syn are modulated by the charged nature of the lipids constituting the membranes and the metal 

ions. Therefore, the nanopore trapping method offers a single-molecule detection for 

understanding the kinetic conformation switch of intrinsically disordered proteins in a lipidic 

environment.  
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The limitations of our study are that binding and unbinding characteristics of trapping for 

hybridized α-Syn are under externally applied dielectrophoretic force. The external force and 

hybridization may influence the intrinsic structural properties of α-Syn in a lipidic environment. 

To address these issues future work in our laboratory will explore the use of electrode-free 

nanopore sensing 67. Additionally, the single-nanopore technique in our study still remains 

challenging to visualize the dynamics and kinetics of α-Syn, in which direct imaging would be 

more straightforward to validate these two conformational states at a single-molecule level. 

The combination of fluorescence-based diffusion method would be one potential method to 

observe the different status of molecules through the fluorescence signal changes 67, though it 

is beyond the scope of our work.  

Last, we found that disease-associated metal ions and peptidomimetic compounds modulate 

the conformational dynamics of α-Syn in lipid membranes. In principle, the method can be 

used for screening inhibitors suppressing the interaction between lipid and α-Syn, which will 

be the subject of further study. The development of microelectrode-cavity arrays, such as the 

commercial Orbit 16 TC equipped with the dedicated low-noise 16-channel amplifier,  allows 

the formation of 16 selected ion-conducting channels or pores parallelly 68. We believe that 

further parallelization of single-molecule nanopore trapping has the potential to enable high-

throughput screening of potential therapeutics against intrinsically disordered proteins in 

lipidic environments.  

6.5 Materials and methods 

6.5.1 Protein expression of wild-type (WT) αHL and WT α-Syn  

WT αHL was expressed based on the previous reports 68. In brief, αHL plasmid was 

transformed into competent E.coil BL21(DE3)pLysS cells. A single colony was cultured in 

100 mL LB medium with 100 μg/mL ampicillin at 37 ℃, 180 rpm. Once the E.coli reached an 

OD600 of 0.6, IPTG was added up to a concentration of 1 mM and the culture was incubated 

at 18 ℃, 180 rpm overnight. The cell pellet was further lysed in 50 mM Tris (pH 8.0), 500 mM 

NaCl, 10 mM imidazole and 3.8 mM DDM (n-Dodecyl β-D-maltoside, Cat.ID D310S, 

Anatrace (Ohio, USA) ) on ice.  For His-tagged αHL purification, immobilized metal-affinity 

chromatography (IMAC) was used in a high-affinity TALON (Cobalt) resin (Sigma-Aldrich). 

The imidazole gradient elution with concentrations of 20 mM, 50 mM and 500 mM was applied 

for purifying αHL monomers from heptamers in 50 mM Tris buffer (pH 8.0), with 500 mM 

NaCl and 3.8 mM DDM. The purified proteins were aliquoted and stored at -80 °C. SDS-PAGE 

gel electrophoresis (Bio-rad, 4-20 % Mini-PROTEAN® TGX™ Precast Protein Gels) at 200 
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mV was implemented to verify the protein purification. The protein concentration was 

determined by Nanodrop at 280 nm.  

The primary procedure of WT α-Syn plasmid transformation is similar with αHL. IPTG (final 

concentration 1 mM) was added into the overnight culture of transformed BL21(DE3)pLysS, 

after the E.coli reached an OD600 of 1.04. After 4 h incubation at 37 °C, 180 rpm, the cell 

pellet was harvested at 4°C. Osmotic shock purification was carried out. 1L cell pellet was 

suspended in 100 ml, 40% sucrose osmotic shock buffer with 30 mM Tris, pH 7.2, and 2 mM 

EDTA disodium.  After the incubation for 10 min at room temperature, centrifugation at 12,000 

rpm for 20 min was applied for recollecting the pellet, then subjected to 90 ml cold water with 

37.5 μl of saturated MgCl2. After 3 min incubation on ice, the periplasm α-Syn proteins were 

collected in the supernatant by centrifugation at 12,000 rpm for 20 min. After dialyzed in 20 

mM Tris buffer, pH 8 overnight, α-Syn was eluted in a 0-0.5 M NaCl gradient in 20 mM Tris, 

pH 8.0 by ion-exchange chromatography (IEX) on a 5 mL HiTrap Q-Sepharose Fast Flow 

column (GE Healthcare). Fractions containing a large amount of α-Syn were collected and 

precipitated by adding the saturated ammonium sulfate solution (4.3 M at room temperature) 

until 50% saturation (1:1) was reached. The precipitated α-Syn was dissolved in 20 mM Tris 

(pH 7.2) and subjected to size exclusion chromatography (SEC) on a GF Hiload Superdex 75 

16/60 column (GE Healthcare), and eluted with 20 mM Tris, pH7.2. After the SDS-PAGE gel 

electrophoresis (4–20% Mini-PROTEAN® TGX™ Precast Protein Gels), fractions containing 

α-Syn were aliquoted and stored at -80 °C. 

