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Abstract 

The self-assembly of the amyloid β peptide (Aβ) into amyloid fibrils results in amyloid plaques in the 

brains of patients with Alzheimer’s disease (AD). Other molecular interactions by Aβ have been 

identified as contributing to toxicity in AD.  

The human protein Cystatin C (hCC) has previously been identified as an inhibitor of both fibril 

formation and toxicity by Aβ using in vitro and in vivo experiments. Previous work in vitro however 

indicated that hCC would bind Aβ only when Aβ was immobilised at a surface. It was therefore 

hypothesised that hCC interacts primarily with Aβ in vivo when at a surface. The most likely surface 

available in vivo was suggested to be lipid bilayers in the cell membrane. 

In this study, the self-assembly by Aβ to form amyloid fibrils was shown to be dependent on the 

available surfaces. Fibril formation time course data show that commonly used commercial micro-

plates catalyse the formation of fibrils. In more inert glass and quartz glass surfaces, the reaction was 

slower but involved a rate-determining saturable process in which fibril formation was catalysed by 

the air water interface, the removal of which resulted in no fibril formation. The specific interactions 

between Aβ and these surfaces was probed further by atomic force microscopy (AFM) revealing 

specific mechanisms of catalysis in the commercial microplates. 

The interaction between Aβ and lipid bilayers was investigated using fibril formation and bilayer 

permeation time courses, transmission electron microscopy (TEM) and asymmetric flow field flow 

fractionation (AF4) coupled with ultra-violet (UV) absorbance spectroscopy and multi-angled light 

scattering (MALS). These data revealed catalysis of Aβ fibril formation by lipid bilayers using a 

mechanism involving an increased rate of nucleation. 

Using a combination of fluorescence spectroscopy and AFM, hCC was shown to inhibit fibril formation 

as well as Aβ induced lipid bilayer permeation independently of lipid bilayers, suggesting a mechanism 

by which it can inhibit toxicity in vivo. Inhibition of fibril formation by hCC was shown to be dependent 

on conditions where Aβ fibril formation is either slow or Aβ is immobilised for a significant amount of 

time at a surface. Therefore, hCC likely interacts with a transient Aβ species. 

Finally, TEM studies show that the fibril morphologies formed by Aβ species are dependent on the 

ionic strength of the solution in which they are formed. Ionic strength can significantly affect the rate 

of different processes involved in the self-assembly reaction resulting in different observable 

morphologies.  
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Chapter 1: Introduction 

1.1 Alzheimer’s disease 

Alzheimer’s disease is a neurodegenerative condition affecting millions of people worldwide, including 

over half a million in the UK 1. Initially the disease affects the hippocampal region of the brain, the 

region responsible for short term memory causing the symptoms of memory loss 2. The disease can 

then spread throughout the brain causing mass disfunction of mental capabilities. There is currently 

no cure for Alzheimer’s disease 3. Multiple drugs have been trialled, including recently the monoclonal 

antibody Solunezumab, which failed due to a lack of efficacy in phase 3 4. This is a recurring theme 

with drugs targeting Alzheimer’s disease. The drugs are mostly safe (in the sense that they lack strong 

negative side effects) and so they pass phase 1 of trials but they are not effective in humans so fail at 

phase 2 and 3 5. The question as to why this is the case, when all experimentation prior to trials suggest 

that these drugs should work in humans is the focus of current research. Some piece must be missing 

that will inform us about how Alzheimer’s works in humans which makes it different to the research 

done in vitro or in various animal models. 

1.2 The role of the amyloid β peptide in Alzheimer’s disease. 

1.2.1 Amyloid formation in Alzheimer’s disease 

There is a common theme amongst a range of neurodegenerative diseases in that the formation of 

amyloid fibrils is a fundamental process resulting in the onset of the disease. Alzheimer’s disease, 

Huntington’s disease and Parkinson’s disease, to name but a few, all involve the formation of amyloid 

fibrils 6. Amyloid fibrils, their protein precursors and the processes that lead to their formation are the 

most promising targets for the development of first line treatments of neurodegenerative diseases. 

Amyloid fibrils are a specific type of protein aggregate and any protein is capable of forming amyloid 

fibrils given appropriate conditions 6. For many proteins, this involves some form of destabilisation or 

conditions that promote unfolding. However, a protein is only considered to be amyloidogenic if it is 

the precursor to amyloid fibril formation resulting in a disease state. In Alzheimer’s disease, the most 

abundant precursor to amyloid fibrils is the amyloid β peptide (Aβ) 6,7. Aβ is the result of the 

degradation of the amyloid precursor protein (APP) by the enzymes β and γ secretase 8-10. APP is a 

transmembrane protein, the function of which is not known. When APP is knocked out in mice, the 

majority of the mice die within the first week and the rest present with debilitating symptoms 11. In 

order for Aβ to be formed, the APP must be exposed to β and γ secretase. This happens when sections 

of cell membrane are routinely transformed into endosomes to be processed. Depending on the 
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requirements of the cell, the protein content of these endosomes can be processed by enzymes, such 

as β and γ secretase, with the intention of recycling the amino acids. Alternatively, the endosomes can 

be returned to the cell membrane, a process which is dependent on the retromer protein complex. 

Retromer has been linked to numerous neurodegenerative disease states including Alzheimer’s 

disease and, as a result, has been suggested as a potential drug target 5,12. When endosomes 

containing APP are exposed to β and γ secretase however, the protein is fragmented into numerous 

peptides including Aβ1-40 and Aβ1-42 
13. β and γ secretase have also been suggested and indeed trialled 

as drug targets for Alzheimer’s disease 14,15. Aβ1-40 and Aβ1-42 peptides that result from the 

fragmentation of APP by β and γ secretase are both amyloidogenic. Whilst Aβ1-40 is found at higher 

concentrations in the cerebral spinal fluid of patients with Alzheimer’s disease, it is Aβ1-42 that is 

thought to be more potent in terms of both amyloid fibril formation and toxicity 16,17. 

1.2.2 The amyloid hypothesis of Alzheimer’s disease 

The relationship between the generation of Aβ and the initiation of symptoms of Alzheimer’s disease 

has been the foundation of a large body of research over the last 3 decades. For example, multiple 

drugs that have been used in clinical trials have been anti amyloid agents 18. This is due to initial 

evidence of the involvement of Aβ 19 that developed over the best part of a decade into what is now 

known as the amyloid (or Aβ) hypothesis 20 of Alzheimer’s disease. The amyloid hypothesis indicates 

a central involvement for Aβ in causing the eventual symptoms of Alzheimer’s disease 21. In the years 

subsequent to the genesis of the amyloid hypothesis the ideas surrounding it have evolved as evidence 

has accumulated supporting the role of Aβ in Alzheimer’s disease. 

Some ideas have been presented that seem to contradict the amyloid hypothesis such as evidence 

that the presence of neurofibrillary tangles associated with the Tau protein correlates better with 

cognitive impairment than amyloid plaques. However, these contradictions are not enough to 

discount the hypothesis and can even be included. For example, there is evidence that neurofibrillary 

tangles can be a downstream effect of widespread Aβ activity. 

Importantly, all dominant mutations which result in early onset (familial) Alzheimer’s disease occur in 

proteins related to the generation of Aβ, namely, presenilin and APP. 

Mutations in presenilin, a protease which acts as the catalytic site in γ-secretase can result in familial 

Alzheimer’s disease 22. Mechanistically, in wild type cases, APP is cleaved multiple times by presenilin 

acting as a carboxypeptidase, with 3-4 residues being removed from the c-terminus each time (this is 

subsequent to an initial endopeptidase cleavage at the N-terminus) starting from residue 48 or 49. 

Mutations in presenilin result in this activity being less efficient and resulting in longer peptides such 
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as Aβ1-42 23. Arguably the simplest explanation for the mutations in presenilin resulting in early onset 

Alzheimer’s disease is that the lack of presenilin activity is the cause of the symptoms. However, the 

majority of Alzheimer’s disease patients have wild type presenilin suggesting that it must be involved 

in a larger process that is not dependent on mutated presenilin 18. 

