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Abstract

Molecular mechanism of diseases like Alzheimer’s disease (AD) and Parkinson’s diseases (PD) 

is associated with misfolding of specific proteins, such as amyloid beta (Aβ) proteins in the 

case of AD, followed by their self-assembly into toxic oligomers along with the formation of 

amyloid fibrils assembled as plaques in the brain. Interaction of Aβ with membrane can lead 

to membrane damage; this process is considered as the major factor associated with the AD 

development. Additionally, membrane can facilitate the aggregation process of Aβ proteins. This 

important property of membranes is discussed in this review. A specific emphasis is given to the 

recently discovered property of cellular membranes to catalyze the initial step of Aβ aggregation 

process by which self-assembly of Aβ can be observed at physiologically low concentrations of 

Aβ proteins. At such low concentrations, no spontaneous aggregation occurs in the bulk solution. 

This fact was a major weakness of the protein aggregation model for AD. The catalytic property of 

membrane surfaces towards Aβ aggregation depends on the membrane composition. This finding 

suggests a number of novel ideas on the development of treatments and preventions for AD, which 

is briefly discussed in the review.
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Introduction

The self-assembly of misfolded proteins resulting in the formation of protein aggregates 

leads to a variety of human disorders, including fatal neurodegenerative diseases like 

Alzheimer’s disease (AD), Huntington’s disease, and Parkinson’s disease (PD) [1–3]. The 

formation of amyloid plaques in the AD patient’s brain has been attributed as one of 

the major pathogenic signatures of the disease [4]. Growing evidence directly points out 

the involvement of protein oligomers in the development of protein misfolding diseases, 

including AD and PD. Numerous studies have tested the effect of various factors, including 
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the protein monomer concentration, presence of metal ions, pH of the medium, and 

interaction with small molecules-that influence the aggregation kinetics [5,6]. However, 

very limited knowledge is available regarding the molecular mechanisms behind the disease 

development. The amyloid cascade hypothesis (ACH) which was proposed more than a 

quarter-century ago [7] remains as one of the major models for AD pathology and other 

neurodegenerative diseases [7–11]. The spontaneous assembly of amyloidogenic proteins to 

form the protein oligomers has been assigned as the main event for disease development 

in ACH model. Based on this model, efforts have been made to decrease the concentration 

of amyloid proteins for decelerating the aggregation process. However, drug development 

focused towards decreasing the Aβ concentration, as well as disaggregating the plaques, has 

failed [12,13], which challenges the validity of ACH. Indeed, all amyloidogenic proteins are 

functionally important proteins in the monomeric state. Therefore, positive functional roles 

of amyloid protein monomers could be hindered by decreasing the concentration. Another 

major problem that remains with ACH [9] is the high concentration of Aβ. Most of the in 
vitro studies have been carried out in high micromolar concentration range. However, the 

physiological concentration of Aβ is in low nanomolar to picomolar range [14–17]. It raises 

the question of how Aβ proteins assemble into oligomers at such low concentrations. These 

limitations of ACH demonstrate the necessity of an alternative model for AD development. 

Intracellular conditions, such as the protein crowding effect, facilitate the self-assembly 

of amyloidogenic proteins and membrane surface is another important cellular component 

contributing to the aggregation.

In this review, we will mainly focus on the studies (i) showing the catalytic effect of 

surface and cellular membrane towards the aggregation of amyloid proteins and (ii) how the 

protein-lipid membrane interaction leads to the cytotoxicity.

Surfaces as Catalysts for Amyloid Aggregation at Physiologically Relevant 

Low Concentrations

The major limitation of the ACH in explaining the neurodegenerative disease development 

is the in vivo concentration of amyloidogenic peptides, which is several orders of magnitude 

below the critical concentration required to form the aggregates observed in post-mortem 

brains. This limitation can be dramatically reduced by considering a novel aggregation 

pathway where the amyloid proteins interact with the surfaces. It is observed that α-Syn 

dimers can be formed at nanomolar concentrations when the target monomer is tethered 

to a surface [18]. This result gave the first indication for the hypothesis that binding of 

the amyloid proteins to the surface can dramatically enhance the aggregation processes. 

To test this hypothesis, atomic force microscopy (AFM) was applied to directly visualize 

the surface-mediated aggregation at the nanomolar range for full-sized Aβ42, the Aβ (14–

23) peptide, and α-Synuclein (α-Syn) protein [19]. The time-lapse experiments of the 

on-surface aggregation demonstrate directly that the aggregation of these proteins occurs at 

concentrations as low as 10 nM with no visible aggregation in the bulk solution. Gradual 

increase in both number and size of the aggregates were observed, indicating the surface-

catalyzed aggregation process. Time-lapse experiments, in which a selected area was imaged 

continuously, revealed an important property for the on-surface assembly of aggregates 
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– they can dissociate from the surface, creating a pool of aggregates in bulk solution. 