6.5.2 The purification of α-Syn conjugated with nucleotide oligo (dC30)  

The residue Ala140 of α-Syn was mutated to Cysteine by using a Quick Change II XL site-

directed mutagenesis kit (Stratagene) and confirmed by the sequencing. The plasmid 

containing α-Syn A140C was expressed and purified as WT α-Syn protein production 

mentioned above. Prior to the conjunction, α-Syn A140C protein was reduced in the presence 

of DDT and purified by using size exclusion chromatography (Superdex 75 Increase 10/300 

GL, GE Healthcare). Oligo(dC)30 was reacted with α-Syn A140C by using established 

protocol reported previously 69. Briefly, 2,2'-Dipyridyldisulfide (Sigma-Cat.ID: 8411090005) 

was used to activate 5’-thiol (hexamethylene linker)-modified oligo(dC)30 (Integrated DNA 

Technologies) and 10 mM DTT was subsequently applied for the reduction of the activated 

oligos for 1 hour. The oligos were separated from DTT by size-exclusion chromatography 

(Superdex 75 Increase 10/300 GL, GE Healthcare) and reacted with purified α-Syn A140C for 
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16 h at room temperature. The final product was purified by 0-1 M KCl gradient elution with 

HiTrap Q FF ion exchange column, GE Healthcare) in 10 mM Tris pH 8.0 with 1 mM EDTA 

and verified by SDS-Page gel and LC-MS.  

6.5.3 Preparation of lipid bilayer  

A mixture of 20 mg/mL DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Cat.ID 850375P, 

Avanti Polar Lipids (Alabaster, AL)):DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-

glycerol), Cat.ID 840475C, Avanti Polar Lipids (Alabaster, AL)) (in a ratio of 4:1) in 

chloroform was prepared in a glass vial, and dried by the N2 gas. To completely remove the 

chloroform, the glass vial was transferred to a vacuum desiccator for 4 h. Pentane (99%, Sigma-

Aldrich,) was added to dissolve the dried lipid film of DOPC:DOPG mixture or DPhPC lipid 

powder at a concentration of 10 mg/mL. The black lipid bilayer was formed by using Montal 

and Mueller method 70 with 5 µL DOPC:DOPG (4:1) or DPhPC in two compartments (cis or 

trans) of the home-made chamber. The chamber was separated by a 25 μm thick Teflon film 

(Good Fellow Inc., #FP301200) with a 100 µm aperture. The single-channel electrical 

recording was carried out in 500 µL, 10 mM Hepes buffer, pH 7.4, with 1 mM KCl. The 

aperture was pretreated with 0.5 µL, 2 % (v/v) hexadecane/pentane mixture and was dried 

immediately by N2. The electrical signals were collected through a pair of Ag/AgCl electrodes 

separately into the cis- and trans-compartments. The cis side was defined as the grounded side 

and a voltage potential was applied to the trans side. It means that the positively charged 

analytes can translocate from trans to cis through the bilayer. 

6.5.4 Single-channel recording and data analysis 

The single-channel recordings were conducted in a whole-cell mode with a patch-clamp 

amplifier (Axopatch 200 B, Axon instrument, Molecular Devices, CA). For data acquisition, a 

DigiData 1440 A/D converter (Axon) was equipped with a PC, where the pClamp and Clampfit 

were installed for the data process. The purified αHL in 50 mM Tris buffer, pH 8.0, with 500 

mM NaCl, 500 mM imidazole, and 3.8 mM DDM, was diluted to 1 μg/mL. 2 μL αHL proteins 

were added to the cis part of the chamber for a single nanopore formation. The purified protein 

was added into the trans part of the chamber with a final concentration 0.2 μM. The ratio of 

protein and metal ions is 1:25. All the experiments were carried out at room temperature. 

6.5.5 LC-MS (Liquid chromatography–mass spectrometry) 
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The molecule weight of purified proteins including WT αHL, α-Syn and nucleotide oligo 

(dC30) conjuncted α-Syn were identified by LC-MS. ESI-TOF MS (LCT Premier Mass 

Spectrometer, Waters AG, Baden-Dättwil, Switzerland) was combined with the LC (Waters 

2795). A gradient of ACN/water in the presence of 0.1% formic acid was prepared for the 

MassPREP Phenyl Guard Column (Waters n°186002785) or the C18 Aeris widepore column 

(Phenomenex). The obtained MS spectrums for multiply charged protein ions were 

deconvoluted by using MAxent1 software to obtain the protein mass. The LC-MS results were 

shown in the supporting information Fig.S3.   