The APP gene is located on chromosome 21 24 and in some individuals, it is possible to have 

microduplications of the APP gene but not the rest of chromosome 21. Normally duplication of 

chromosome 21 results in Downs syndrome. However, individuals with microduplications of the APP 

gene do not present with symptoms of Downs syndrome but instead present with early onset 

Alzheimer’s disease 25. Furthermore, mutations in APP have been presented with can either increase 

or decrease the risk of Alzheimer’s disease. The Swedish mutation in APP (K670M/N671L) impacts on 

cleavage by β-secretase resulting in an increase in Aβ levels and is known to result in familial 

Alzheimer’s disease 26. Similarly, the Arctic mutation in APP (E693G or E22G when referring to Aβ) has 

been shown to result in familial Alzheimer’s disease through a suggested mechanism of enhanced 

protofibril formation 27. In contrast to this, a missense mutation in APP (A673T or A2T in the Aβ region) 

has been identified. Carriers of A673T have been shown to have a lower risk of Alzheimer’s disease as 

there is a lifelong decrease in cleavage by β-secretase 28. A2T mutant Aβ also displays a lower 

propensity for aggregation. 

Altogether, the evidence in support of a central role for Aβ in the onset of Alzheimer’s disease is 

strong. 

1.2.3 Structural models of Aβ amyloids 

X-ray fibre diffraction has shown that Aβ Amyloid fibrils have a distinctive cross-β structure as shown 

in figure 1.1 29. More recent developments in cryo-electron microscopy have deepened our 

understanding of fibril structure 30. Some of these data may seem contradictory to previous models 

collected using solid-state NMR 31 but can be explained by the observation that Aβ forms a range of 

different fibrillar structures. 
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Figure 1.1. Aβ Amyloid fibril basic structure. A model of the cross β fibril structure (A) from X-ray fibre diffraction 

data (B) showing β-strands running perpendicular to the fibre axis taken with permission from Sunde et al 1997 

29. The vertical axis in (B) runs perpendicular to the fibril axis. The arrow indicates the intense reflection at 4.7-

4.8 Å that relates to the distance between β strands. The weaker reflections in the horizontal axis reflect the 

inter-sheet distance which in this case is between 10 and 11 Å.  This is displayed as a model in (A). 

 

There is considerable polymorphism in amyloid fibrils as can be seen in figure 1.2  32 33. One criticism 

of fibril structure determination is that the methods used require several rounds of seeding in order 

to obtain the required homogeneity for techniques such as solid-state NMR and cryo-TEM. Further 

examples of atomic resolution Aβ fibril structures show different internal structures, most highlighting 

a lack of structure in the N-terminus 34.

 

 

(B)  (A)  
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Figure 1.2 High resolution structures of Aβ amyloid fibrils.  Aβ amyloid fibrils display numerous different 

polymorphic structures. A model for an Aβ1-40 fibril structure based on ssNMR data is shown in (A) taken from 

petkova et al 2002 31 which is markedly different from the Aβ1-42 structure obtained using cryo-TEM shown in (B) 

taken with permission from Gremer et al 2017 30. This could be due to different Aβ precursors being used, 

different fibrillisation conditions such as the pH or that these fibrils show one structure that exists in a 

heterogeneous sample.
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As there are a number of polymorphs that result from amyloid fibril formation, even from within the 

same sample (figure 1.3), enforced homogeneity can result in missed information. It is important 

therefore to consider all of the possible structures observed so far (and the ones that haven’t been 

observed at high resolution) when discussing amyloid fibrils. It is not accurate to consider one model 

more correct than any other, given the methods required to obtain any given structural model.

 

Figure 1.3 Polymorphism in Aβ fibrils. 12 distinct polymorphs of Aβ1-40 fibrils modelled from the same cryo-TEM 

sample. Taken from Meinhardt et al 2009 33.

 

1.2.4 A kinetic model for the assembly of Aβ amyloid fibrils 

A model for the kinetic assembly mechanism of Aβ1-42 is as depicted in figure 1.4 24. Fibrillisation time 

courses, where fibrillar mass was quantified using the binding of the fluorescent probe thioflavin T, 

were used to determine a model for amyloid fibril formation. The presence of a lag phase in the time 

courses followed by a rapid exponential increase in the observed fibrillar mass was interpreted using 

a model where early primary nucleation events are rapidly superseded by secondary nucleation events 

where an existing population of fibrils catalyses the formation of further fibrils. In this model, primary 

nucleation refers to a nucleation event resulting in a ‘fibril competent’ species (one that can elongate 

into a full fibril). Secondary nucleation is a term used to describe the apparent positive feedback loop 

in which there is an increased rate of fibril formation in the presence of already formed fibrils (figure 



 7  
 

1.4). Secondary nucleation is presented 35 as separate from elongation, the process of adding 

monomer to the end of an amyloid fibril, a process which has been shown to be polarised (one end 

elongates faster than the other) using total internal reflection fluorescence microscopy 36. How 

secondary nucleation occurs and whether it is distinguishable from elongation is a contentious 

subject. It is suggested that secondary nucleation occurs from an interaction between oligomeric 

species and fibrils resulting in a conformational change in the oligomeric species 35. This has not been 

directly observed. One alternative model includes the acceleration of fibril formation as a result of 

fragmentation and the subsequent increase in fibril ends 37,38.   

 

Figure 1.4. A suggested reaction scheme for amyloid fibril formation. A schematic diagram showing the 

progression from a sample of monomers to a sample of mostly fibrils (A) and an example of thioflavin T data (B) 

taken from Cohen et al 2013 35. The rate constants shown were either calculated by Cohen et al 2013 using 

thioflavin T data (kn and k2) or taken from previous work (koff and k+) 39-41. The colours represent the initial 

concentrations of Aβ1-42 ranging from 0.5 µM (black) to 6 µM (purple).

 

The presented analysis of thioflavin T data shown in figure 1.4 has the advantage of great simplicity 

35. The dependence of fibrillisation time courses on the initial Aβ monomer concentration (m) was 

(A)  

(B)  
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analysed then expressed using half-times for fibrillisation (t1/2), and the parameter  was used as an 

exponent to define the concentration dependence of t1/2 on the Aβ monomer concentration where 

𝑡1/2  =   𝑚𝛾. 

The resulting γ observed from the thioflavin T data was a combined result of two macroscopic rate 

parameters λ and κ. These parameters controlled proliferation through primary (λ) and secondary (κ) 

pathways in the presented model. By fitting new thioflavin T data to this model it is possible to 

determine values for λ and κ for each reaction and to plot these values against the initial monomer 

concentrations used. The contributions of primary and secondary pathways according to this model 

of fibril formation can be estimated from the contributions of λ and κ to the overall concentration 

dependence. This method of determining the contributions of primary and secondary pathways is only 

reliable if the model fits to the data. One contentious point here is the use of primary pathways and 

secondary pathways as these are not well defined terms. As can be seen in figure 1.4 all processes 

that occur between the initiation of the reaction and the formation of amyloid fibrils are considered 

primary events. This includes the reversible formation of any oligomers. Any contribution to the 

positive feedback loop observed in figure 1.4 after the initial formation of fibrils (excluding elongation) 

is considered a secondary event although how this process occurs is not explained.  

A criticism of this model is that only elongation is presented as an equilibrium and this does not 

necessarily reflect reality. Also, under many conditions, monomeric Aβ will rapidly aggregate into 

larger species such as dimers, trimers and oligomers. These initial nucleation events are not 

necessarily the same as the nucleation events referred to as primary nucleation when discussing fibril 

formation. The existence and formation of oligomers is acknowledged but this is not represented in 

the calculated rate constant kn which is the rate constant for the formation of fibril from monomer. 

When fibril presence is measured by thioflavin T fluorescence which is sensitive to some oligomers as 

well as fibrils, it can be argued that this is an unreliable measure of kn. 

The relationship between toxicity and amyloid fibrils has been well studied with one major conclusion 

being that amyloid fibrils do not directly contribute to toxicity in vivo 42. There are however, still 

assertions that specific polymorphs of amyloid fibril could directly result in toxicity 43. For example, 

the suggestion that ganglioside GM1 containing lipid bilayers contribute to the formation of fibrils 

with structures which are toxic (discussed in section 1.4.2), whilst the regular variety of fibrils formed 

in the absence of GM1 are not 44. 

1.2.5 Oligomers in Alzheimer’s disease 
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The term oligomer, using the prefix oligo meaning ‘few’, refers to a small number of monomers 

forming a non-fibrillar aggregate. Whilst, with regard to Aβ and Alzheimer’s disease, amyloid fibrils 

are generally considered to not contribute directly to toxicity, oligomers are often associated with 

toxicity 42,45-47. The literature surrounding oligomeric species refers to numerous different species. 