This property was confirmed by direct measurement of the concentration of aggregates in 

bulk solution. Thus, on-surface aggregation is the mechanism by which amyloid oligomers 

in solution can be produced, regardless of their low concentration. This conclusion is in 

line with a recent publication [20] in which aggregation of Aβ40 and Aβ42 peptides at 

nanomolar concentrations was detected with the use of a single-molecule fluorescence 

approach. A theoretical model that offers a molecular explanation has been proposed 

in paper [21]. According to this model, monomers transiently immobilized to surfaces 

increase the local monomer protein concentration and thus work as nuclei to dramatically 

accelerate the entire aggregation process. This theory was verified by experimental studies 

using mica surfaces to examine the aggregation kinetics of amyloidogenic α-Syn and non-

amyloidogenic cytosine deaminase APOBEC3G.

Interaction of Aβ with lipid membrane

Cellular membrane is a complex system, so simplified models like vesicles, micelles, 

supported lipid bilayer (SLB) nanodiscs have been used to mimic the membrane 

environment [22–25]. AFM imaging was applied to visualization of interaction of 

smooth, homogeneous SLB is prepared to directly visualize the aggregation of 

Aβ42 protein with phospholipid bilayers containing 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) [22]. 

These methodological advances allowed the authors to directly visualize aggregation of 

Aβ42 at concentrations as low as10 nM, which is very close physiological ones. In all 

cases, aggregates have been observed to be mainly oligomers, no fibrils have been detected. 

The presence of 150 mM NaCl further increases the on-membrane aggregation [26]. Lipid 

vesicles have also been used to probe the aggregation kinetics of Aβ, and the acceleration of 

the aggregation has been observed [27]. David, et al. showed that the enhanced aggregation 

rate is mainly initiated by vesicle-fibril interaction. Zwitterionic 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) vesicles do not alter primary nucleation step; rather, monomer 

dependent secondary nucleation on the fibril surface helps to enhance the overall rate of 

aggregation [27]. The role of membrane curvature in the aggregation of Aβ has also been 

monitored. A smaller liposome having larger curvature has been found to accelerate the 

aggregation of Aβ40 by shortening the lag phase [28]. The effect of the thickness of lipid 

bilayer towards Aβ aggregation has been tested by assembling vesicles with different acyl 

chain lengths. 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) vesicles with shorter lipid 

chains inhibited the amyloid fibril formation by stabilizing disordered aggregates, whereas 

conventional bilayers with DOPC and POPC facilitated fibril formation [29].

Numerous reports indicate that the composition of the membrane plays a significant role 

in the development of the disease state by facilitating the formation of Aβ oligomers 

[30]. Lipid rafts are a microdomain in the membrane which are rich in cholesterol and 

sphingolipids and serve a critical role in neuronal functions. Cholesterol was known to 

modulate the Aβ interaction with lipid bilayers [31]. In addition, cholesterol depletion in 

hippocampal neurons reduced the production of insoluble Aβ [32]. Recent studies show 

that cholesterol in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles plays a 

catalytic role in enhancing the aggregation of Aβ by increasing the primary nucleation rate 
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20 fold [33]. However, the role of cholesterol in Aβ self-assembly has been controversial, 

and conflicting results are reported. Increase in the level of cholesterol in neuroblastoma 

cells has been found to inhibit the binding of Aβ with gangliosides [34]. Such results 

demonstrate that it is not a single component of lipid bilayer that modulates Aβ aggregation; 

rather, multiple components in the bilayer are involved. This led to investigation of the role 

of different lipids for the development of AD. It has been found that the level of gangliosides 

[35], which are glycosphingolipids, predominantly found in the central nervous system has a 

direct relation to AD pathology. A recent study shows that Aβ binds with GM1 cluster, and 

it is the Aβ monomer which is mainly involved in the binding, not the oligomers [36]. GM1 

enriched membrane induced the fibril formation and oligomer deposition [37]. Ganglioside 

bound Aβ has been found to possess strong seeding ability towards amyloid formation [38]. 

This evidence points out that different membrane components have a crucial and decisive 

role towards the formation of Aβ aggregates.

α-Syn Aggregation on the Membrane Bilayers

Catalytic effect of lipid membrane in α-Syn aggregation has also been observed [39]. Time-

lapse AFM imaging has shown that 10 nM α-Syn can form oligomers when exposed to 

POPC, POPS and POPC-POPS (1:1 mol) mixture SLB. More aggregates accumulated over 

time, as well as the size of aggregates. Very few aggregates were found in the absence of a 

phospholipid bilayer in a 10 nM solution of α-Syn incubated under the same conditions. The 

aggregation propensity depends on the bilayer composition, demonstrating that a negatively 

charged POPS surface catalyzes the aggregation process much faster than the overall neutral 

POPC surface. The dynamics of the aggregation process in which assembled aggregates 

dissociate from the surface was observed for these bilayers and α-Syn. Thus, cellular 

membranes, regardless of the low concentrations of the protein, catalyze the conversion 

of monomeric α-Syn to oligomeric aggregates; the membrane composition contributes to 

the efficiency of aggregate assembly, and assembled oligomers can dissociate from the 

membrane to the solution.