6.5.6 Synthesis of helix mimic compound 3 

The synthesis procedure is followed by the previous publication 71.  
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6.9  Supporting information 

 

Figure S1. The purification of His-tagged WT αHL. Imidazole concentration gradient (20, 50 

and 500 mM) was applied to elute αHL monomers and heptamers in the buffer of 50 mM Tris 

(pH 8.0), 500 mM NaCl and 3.8 mM DDM. Total 6 mL elution buffer was used to elute the 

supernatant from 100 mL culture for each imidazole concentration. The 1st and 6st  mL elution 

buffer with different imidazole concentration was run on SDS-gel separately.  
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Figure S2. Deconvoluted mass spectrum of the purified WT αHL. LC-MS was conducted to 

confirm the molecule weight (MW) of αHL. The experimental molecule weight (MW) of αHL 

is 34993, compared to theoretical MW 34991 Da.  
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Figure S3. (A) The protein sequence of hybrid αSyn(dC30).  The residue Ala140 of α-Syn was 

mutated to Cysteine (C) (Red). The linked oligo(dC30) is marked as blue. (B) Thiol–Disulfide 

interchange reaction was used to link αSyn(A140C) to C30 with 5′-thiol hexamethylene linker 

through 2,2′-dipyridyl disulphide. (C) Deconvoluted mass spectrum of the purified nucleotide 

oligo (dC30) conjucted α-Syn. LC-MS was conducted to confirm the molecular weight. The 

theoretical molecular weight is 23355 Da, which is made up of three parts: αSyn(A140C) 

14547 Da, C30 8692 Da, and 5′-thiol hexamethylene linker 116 Da. The experimental 

molecular weight is 23368 Da and is slightly different from the theoretical one. It might be 

caused by the pronation. The isoelectric point (pI) of αSyn(dC30) is 4.74. 
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Chapter 7 
7 Summary and perspective  

The aggregation and accumulation of neurodegenerative-associated peptides to form the toxic 

amyloid oligomers and protofibrils inducing a progressive failure of the proteostasis network 

plays an important role in disease-relevant neurotoxicity. The transiency and structural 

heterogeneity of amyloid oligomeric aggregates hinders elucidating the exact mechanism of 

oligomer-induced neurotoxicity and impedes further bringing forward the diagnosis and 

subsequent therapy of neurodegenerative diseases. This thesis aimed to present a detailed 

understanding of the connection between amyloid assembly and toxicity through the 

characterization of amyloid oligomer formation and interferences, helping provide the 

perspectives on the future direction of diagnosis and subsequent therapy for curbing the 

progression of neurodegenerative diseases. 

Based on my work, several following conclusions were proposed in my thesis. First, in the 

second chapter, single-molecule techniques (SMTs) provide complementary tools to the 

regularly used bulk techniques to characterize the biophysical properties of transient amyloid 

aggregates to correspond to the neurotoxicity in neurological disorders. Additionally, we 

present a series of evidence to show the indispensable role of SMTs in determining the 

oligomers binding to membranes, which manifest the permeabilization (membrane pore 

formation or membrane-thinning) of cellular membrane induced by amyloid oligomers as the 

main reason for disrupting cellular homeostasis.  We summarized the detection of different size 

distributions of aggregates in different stages of neurodegenerative diseases like AD and PD 

via SMTs and proposed the feasibility and possibility assisted by SMTs to analyze their 

responses to toxicity (inflammation response, Ca2+ influx, or neuronal death) as complementary 

diagnostic criteria to enhance cerebrospinal fluid (CSF) biomarkers accuracy, besides the 

detection of the overall levels of CSF biomarker.  However, the structural information of 

neurotoxic-associated oligomers obtained from these SMTs mentioned in the second chapter 

is limited, and the detailed knowledge of structure is known to be essential for further structure-

based drug or antibody design and even potential therapies for neurodegenerative diseases. 

Thus, in the third chapter, we reconstructed a novel protein scaffold αHL for generating and 
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stabilizing a single Aβ42 oligomer for biochemical characterization and structural 

determination. The oligomerization of Aβ is determined by the sequence itself and the scaffold 

only determines its stoichiometry. Our hybrid Aβ42 oligomers retain the membrane-

permeabilization ability with a similar channel conductance to the wild-type (WT) Aβ42 

oligomers and share the structural similarities with WT Aβ42 oligomers on the β-barrel part. 