Dimers and trimers are referred to as oligomers but so are Aβ-derived diffusible ligands (ADDLs) 48 and 

protofibrils 45 which are much larger polymers and can be up to 100 nm in length. The stability of 

oligomeric species with low monomer numbers has been studied using a number of methods including 

molecular dynamics (MD) simulations.  MD simulations have also described Aβ dimer formation 49. 

These species are often short lived due to the rapid formation of larger aggregates, unless they are 

stabilised in specific conformations such as pores in lipid bilayers 50. At the other end of the scale, 

protofibrils, which are distinct from fibrils despite having a similar appearance are commonly 

observed. ADDLs which are roughly 5 nm diameter globulomers are observed under specific 

conditions 51. All of these structures often exist temporarily due to a rapidly shifting equilibrium thus 

making it difficult to determine structures at high resolution. 

Importantly, Aβ can be manipulated in numerous ways in vitro to form oligomers as opposed to fibrils. 

One such method is to incubate monomeric Aβ at low temperatures such as 4 °C. This suggests that, 

on an energy landscape, certain oligomeric species can be energy wells which ‘trap’ the Aβ in that 

state 52. These species aren’t often observed at higher temperatures as there is enough energy to 

overcome the well and thus form even more stable species such as fibrils. This would suggest that 

some species of oligomer are ‘on pathway’ to forming fibrils, in that during the process of forming 

fibrils there is a point at which these oligomers exist. However due to the polymorphism observed in 

fibril formation this may not always be true. It could be true that specific oligomer species are always 

present during the formation of a specific fibril polymorph. It doesn’t follow that the same species of 

oligomer will always be present in the formation of a different fibril polymorph. It is important to 

consider that different fibril polymorphs exist within the same sample and will likely have different 

oligomeric precursors. 

Oligomers can also form in a surface dependent manner. Numerous reports show that interactions 

between Aβ and lipid bilayers can result in specific oligomers, some of which appear to form pores in 

the lipid bilayers (figure 1.5) 53-55. It could be argued that these pore-forming species could contribute 

to toxicity in Alzheimer’s disease. 
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Figure 1.5. Aβ pore formation in a supported lipid bilayer. An AFM amplitude mode image depicting numerous 

pore-like structures in a supported lipid bilayer taken from Lin et al 2001 53. Aβ was mixed with lipids in an organic 

solvent in order to incorporate the Aβ into the lipid bilayer. The yellow arrows indicate examples of pore forming 

species.

 

1.3 Toxicity in Alzheimer’s disease 

There are a number of ways in which Aβ is thought to induce toxicity in vivo. The most popular 

explanations include membrane permeation by Aβ oligomers, receptor mediated cell death as a result 

of Aβ oligomerisation, the triggering of Tau hyperphosphorylation resulting in loss of cell structure 

and finally, toxicity attributed to intracellular Aβ. 

1.3.1 Membrane permeation 

It has long been thought that Aβ oligomers can directly damage lipid bilayers resulting in the disruption 

of cell function 6,53. In particular, the disruption of calcium ion homeostasis is important, and it has 

been hypothesised that this is the primary toxic event in Alzheimer’s disease 56.  
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One mechanism by which membrane permeability can be increased by Aβ is pore formation. Pore 

formation has been observed in numerous experiments using supported lipid bilayers (SLBs). The 

pores observed in figure 1.5 used AFM to image pores in an artificial supported lipid bilayer 53. A major 

criticism of this work with regard to implied toxicity is the method chosen to investigate the interaction 

between Aβ and the SLB. The Aβ was mixed with lipids in an organic solvent before being dried and 

resuspended in a water-based solvent to form vesicles. These vesicles where then incubated on freshly 

cleaved mica to form a supported lipid bilayer. The decision to mix the lipids and the Aβ in an organic 

solvent prior to the formation of a lipid bilayer removes possibly the most important step in any pore 

formation that would occur in vivo, the insertion of the Aβ into the lipid bilayer. The lipid bilayers 

already have Aβ inserted into them making it easy to observe apparent pores. Whether or not these 

pores would be observed, especially in the amounts seen in figure 1.5, if the Aβ was to be added after 

SLB formation is not clear from this work. 

However, there is evidence from other sources that Aβ can indeed insert into a lipid bilayer followed 

by the formation of pores or channels 57-59. In fact, one compelling piece of evidence that pore 

formation is important is the finding that pore-like structures were observed in Alzheimer’s disease 

brain tissue 60. Fluorescently labelled antibodies were used to show that annular protofibrils are 

capable of forming pores in lipid bilayers. The term ‘annular protofibrils’ in this case refers to spherical 

oligomers as opposed to ‘protofibrils’ which generally refers to oligomers which resemble short fibrils. 

The conclusion that these annular protofibrils are forming pores in the membrane in vivo relies on the 

assumption that the structures observed by electron microscopy at high resolution are actually 

inserted into the membrane in the low resolution images. Co-localisation of these annular protofibrils 

and the cell membrane is not enough to guarantee that there is pore formation in vivo.  

Further evidence of pore formation by Aβ is presented in another study 61. Molecular dynamics 

simulations are used to suggest a viable model for the structure of a pore. This is presented alongside 

electrical recording data measuring the change in electrical potential on one side of a planar lipid 

bilayer. Aβ1-42 was used to collect the electrical recording data and Aβp3-42 for both the electrical 

recording and the molecular dynamics simulations. Aβp3-42 is formed by the post translational cleavage 

of the first two residues at the N-terminus leaving an exposed glutamate residue. Pyroglutamate is 

then formed when glutaminyl cyclase catalyses the formation of a lactam ring. The authors argue that 

Aβp3-42 is found at high concentrations in the brains of AD patients. Mass spectrometry data showed 

that Aβp3-42 is present but both Aβ1-40 and Aβ1-42 are more prominent 13. In the molecular dynamics 

study it was shown that Aβ1-42 and Aβp3-42 were capable of forming ion channels. The molecular 

dynamics simulations showed 2 different conformers of Aβp3-42 in dodecameric barrel structures 

inserted into a lipid bilayer (figure 1.6).  
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Figure 1.6 One possible structure of a Aβ pore forming oligomer. Models of Aβ pores from molecular dynamics 

simulations using two different Aβp3-42 conformers taken from Gillman et al 2014 61. (A) and (B) show the two 

different conformers of Aβp3-42. In (A) the turn occurs between S26 and I31 and in (B) the turn occurs between 

D23 and G29. (C) highlights the location and structure of the pyroglutamate. (D) and (E) are the initial barrel 

structures used in MD simulations. The areas between the dotted lines in (A) and (B) represent the sections of 

each monomer that are inserted into the lipid bilayer.

 

Another method of detecting pores is to use single molecule fluorescence studies 62. Single molecule 

fluorescence was combined with measuring conductivity across a planar “black lipid membrane”. The 

term black lipid membrane refers to the method of forming a model lipid bilayer. In brief, this involves 

forming a monolayer of lipids on either side of a hydrophobic substrate with an aperture in the middle. 

The sections of monolayer that form at the aperture fuse to form a bilayer.  Aβ was shown to have a 

concentration dependent range of behaviours. At less than 10 nM, the Aβ deposited onto the surface 

but did not aggregate or permeabilise the membrane in any way. Between 10 and 100 nM the Aβ 
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formed oligomeric species, the larger of which were capable of forming pores in the lipid bilayer. 

Above 100 nM large scale damage to the lipid bilayer was observed. 

The phenomenon that Aβ1-42 produces more toxicity in vivo has not always been reflected by studies 

observing pore formation of Aβ aggregates in vitro. In one study 63 patch clamp technology was used 

to detect the permeability of a lipid bilayer in the presence of Aβ monomers, oligomers and fibrils 64. 

Thioflavin T fluorescence was used to determine at which stage of aggregation the Aβ was at and this 

was confirmed by negative stain TEM. Importantly, cell membrane extract was taken from neuronal 

cells to form the lipid bilayer. Aβ1-42 oligomers where shown to be the only species tested that resulted 

in an increased permeability in the membrane. The exact species of Aβ oligomer was not determined. 