Computer simulations were applied in paper [39] to reveal the underlying molecular 

mechanism of α-Syn aggregation on the bilayer surface. Computational modeling revealed 

that dimers of α-Syn assembled rapidly through the membrane-bound monomer on POPS 

bilayer due to an aggregation-prone orientation of α-Syn. Interaction of α-Syn with POPC 

leads to a binding mode that does not induce a fast assembly of the dimer. Membrane 

induced structural alterations of α-Syn have also been reported. The N-terminus of the 

protein has been identified as the essential part for both lipid binding and formation of 

α-helical structure [40]. α-Syn forms curved α-helices ranging the residues Val3-Val37 and 

Lys45-Thr92 when bound to micelles [41].

The overall conclusion of these studies was that phospholipid bilayers dramatically facilitate 

aggregation of α-Syn on the surface, with aggregates forming at concentrations as low as the 

nanomolar range. The membrane composition defines the aggregation catalytic properties of 

the membrane. This is a novel pathway for the spontaneous assembly of amyloid oligomers 

at physiologically relevant concentrations.
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Changes in both protein and membrane structure as a cause for toxicity

The interaction of Aβ with the lipid membrane is considered to have a two-way effect 

toward the disease development: (i) it changes the protein conformation in such a way that 

the changed Aβ structure triggers the oligomer formation, and (ii) the formed oligomers 

can alter the membrane structure to initiate the toxicity (Figure 1). Molecular dynamics 

simulations show that the transient interaction of Aβ with POPC has an extensive effect 

towards generating β-structure in the protein, which has never been seen in solution [26]. 

The β-content increases up to 17% as the peptide transiently interacts with the POPC 

bilayer. The interaction is mainly focused towards the N-terminal and residues of the central 

20–30 segment. This Aβ conformation with higher β-content rapidly forms a dimer with a 

free monomer. Similar interaction between Aβ and lipid bilayer has been observed to induce 

trimer and tetramer formation [26].

This enhanced rate of oligomer formation is proposed to be one of the potential causes 

for membrane disruption, which is thought to be the major pathway for cytotoxicity. Aβ 
induced membrane disruption of PC-PS-ganglioside containing large unilamellar vesicles 

has been identified as a two-step process, where initial ion selective pores are formed in the 

membrane, and later nonspecific fragmentation of the lipid membrane takes place during 

fibril formation [42]. The binding of Aβ oligomers to the large unilamellar vesicles (LUVs) 

induce the calcein release, directly showing the disruption of membrane structure [43]. A 

detergent-like effect of Aβ has also been reported on lipid bilayer where the oligomers 

damage the bilayer integrity, and lipid extraction has been observed [44].

Membrane permeabilization by α-Syn aggregates is also thought to be one of the major 

pathways for generation of cytotoxicity. Protofibrilar aggregates of α-Syn are observed to 

bind vesicles and permeabilize them [45]. The formation of highly conductive ion channels 

has been detected by WT α-Syn and mutants E46K and A53T [46].

Concluding Remarks

The amyloid-membrane interaction has long been studied by multiple approaches and 

the major emphasis to explain the disease development. The membrane damage by the 

oligomers is considered as one of the major neurotoxic mechanism associated with the 

disease development. The recent findings on the membrane catalysis of amyloid aggregation 

highlight another important property of membranes in the development of the diseases 

[26]. According to the model shown in (Figure 1), self-assembly of the disease-prone 

amyloid aggregates is initiated and driven by the interaction of amyloid proteins with 

the cellular membrane. This process takes place at a physiologically low concentration of 

amyloids, providing additional support for the amyloid hypothesis. Furthermore, assembled 

aggregates can also dissociate from the membrane to initiate neurodegenerative processes 

such as the assembly neurofibrillary tau-mediated tangles. The proposed model is a 

paradigm shift for the development of efficient treatments and diagnostics for AD, PD, 

and other protein aggregation diseases. According to this model, treatment efforts will be 

focused on decreasing the affinity of amyloid proteins to membranes by the development 

of small molecules that interfere with membrane-amyloid interactions and the change in 

the membrane composition via regulation of lipid metabolism. Control of the membrane 
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composition is expected to be the major focus for preventative means that can be proven by 

corresponding experimental studies.
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Figure 1: 
Schematic showing the plausible mechanism behind the membrane induced Aβ oligomer 

formation followed cytotoxic effects of oligomers.

Aβ peptides are produced by proteolytic cleavage of membrane protein APP. Aβ can 

then self-assemble to form oligomers and fibrils, or the monomer can interact with 

different membrane components, including phospholipids, cholesterol or sphingolipids. 

These interactions can induce structural changes in Aβ and facilitate the aggregation 

process. The oligomers formed on the membrane can leave the surface and participate 

in further aggregation as seeds. Membrane-oligomer interaction could result in membrane 

disruption which can lead to cytotoxicity.
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