Single-particle Cryo-EM analysis presented a shorter length (35.5 Å) and a similar inner 

diameter (27.4 Å) of the largest circular cross-section of reconstituted Aβ42 oligomers, 

compared to the WT αHL barrel (47.8 Å high and 23.8 Å wide). The hybrid construct 

contributes to understanding membrane protein oligomerization in lipid membranes, especially 

with regard to the β-sheet-containing proteins that appear to form polymorphic ion channels.  

We hope that the well-defined stoichiometric αHL-displayed oligomers can be used as a 

mimetic antigen to allow the development of novel, conformation-specific antibodies. 

However, one of the disadvantages of our scaffold is that the moiety of αHL only allows one 

aggregate species formation and no other oligomeric states. This limitation might influence the 

further understanding of the molecular mechanism of oligomer-induced neurotoxicity in 

cellular membranes. It is believed that membrane permeabilization induced by native amyloid 

oligomers is one of the main toxic mechanisms in progressive neurodegenerative disorders. 

Thus, in the fourth chapter, we employed the single-channel electrical recording technique to 

understand the membrane poration mechanism of truncated prion proteins in a lipid bilayer. 

We found that the primary N-terminal domain (residues 23-50) of prion fragment is essential 

for prion proteins permeabilizing lipid membranes, and the other N-terminal and C-terminal 

extended functional segments down-regulate the channel activity, thus might modulate the 

pathological effects of prion-medicated neurotoxicity. The observed pore formation of the 

primary N-terminus (residues 23-50) by cryo-EM images further supports the toxic oligomer 

hypothesis that the prion oligomers permeabilize cellular membranes to generate pores or 

channels and cause cell dysfunction. Our results provide insights into the new treatment or the 

drug screening that targets the toxic primary N-terminus and not other fragments. In summary, 

these three chapters provide information on understanding the amyloid oligomer formation by 

reviewing biophysical characterization, exploring structural determination, and membrane 

permeabilization verification.  

Amyloid aggregation can be regulated by chaperones, non-chaperones, or other amyloidogenic 

proteins in vitro and in vivo. The fibrillation kinetic assays are typically carried out in vitro, 
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where these proteins themselves are prone to the formation of mesoscopic amorphous 

aggregates due to a lack of proteostasis. In our fifth chapter, we applied a series of biochemical 

and biophysical techniques to clarify the relationship between the amorphous aggregates and 

plaque deposits of the amyloid fibril, which are two typical forms observed in the AD brain. 

Our study demonstrates that as a byproduct, partially folded intermediate states of proteins 

from amorphous aggregates are more prone to co-aggregate with Aβ40, compared to the native 

states and their mature aggregates. The off-pathway hetero-aggregation significantly reduces 

the rate of primary nucleation and elongation in the Aβ40 fibrillation process and meanwhile 

modulates Aβ40 cytotoxicities presumably caused by the formation of oligomeric complexes, 

responsible for lipid membrane permeabilization and other oligomer toxicity pathways. The 

co-aggregation can be of high potential for AD therapeutics and importance for the 

understanding of molecular pathogenesis in AD. In addition to globular proteins, some 

environmental factors, such as metal ions and lipids, also modulate amyloid protein 

aggregation and misfolding. To understand how metal ions modulate amyloid protein 

interaction with a lipid membrane, in our sixth chapter, we linked α-Syn with a single-strand 

DNA oligonucleotide dC30 (oligo(dC30)) and employed the single-molecular nanopore 

technique. Oligo(dC30) was trapped in the nanopore, allowing us to understand one α-Syn 

protein binding and unbinding to lipid membranes at the single molecular level. We found that 

metal ions can regulate α-Syn conformational switch in lipid membranes. Cu2+ ions refold α-

Syn in a more compacted structure and form a stable complex with α-Syn than Zn2+ ions in the 

lipid membrane. We also showed that single-nanopore trapping is suitable to characterize the 

effect small molecules exert on α-Syn conformational dynamics in the presence of lipid 

membranes and the potential of being used as a primary tool for screening and optimizing 

aggregation inhibitors.  

In conclusion, this thesis talked about the characterization of biophysical properties of amyloid 

proteins, including a systematical review of the application of single-molecular techniques on 

amyloid oligomers and the diagnostic perspectives in chapter 2. Additionally, we explored the 

amyloid oligomeric formation and interferences from different scopes in chapters 3-6 to 

understand the connection between amyloid assembly and neurotoxicity. Our results provide 

the new design ideas to study the heterogeneous amyloid system such as the oligomer 

stabilization, the off-pathway co-aggregation, the membrane permeabilization, and lipid 

membrane interaction. These results certainly enhance the deep understanding of the toxic 
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pathogenic molecular mechanisms of protein misfolding diseases and present the perspectives 

on the future potential diagnosis or even subsequent therapy for these diseases.  
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