However, based on the channel conductance, the size of the pores formed were separated into 3 size 

ranges. These were roughly 1.7 nm, 2.1 nm and 2.4 nm. Molecular dynamics simulations of 16-mer, 

20-mer and 24-mer pores result in pore diameters of roughly the same length suggesting that these 

are potentially viable structures 65. Figure 1.7 shows the structure of these pores. This contrasts with 

the 12-mer presented elsewhere 61 and showed that there was a significant interaction between 

physiologically relevant membrane constituents and Aβ1-42. 
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Figure 1.7 Pore forming oligomers modelled by molecular dynamics. 16-mer, 20-mer and 24-mer pores of Aβ9-

42 were examined using molecular dynamics simulations taken with permission from Jang et al 2009 65. Aβ9-42 

monomers were based on previous solid state NMR work using Aβ1-40 66. These 16, 20 and 24-mer models predict 

pore sizes of roughly 1.6, 1.9 and 2.5 nm respectively. In a separate study using patch clamped membranes and 

Aβ1-42 oligomers, pores were observed and calculated to be in 3 subgroups with pore diameters of 1.7, 2.1 and 

2.4 nm suggesting that these 16-mer, 20-mer and 24-mer pore structures may be viable 64.

The impact of metal ions on Aβ induced membrane permeation has also been investigated 67-69. In one 

study copper ions were introduced to monomeric Aβ1-42 incubations 69. This resulted in the inhibition 

of fibril formation observed by thioflavin T fluorescence and the reported promotion of oligomer 

formation observed by TEM. Due to the nature of TEM, only the material that has adsorbed onto the 

grid and in particular the grid squares observed can be recorded. Complementary techniques are 

needed such as SEC-MALs or AF4-MALs (discussed in chapter 2 section 2.7) which fractionate, quantify 

and determine the range of sizes present in the whole sample. Nevertheless, it was also shown using 

a dye release assay that copper ions can elevate the permeabilisation of lipid bilayers by Aβ1-42 

supporting the idea that copper promotes the formation of toxic species. Only a 5 % difference in total 

fluorescence was observed however, between the control and the sample containing Aβ1-42 and less 

than a 5% increase was observed when copper was added along with Aβ1-42 suggesting that whilst this 

impact may be statistically significant, it is not a large effect. The fluorescence was also recorded after 

280 hours of incubation which is just over 11 days. Compared to other studies 70,71 (in which the 

reaction can be over in a matter of seconds) this is a long incubation. However, presumably due to the 

use of synthetic Aβ as opposed to recombinant Aβ, the time courses of fibril formation observed in 

this study by thioflavin T also require much longer incubation periods than is reported elsewhere 35,41. 

TEM images of deformed LUVs in the presence of Aβ1-42 and copper ions were also presented in which 

phosphotungstic acid was used to stain the samples, as opposed to the commonly used uranyl 



 15  
 

formate, in order to alleviate the LUVs from being damaged by the heavy metal. All in all, this study 

supports the role of copper ions in the formation of toxic oligomers. 

Pore formation is not necessarily the only method by which an increase in lipid bilayer permeability 

may be compromised. A model that includes pore formation but also an initial membrane 

fragmentation step has been presented 71. Structural changes in the lipid bilayer such as membrane 

thinning have also been observed 72. Another alternate hypothesis is that the aggregation process 

itself is responsible for lipid bilayer disruption 73. Finally, increased permeabilisation of lipid bilayers 

that was originally not believed to be due to channel formation has also been observed 74. In this latter 

study the evidence that channel formation was not involved was that the increased conductance 

across the bilayer was not inhibited by the calcium channel inhibiter cobalt. This conclusion assumed 

that any channel was specific to calcium ions which, as presented later 64 was not correct. More 

recently, TIRF has allowed for direct observation of the Aβ related ion channels 75. 

1.3.2 Receptor mediated toxicity 

Another popular explanation as to how Aβ aggregation results in toxicity is the binding of Aβ to various 

receptors associated with neurons. Binding to these receptors triggers downstream effects that result 

in a loss of synaptic activity and cell death. Confocal immunofluorescence has shown that it is possible 

for extracellular Aβ oligomers to accumulate at the synapse 76. In this work immunofluorescently 

labelled oligomeric species were formed in vitro and added to cultured rat hippocampal neurons. 

Imaging showed that the oligomeric species colocalised with synaptic marker proteins (figure 1.8). An 

assumption was made that oligomers were specifically bound to sites at the synapse. Another 

convincing argument from the same work is that Aβ oligomers were selective to particular neurons 

suggesting that there was a specific receptor for Aβ oligomers to bind to.  

Another argument in favour of the importance of receptor mediated toxicity is that the disruption of 

synapse is readily observed at nanomolar concentrations of Aβ 77. This is important as the 

concentration of Aβ oligomers reported to be found in AD brains is at a similar concentration 78. With 

regard to the specific binding of Aβ oligomers to sites located on the synapse of neurons it can be 

concluded that there must be a high affinity receptor for Aβ oligomers.
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Figure 1.8 Colocalization of Aβ oligomers and synaptic marker proteins. Immunofluorescent tags were used to 

identify the locations of Aβ oligomers (green) and the synaptic marker proteins αCaM Kinase II and PSD-95 (both 

red). Image A shows the location of Aβ oligomers only. Images B and C show the colocalization with αCaM Kinase 

II and PSD-95 respectively. Overlap of the two tags produces a yellow colour. Interestingly in image B only one 

(blue arrow) out of the 2 neurons present appears to show colocalization between Aβ oligomers and αCaM 

kinase II, suggesting that this behaviour is specific to neurons expressing a receptor for Aβ oligomers. Taken with 

permission from Lacor et al 2004 76.

 

Cellular prion protein has been identified as an example of a high affinity receptor for Aβ oligomers 79 

by comparing the binding of Aβ to hippocampal neurons with the binding of Aβ to non-neuronal cells 

expressing prion. It was shown that in both cases Aβ displayed the same binding affinity for the cells 

at nanomolar concentrations. In the same work it was shown that the inhibition of long term 

potentiation in hippocampal cells by Aβ oligomers required an interaction with prion protein. Anti-

prion protein antibodies were used to prevent Aβ oligomers from binding to prion and this resulted in 

the recovery of long term potentiation in hippocampal cells. Further evidence that memory 

impairment requires prion protein was obtained in transgenic mice. Mice lacking cellular prion protein 

but containing APP with the Swedish mutation (known to increase Aβ formation in vivo 80) lack 

memory impairment 81. 

There are a number of reported downstream effects of Aβ oligomers binding to cellular prion protein. 

The glutamate receptor metabotropic glutamate receptor 5 (mGluR5) has been implicated by showing 

that Aβ facilitates long term depression in AD models in an mGluR5 dependent manner which is 

inhibited by anti-prion protein antibodies 82. This suggests that long-term depression in AD requires 

all three components. The same work showed that an antagonist of mGluR5 was able to recover long 
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term potentiation in the presence of Aβ. The mechanism by which mGluR5 contributes to AD toxicity 

has been investigated using quantum dot labelling 83. This showed that upon addition of Aβ to 

hippocampal neurons, mGluR5 became clustered resulting in elevated levels of intracellular calcium 

ions. This describes an alternative mechanism for the disruption of calcium homeostasis discussed in 

section 1.3.1. 

Another downstream effect of Aβ oligomers binding to prion is the activation of intracellular kinases 

such as Fyn kinase 84. Fyn kinase is a protein tyrosine kinase that is associated with apoptosis and is 

found at elevated levels in AD 51. It has been shown to activate subunits of N-methyl-D-aspartate 

receptors (NMDA receptors). NMDA receptors have also been extensively linked to loss of synaptic 

function in AD models where specific attention was not paid to the contribution of prion protein 56,85,86. 

NMDA receptors are also ion channels and their hyperactivation can result, once again, in disruption 

to calcium homeostasis 87. Fyn kinase activation can also lead to dendritic spines not growing in an Aβ 

dependent manner 84. Finally, it has been shown that Fyn kinase, when complexed with prion protein 

and activated in an Aβ dependent manner can result in the hyperphosphorylation of Tau, the toxicity 

of which is discussed in section 1.3.3.  

 

Figure 1.9 Aβ signalling pathways. A diagram taken from Kam et al 88. The receptors for Aβ oligomers and their 

specific downstream signalling pathways are indicated. 
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There are a number of other potential receptors for Aβ oligomers. A diagram of potential receptors 

for Aβ (figure 1.9) shows some of them. The majority of receptors for Aβ are only tenuously linked to 

toxicity but are useful in explaining the overall behaviour of Aβ in the brain. For example, the export 

of Aβ from the brain is mediated by low density lipoprotein receptors including LDL receptor related 

protein 1 89. The expression of this receptor is decreased at the blood brain barrier in AD 90. This 

behaviour is observed in concurrence with receptors for advanced glycation end products (RAGE) 

which mediate Aβ uptake into the brain from the blood 91,92. APP processing into Aβ is dependent on 

cholesterol levels 93, the transport of which is reliant on APOE, which binds to Aβ 94 (discussed further 

in section 1.4.1).  

1.3.3 Tau hyperphosphorylation 

Tau is a microtubule-associated protein that helps to maintain the stability and dynamics of 

microtubules 95. By regulating microtubule behaviour, Tau can ensure that neurites (an all-

encompassing term used to describe the structures protruding from the ends of neuronal cells, such 

as dendrites and axons) grow out correctly. Post translational phosphorylation of Tau is a means by 

which Tau can be regulated. 

In Alzheimer’s disease, the hyperphosphorylation of Tau results in intracellular neurofibrillary tangles 

as the Tau aggregates into paired helical filament and straight filament structures 96,97. Figure 1.10 

shows the internal structure of the aggregated Tau filaments determined by cryo-TEM 96. 
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Figure 1.10 Cryo-TEM determined structures of AD Tau filaments. Tau filaments from neurofibrillary plaques 

found in an AD brain were used to seed Tau aggregation in a cell culture environment. This produced populations 

of paired helical filaments (A) and straight filaments (B) which were imaged using cryo-TEM. The internal 

structures of the two types of filament were then determined. Adapted with permission from Fitzpatrick et al 

2017 96.

 

As a result of Tau aggregation, microtubules become destabilised and neurites lose structure. The loss 

of structure in neurites contributes to a loss of function which promotes cell death. Loss of cerebral 

function in Alzheimer’s disease is most strongly related to the hyperphosphorylation and aggregation 

of Tau 98. More accurately, the loss of cerebral function and the presence of intracellular neurofibrillary 

tangles are most closely correlated 99. However, as the main constituent of the neurofibrillary tangles 

is Tau filaments, there is little reason to distinguish between Tau hyperphosphorylation and 

aggregation, and neurofibrillary tangle presence. 

The relationship between Aβ and Tau is often referred to as a relationship between extracellular 

plaques (Aβ-related) and intracellular tangles (Tau related). Evidence points to the formation of 

tangles occurring subsequently to the formation of plaques 98,100,101. This order of events has led to the 

hypothesis that Aβ related plaque formation is the primary contributor to AD with Tau related tangle 

formation being a downstream consequence 21. Evidence from in vivo models suggests that there is a 
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specific mechanism that results in tangles and is instigated by plaque formation 100-102. An example of 

this is the characterisation of Tau aggregates from transgenic mouse models expressing both APP with 

the Swedish mutation and mutants of Tau that are more prevalent in frontotemporal dementia 102. 

This resulted in the phosphorylation of serine residues in Tau that were not observed in the Tau only 

transgenic model controls. This example highlights the insufficiency of discussing the interaction 

between Tau and Aβ in terms of plaques and tangles as, in particular with regards to Aβ plaques, the 

constituent populations of plaques and tangles are not exclusively Aβ fibrils and Tau filaments. 

Typically, however, the observation that an increase in the presence of Aβ results in an increase in not 

only Tau aggregation but also pathology is made when different transgenic models are characterised 

98,103,104. As discussed in section 1.3.2 it has been shown that oligomeric Aβ can bind to the prion 

protein-Fyn kinase complex resulting in the activation of Fyn kinase and the subsequent 

hyperphosphorylation of Tau. This provides one pathway by which this can occur. 

Another interesting result is that, when specific sites are phosphorylated in Tau, Aβ toxicity is inhibited 

in transgenic mouse models 105. The authors of this work concluded that this could be evidence that 

Tau does not contribute to AD pathology as much as originally believed. An alternate hypothesis is 

that the initiation of Tau hyperphosphorylation and toxicity could be part of an attempt at a response 

to regulate Aβ related pathology. If Tau, when phosphorylated at a specific site, regulates Aβ 

pathology, then this would promote the phosphorylation of Tau. Unfortunately, too much of a good 

thing could potentially result in the hyperphosphorylation of Tau and the related pathologies. 

1.3.4 Intracellular Aβ activity 

Intracellular Aβ is also capable of resulting in toxicity in AD. When induced pluripotent stem cells were 

taken from AD patients and developed into neuronal cells, oxidative stress and endoplasmic reticulum 

stress were observed suggesting an intracellular mechanism of toxicity 106. It has also been shown that 

in transgenic mice containing both the Swedish mutation and the arctic mutation (which enhances 

‘protofibril’ formation 27), intracellular Aβ and observed toxicity precede the observation of 

extracellular Aβ species. This suggests that the enhancement of oligomer formation related to the 

arctic mutation results in intracellular toxicity or an inhibition of Aβ secretion or both. Another 

example is the observation that triple transgenic mice, containing the Swedish mutant APP and 

mutated Tau, showed the regular progression of plaque and tangle related pathologies but also 

displayed inhibited long-term potentiation and synaptic plasticity before either was established 107. 

These latter symptoms instead correlated with the accumulation of intracellular Aβ.  
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In order to accumulate extracellularly Aβ must first be secreted from the cell, therefore it may be 

possible that intracellular Aβ could accumulate without ever being exported. Alternately extracellular 

Aβ oligomers have been shown to be taken up by endosomes 108. 

Another argument in support of toxicity caused by intracellular Aβ is that at concentrations found in 

human cerebral spinal fluid and brain tissue, Aβ is capable of causing toxicity in an intracellular fashion 

77. This often isn’t true for experiments investigating extracellular Aβ toxicity. Intracellular uptake of 

Aβ it therefore fundamental to the pathology. 

An investigation using Swedish mutant transgenic mice to identify the impact of intracellular Aβ on 

the mitochondria revealed significant mechanisms by which intracellular Aβ related toxicity could be 

occurring 109. General mitochondrial disfunction was observed and more specifically a reduction in 

cytochrome c oxidase activity which correlated with intracellular Aβ. This suggests that mitochondrial 

metabolism is impacted by intracellular Aβ which would have significantly toxic downstream effects. 

In the same study, increasing hydrogen peroxide levels were also shown to correlate with intracellular 

Aβ. 

Calcium homeostasis can also be impacted by intracellular Aβ 110. When Aβ oligomers were injected 

into Xenopus oocytes and the calcium ion response was recorded, calcium ion release was observed. 

Some of this release was inhibited by antagonists of the endoplasmic reticulum membrane receptor 

inositol triphosphate, suggesting that intracellular Aβ oligomers were causing calcium release from 

the ER. 

1.4 Cell membrane constituents and AD 

Apart from receptors and sites for pore formation for Aβ oligomers the cell membrane and its 

constituents play an important role in AD. In particular cholesterol and ganglioside GM1 have been 

implicated in exacerbating Aβ activity.  

1.4.1 Cholesterol 

To say that cholesterol plays an important role in Alzheimer’s disease is possibly an understatement. 

It has been implicated in a number of pathways involved in both Aβ peptide production and toxicity. 

In some forms of familial Alzheimer’s disease, a mutation in the ApoE4 gene results in mutant 

apolipoprotein Epsilon-4 (APOE4) 111 and early disease onset. APOE4 has a role in redistributing 

cholesterol in order to aid membrane repair and facilitate synaptic plasticity (new connections being 

made by neurons), the disruption of which is commonly referred to as one of the early symptoms 

involved in AD. It has been proposed that the tight binding of APOE4 to Aβ induces a conformational 
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change contributing to Aβ aggregation 112.  However, conflicting evidence as to how APOE4 affects Aβ 

has surfaced. It is implicated in both promoting plaque formation and failing to inhibit it as effectively 

as other APOE isoforms 94. Whether or not it is a promotor or a weak inhibitor of plaque formation, 

APOE4 has also been shown to be less capable of clearing Aβ from the brain than other APOE isoforms.  

The ApoE4 genotype correlates with an accumulation of intracellular Aβ 113. APOE4 is speculated to 

perturb intracellular trafficking, in particular of cholesterol. This is because the higher affinity of Aβ 

for APOE4 reduces the lipoprotein’s ability to transport cholesterol. However, because cholesterol is 

implicated in APP processing 93 this lack of cholesterol leads to increased levels of intracellular Aβ, 

generating a positive feedback loop for creating more intracellular Aβ  

Cholesterol levels typically correlate with Aβ levels in both cellular and animal models of AD 114. Mouse 

models of AD with diet-induced high cholesterol displayed altered APP processing, resulting in 

increased Aβ accumulation 115. In the inverse of this experiment, adding statins to remove cholesterol 

from hippocampal neurons in cell culture inhibited Aβ formation via APP processing 93.  It was 

proposed that the mechanism by which cholesterol prevents APP processing is by enabling lipid rafts 

containing the appropriate secretases to localise with APP for processing. Contrasting evidence points 

to a role where increased cholesterol reduces the amount of APP processing into toxic Aβ, by 

modulating α-secretase cleavage of APP. α-secretase does not produce pathological Aβ peptides as 

there is no cleavage at the β site 116. The β secretase BACE 1 has also been shown to display higher 

levels of co-localisation with APP in hippocampal neuronal cell culture when levels of cholesterol are 

reduced 117. However, cholesterol activity also modulates BACE 1 activity and depleting cholesterol 

levels led to inhibited APP processing by BACE 1 when it was targeted to lipid rafts using a GPI anchor 

in human neuroblastoma cells 118. There are numerous contradicting conclusions regarding the effect 

of cholesterol on APP processing. Clearly however, cholesterol levels have an impact on lipid raft 

formation which is important in the processing of APP by secretases. By causing an imbalance in either 

cholesterol levels, for example through diet, or by affecting the transport of neuronal cholesterol, such 

as by Aβ binding to APOE4, the processing of APP can be affected, which in AD results in higher levels 

of Aβ pathology. Recent work has shown that, conversely, full length APP is required for proper 

cholesterol homeostasis 119 providing further evidence that APP, cholesterol and Aβ interactions in AD 

participate in a vicious cycle resulting in further Aβ production: 

A summary of the relationship between Aβ and cholesterol is as follows. The processing of APP results 

in Aβ. This simultaneously disrupts cholesterol homeostasis (by reducing APP levels) 119 and transport 

(as Aβ binds to APOE4) 94. This results in an imbalance in cholesterol which is no longer being relocated, 

resulting in disrupted lipid raft colocalization with existing APP 118. This results in lower alpha-secretase 
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activity 116 and higher beta-secretase-APP colocalization 117 and activity 118. All this leads to higher 

levels of APP cleavage to form Aβ peptides. 

However, cholesterol’s activity in AD is not only limited to indirect interactions with Aβ but as a cell 

membrane constituent it interacts directly with Aβ 120-122. It has been argued that, as cholesterol can 

impact on local lipid bilayer compositions, it can facilitate the accumulation of extracellular Aβ at the 

cell membrane surface 120. It has also been shown that Aβ oligomers can bind to cholesterol, in 

preference to other more generic lipids 123. 

By using surface plasmon resonance to identify Aβ interactions, binding of Aβ to lipid bilayers either 

made synthetically or derived from vascular smooth muscle cells was shown to be cholesterol 

dependent 121. Toxic effects with regard to those bilayers were also measured and these effects were 

also shown to be cholesterol dependent. Arguably, in AD, the effects of Aβ on non-neuronal cell types 

are not as interesting due to the differences in cell membrane constituents. However, this clearly 

showed the importance of the Aβ-cholesterol interaction independently of specific neuronal 

receptors. 

Recent work has shown that by impacting on the fluidity of the cell membrane cholesterol can impact 

on the ability of Aβ to both localise at the cell membrane and disrupt it 122. Neuronal cell membrane 

fluidity was measured using generalized polarisation imaging with a small percentage of fluorescently 

labelled lipids. Aβ association with the membrane was measured using immunocytochemistry and 

electrophysiological techniques were used to measure membrane perforation. In conditions where 

cholesterol content was low, the lipid bilayers showed higher fluidity resulting in less accumulation of 

Aβ at the surface but higher levels of perforation with respect to the control cells. Contrastingly, at 

high cholesterol levels membrane rigidity was enhanced, as was Aβ accumulation at the surface, 

however, perforation was inhibited. This data showed that, by controlling the fluidity of the cell 

membrane, cholesterol can regulate the perforation of lipid bilayers by Aβ. It also suggests that in 

order to insert into the lipid bilayer, Aβ requires a low density, highly fluid environment otherwise it 

will accumulate and cluster onto the surface but not insert and perforate. 

Numerous studies show a link between cholesterol and ganglioside GM1 with regard to Aβ toxicity 

124,125. The effects of Aβ binding to GM1 will be discussed further in section 1.4.2 however, the method 

by which cholesterol binds to GM1 and facilitates binding to Aβ is of interest here. Figure 1.11 shows 

a structure for Aβ5-16 bound to a GM1-cholesterol complex tested using molecular dynamics 

simulations 124.  
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Figure 1.11 Cholesterol facilitating Aβ binding to GM1. Cholesterol forms a hydrogen bond with GM1 (blue and 

red models) inducing a ‘head tilt’ conformation allowing for the binding of Aβ5-16. Complementary experimental 

data showed that Aβ5-16 peptide (orange cage model) more rapidly bound to GM1 in the presence of cholesterol 

but not in the presence of other lipids. Taken from Fantini et al 2013 124.  

 

Cholesterol was modelled hydrogen bonded with GM1 establishing an altered conformation of the 

GM1 head group allowing for a stable complex of cholesterol, GM1 and Aβ5-16. Aβ5-16 was used as this 

was the region predicted to bind to GM1. A complementary in vitro assay was performed to show that 

binding of Aβ5-16 to GM1 was in fact accelerated in the presence of cholesterol. 

Finally, cholesterol is one of a number of molecules that has been shown to produce hydrogen 

peroxide in a copper ion dependent manner in the presence of Aβ 126. Cell culture models of AD were 

used to show that Aβ-copper complexes were capable of increasing levels of hydrogen peroxide which 

in turn correlated with high levels of toxicity. Also implicated in this work as substrates for Aβ-Cu 

catalysed conversion resulting in hydrogen peroxide were vitamin C and dopamine. 

1.4.2 Gangliosides 

Gangliosides are sialic acid containing glycosphingolipids with a single hydrophobic tail and an 

oligosaccharide hydrophilic head group. They are commonly found in neurons. 

Discussions of gangliosides in Alzheimer’s disease mostly refer to either a direct interaction with Aβ 

resulting in cell membrane perforating oligomers 127  or the formation of toxic fibrils 128,129. Either way 

the work of the Matsuzaki group strongly point to beta-sheet rich toxic aggregates 44,128 of Aβ that are 
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formed in the presence of the ganglioside GM1, cholesterol and sphingomyelin model membranes 

that simulate the behaviour of lipid rafts 127. An interesting finding is that Aβ1-40 fibrils prepared in the 

presence of GM1-cholesterol-shpingomyelin and isolated from the membranes and soluble 

aggregates were capable of reducing cell viability to 50% 129 which is a similar effect to adding 0.2 mM 

hydrogen peroxide 130. It could be argued that as the fibrils were left for at least 7.5 hours some soluble 

aggregates would begin to repopulate as the sample returned to its equilibrium state. Overall, this 

result contrasts with to two popular ideas, firstly that fibrils cannot be toxic 131, but also that Aβ1-40 

does not contribute as heavily to toxicity as Aβ1-42
63. Fourier transform infrared spectroscopy also 

showed that Aβ1-40 fibrils, when formed in the presence of a GM1-cholesterol-shipngomyelin lipid 

bilayer, contain anti-parallel β sheets as opposed to the exclusively parallel β sheet containing fibrils 

formed apart from lipid bilayers. However, the authors were not entirely confident in these particular 

data and therefore concluded that some fibrils formed in the presence of a GM1-cholesterol-

sphingomyelin lipid bilayer may contain anti-parallel β sheets 128. 

Recent work has shown that ganglioside nanoclusters found in reconstituted synaptosomal lipid 

bilayers from aged mouse brain facilitated the formation of spherical assemblies of Aβ aggregates 132. 

In this context synaptosomal refers to isolated vesicles formed by light homogenisation of the synaptic 

ends of neurons. It was also shown that these nanoclusters were capable of initiating Aβ assembly and 

that the oligosaccharide structures of the gangliosides mediated the generation and elongation of 

amyloid fibrils. A follow up study showed the differences in compositions of synaptosomal lipid 

bilayers and non-synaptosomal lipid bilayers. GM1 was equally abundant in both bilayers although the 

ratio of GM1:GM3 (0.6:1 and 0.3:1 respectively) and cholesterol was higher in synaptosomal lipid 

bilayers than in non- synaptosomal lipid bilayers 133. The importance of GM3 is that, of the gangliosides 

tested, it was the only one that didn’t facilitate fibril formation. The concentration of GM1 in 

ganglioside nanoclusters was also shown to be higher in those that readily interacted with Aβ. 

Interestingly, given the specificity of GM1 as the contributor to toxic Aβ activity, a lipidomic analysis 

of mouse and human brain with Alzheimer’s disease showed that there is an enrichment in GM3 in 

AD but not GM1. The authors also presented anomalies in ganglioside metabolism however and they 

did not present a reduction in GM1 levels 134. 

1.4.3 Cell membrane structure and AD 

Whilst the majority of the literature focuses on pore forming species of Aβ with regards to membrane 

disruption, a number of studies describe a more general characterisation of membrane disruption. In 

particular, membrane thinning is often mentioned 135-138. The evidence of potential membrane 

thinning in AD comes from an experiment measuring changes in conductance across patch clamped 
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mammalian cells as a response to Aβ species 139. It was shown that only oligomers can increase this 

conductance and the authors concluded that localised defects or membrane thinning could contribute 

to the observed dielectric constant increase. Further evidence presented in this work showed that Aβ 

could be rapidly removed from model lipid bilayers and the cell membrane of mammalian cells which 

the authors argued was due to a lack of insertion into the bilayer. They also argued that these results 

suggested that Aβ oligomers could increase the area per molecule of the bilayer due to membrane 

thinning. 

More recent work using molecular dynamics simulations of Aβ trimers showed localised thinning of 

lipid bilayers on POPG bilayers (a lipid with a negatively charged headgroup commonly found in 

mammalian cells) 135. There have been little to no reported instances of the direct observation of 

membrane thinning of either model lipid bilayers or cell membranes either in vitro or in vivo. 

Despite this, a recent study investigated the inverse relationship, how a thin lipid bilayer affects Aβ 

behaviour 136. The authors argue that membrane thinning is relevant to AD as lipid peroxidation, which 

is reported to occur in AD 140,141, can result in changes to the physical properties of lipid bilayers such 

as thinning 142. The Aβ related activity of DLPC (a short chain lipid with a zwitterionic headgroup) model 

lipid bilayers was compared with that of DOPC (a “normal” chain length lipid with the same headgroup 

as DLPC) bilayers. A combination of fluorescence assays, circular dichroism, AFM, TEM and NMR was 

used to determine that thin DLPC lipid bilayers were able to more rapidly instigate aggregation of toxic 

Aβ species. The authors suggested that more favourable hydrophobic matching in thinner membranes 

would allow for the insertion of Aβ into the lipid bilayer. It was also shown that preformed amyloid 

fibrils, when in contact with DLPC lipid bilayers, were remodelled into protofibril like structures that 

presented similar toxicity to aggregates prepared directly from monomeric Aβ. These data suggest 

that lipid bilayer thickness, regulated by lipid peroxidation, could in turn regulate Aβ aggregation and 

toxicity in AD. 

1.5 Human cystatin C and AD 

Attempts at the discovery of biomarkers for the identification of AD has provided valuable 

information. The most common strategy is to identify proteins that exist at higher levels in the CSF in 

AD patients. A number of binding partners for Aβ have been discovered this way including 

transthyretin and human cystatin C (hCC) 143-145. Although levels of hCC and transthyretin have also 

been shown to be reduced in the brains of some Alzheimer’s patients 146, hCC has been suggested as 

a possible drug target in AD 147,148. The activity of hCC in AD will be discussed here and in chapter 6 

where the interaction between hCC and Aβ will be examined further. 
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1.5.1 In vivo hCC and AD 

Separate studies have identified polymorphisms in the CST3 gene, which is the hCC gene, as being an 

associated risk factor for late onset Alzheimer’s disease 149,150. Coupled with evidence that hCC is 

observed at elevated levels in AD 151, two potential hypotheses emerge: Mutated hCC directly 

contributes to AD toxicity or hCC can inhibit AD toxicity and this activity is reduced in mutants. 

Evidence for the direct contribution of hCC to toxicity in AD is that neuronal cell death was observed 

in rats when hCC was injected into the hippocampus of rats 152. However, hCC is a cysteine protease 

inhibitor and the observed cell death was inhibited by cathepsin B which is a cysteine protease. 

Neuronal cell death could therefore be attributed to the cysteine protease inhibitory activity of hCC. 

This does not exclude hCC from directly contributing to toxicity in AD but, given the numerous ways 

in which Aβ and Tau can cause toxicity it appears unlikely that toxicity attributed to hCC plays an 

important role. 

A positive role for the activity of hCC has also been displayed in vivo 148. Transgenic mouse models 

expressing hCC and overexpressing APP showed that extracellular Aβ deposition was substantially 

diminished. A similar study in which hCC was overexpressed in mouse models expressing APP reported 

reduced deposition of extracellular Aβ but also showed co-immunoprecipitation of hCC and Aβ 147. 

Given the numerous ways in which cystatin C can affect cell death, the authors use this experiment to 

show that the activity of hCC is predominantly down to its direct interaction with Aβ. 

1.5.2 In vitro hCC and Aβ 

Further evidence for the positive role of hCC in AD has been shown by adding hCC alongside various 

preformed Aβ aggregates extracellularly to hippocampal neuronal cells 153. Once again, it was shown 

that hCC prevented Aβ toxicity although in this experiment it was possible to also examine the direct 

impact of hCC on the Aβ structures present. HCC was not able to dissolve Aβ fibrils or insoluble 

oligomers indicating that this is not part of its inhibitory mechanism of action. 

Another study using Immunofluorescence showed the colocalisation of hCC this time with APP in 

kidney cells and mouse neuroblastoma cells shown in figure 1.12 154. 
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Figure 1.12 hCC colocalises with APP in mouse neuroblastoma cells. Fluorescently labelled anti-APP (green) 

was imaged in A and D and fluorescently labelled anti-hCC was imaged in B and E (red) with the overlap shown 

in C and F. Colocalisation of hCC and Aβ can be observed and is represented by the yellow colour. Taken with 

permission from Sastre et al 2004 154. 

 

In the same study, an ELISA assay was performed to determine how strongly hCC bound to monomeric 

Aβ and the results are shown in figure 1.13. For Aβ1-40 a binding constant of 16.4 nM was determined 

for binding to wild type hCC. The binding constant for the binding of Aβ1-42 to wild type hCC was 

determined to be 10.6 nM. Tight binding of hCC to Aβ was therefore reported. 
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Figure 1.13 Aβ binds tightly to both wild type and variants of hCC. Wild type (solid line), variant (dashed line) 

and urinary (dotted line) hCC were incubated for 3 hours with immobilised Aβ1-40 and Aβ1-42. Anti-hCC was added 

followed by anti-IgG labelled with horseradish peroxidase. The amount of bound hCC was therefore determined 

by measuring the absorbance at 450 nm. Binding constants were calculated from this data and were tabulated. 

Taken with permission from Sastre et al 2004 154. 

 

In mouse primary neurons, hCC is secreted from the cell by both the classical secretory pathway as 

determined by the signal peptide sequence of hCC and also in association with exosomes 155. The 

association of hCC with exosomes was reduced in mice overexpressing 2 familial AD-associated 

presenilin mutations. Presenilin is one of the core proteins in the gamma secretase complex 9.  A 

reduction of APP metabolites associated with exosomes was also reduced suggesting that hCC bound 

Aβ no can no longer be secreted from the cell in an exosome associated manner. This could result in 

an increase in intracellular Aβ. 

A recent study has investigated the interaction between oligomeric hCC and Aβ. Overexpression of 

hCC in E. coli produced not only monomeric hCC but also oligomeric hCC as detected by DLS 156. 

Oligomeric hCC was purified and incubated with monomeric Aβ 157. Fibril formation was measured by 

thioflavin T fluorescence. Monomeric and dimeric hCC were also tested and showed moderate 

inhibition of fibril formation. Oligomeric hCC however showed total inhibition of Aβ fibril formation. 

Arguably, as prior to the detection of oligomeric hCC the sample is concentrated to 1 mg/ml, there is 

a potential for micellar like hCC structures to form from unfolded hCC rather than oligomeric as 

unfolded proteins have a critical micellar concentration 158. Furthermore, micellar hCC may appear to 

be a similar size to the oligomeric hCC presented. This would provide an obvious explanation as to 
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why the apparent oligomeric hCC would be a more potent inhibitor of fibril formation as in micellar 

hCC, there would be exposed hydrophobic residues that would readily bind Aβ. Importantly then, the 

cysteine protease inhibitory activity of oligomeric hCC was determined to be as good as that of 

monomeric hCC. In domain swapped dimeric cystatin, the loss of an exposed hydrophobic loop from 

the active site results in a lack of enzyme inhibition. Therefore, the oligomeric hCC was judged to 

maintain the secondary and tertiary structure of hCC suggesting that it is not unfolded hCC forming 

micelle like structures. Whether or not oligomeric hCC exists in AD is yet to be determined. 

In our laboratory in Sheffield, an investigation into the manner in which monomeric hCC interacts with 

monomeric Aβ was carried out using thioflavin T fluorescence, high-performance liquid 

chromatography (HPLC) and NMR spectroscopy 159. Thioflavin T fluorescence showed a concentration 

dependent inhibition of fibril formation by monomeric hCC (figure 1.14). As hCC concentration 

increased, fibril formation was reduced up to the point at which fibril formation was totally inhibited 

at ratio of [hCC]:[Aβ] at 2:1. Interestingly, in cases where fibril formation was not totally inhibited, the 

rate of fibril formation was not modified by hCC.

 

 

Figure 1.14 hCC inhibits Aβ fibril formation in a concentration dependent manner. Time courses of Aβ fibril 

formation were measured by thioflavin T fluorescence in the presence of increasing concentrations of hCC. As 

the concentration of hCC increased the amount of fibril formation was reduced. At an [hCC]:[Aβ] ratio of 2:1 no 

thioflavin T fluorescence was measured suggesting complete inhibition of Aβ fibril formation. Taken from 

Williams 2014 159 



 31  
 

 

HPLC analysis of Aβ fibril formation in the presence of hCC showed only a small change in the presence 

of monomeric hCC 159. The monomeric peak for hCC was observed to be 25% smaller from the 

beginning to the end of a 24 hour time course and no peak was observed that could be identified as 

an hCC-Aβ complex. This result contradicts results obtained in a previous study where a shift in the 

hCC peak is observed 160. This is most likely due to the difference in gel filtration columns used to 

attempt to separate the Aβ bound hCC from the rest. In the study where binding was observed a 

superdex 75 gel filtration column was used which would not be able to resolve bound and unbound 

hCC 161. The more likely explanation is that Aβ aggregates were responsible for the shift in the 

observed peak. 

Monomeric Aβ was titrated into a sample of hCC at 50 µM for analysis by NMR spectroscopy 159. 

Chemical shift changes in hCC were tracked as Aβ was added but no significant shifts were observed. 

This was still the case when hCC and Aβ had been left at a 1:1 ratio for 24 hours at 30 °C. There was 

however a significant change in amide peak intensity across hCC suggesting a change in the chemical 

environment of these residues, potentially due to Aβ interaction. One explanation is that the amount 

of soluble hCC is reduced as it is incorporated into aggregates. This would also explain the loss of 25% 

of monomeric hCC observed by HPLC.  

These results presented a conundrum. Previous work showed that hCC binds tightly to Aβ with a 

nanomolar binding constant 154. Other works show the impact of the interaction between hCC and Aβ, 

colocalised to cell membranes 153. Yet in this study, despite showing that hCC can inhibit fibril 

formation in a concentration dependent manner, little significant interaction was observed between 

hCC and Aβ. It was speculated that maybe Aβ species were catalytically converted by a transient hCC 

interaction to a species that were not on pathway to forming fibrils. 

Finally, a more recent study from our laboratory in Sheffield investigating the ability of various hCC 

mutants the inhibition of Aβ fibril formation using thioflavin T showed that certain mutations caused 

a reduction in hCC inhibitory activity as shown in figure 1.15 162.  
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Figure 1.15 Mutations in hCC reduce its ability to inhibit fibril formation. The final amplitude of fibril formation 

from thioflavin T time courses was plotted against the concentration of hCC. The concentration of Aβ was always 

11 µM. The data were fitted to a linear regression model. In some instances, significantly more mutant hCC was 

required to totally inhibit fibril formation with the W106A mutant requiring a [hCC]:[Aβ] at 4:1. Taken from Al-

Jaff 2016 162.

 

Candidate residues for mutations were chosen due to their location in hydrophobic patches on the 

surface of hCC as it was hypothesised that these were likely binding sites for Aβ. The W106 residue is 

located in the cysteine protease inhibitory active site loop that undergoes a conformational change in 

the domain swapped dimer 157. The W106A mutant showed the most change in behaviour suggesting 

that Aβ-hCC interactions take place at the active site loop. The P105A mutant which is adjacent to 

W106 showed a moderate change in behaviour. Another significant change in behaviour is when the 

N-terminally located P6 residue is substituted for an alanine residue. These residues are highlighted 

in figure 1.16. 
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Figure 1.16 A surface plot of hCC. Examples of the locations of some of the mutations made to hCC for the 

experiment detailed in figure 1.15 are shown. The mutated residues are highlighted in different colours. Taken 

from Al-Jaff 2016 162. 

 

From the same study 162 the effects of agitation on the ability of hCC to inhibit Aβ fibril formation were 

investigated (figure 1.17). It was shown that, in conditions were the sample was continually agitated, 

4 times more hCC was required to totally inhibit fibril formation. This suggests that the interaction 

between Aβ and hCC is affected by agitation which could have potential implications in AD and other 

neuropathologies. For example, Parkinson’s disease is associated with high contact sports such as 

rugby and American football in which high levels of agitation are exerted on neuronal cells. 
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Figure 1.17 Agitation prevents hCC from inhibiting fibril formation. The final amplitude of fibril formation 

(relative to the amplitude of fibril formation in the absence of any hCC) was plotted against the concentration 

of hCC in the sample. Minimally agitated samples are presented in green and agitated samples are presented in 

black. Taken from Al-Jaff 2016 162. 

 

1.6 Conclusions 

There is a wealth of data regarding the intricate methods by which Aβ can cause havoc in the brains 

of people with AD. The majority of studies so far however, have focused on the effects caused by Aβ 

on various systems rather than the effects of those systems on Aβ behaviour. The studies that do focus 

on how Aβ is affected are mostly focused on fibril formation which is indeed a useful indicator of 

normal Aβ behaviour. In order to be able to better understand Aβ behaviour in vivo, in vitro 

experiments should be performed in a range of conditions that mimic disease states in AD such as 

those involving different model cell membranes 128,132,133,136,163. This will allow us to find the 

information required in order to better design drugs that will be effective in AD. 

The mechanism of how hCC inhibits Aβ toxicity remains a mystery. Evidence shows that it inhibits 

normal Aβ behaviour in vitro 154,159,162 but this doesn’t fully explain the data from in vivo experiments 

147,148,153. This is because inhibiting fibril formation is not the same as inhibiting toxicity 42. Human 

cystatin C has also displayed contradictory results, in seemingly identical experiments different 

behaviours are observed with regard to Aβ interactions. In order to obtain the full picture, 

experiments should be examined in the context of how Aβ behaves in a range of conditions as this 

might impact on how hCC interacts with it and thus provide a mechanism for how Aβ behaviour might 

be modulated. 
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1.7 Thesis overview 

The aim of this study was to investigate if and how lipid bilayers altered the interaction between Aβ1-

42 and hCC. Evidence that Aβ can induce permeation in lipid bilayers as a mechanism by which they 

are toxic combined with evidence that hCC inhibits Aβ toxicity led to the hypothesis that hCC might 

prevent permeation in lipid bilayers. 

In testing this hypothesis, an observation was made about the general effects of different surfaces on 

Aβ behaviour in the absence of hCC. In chapter 3, the results of testing different surfaces using AFM, 

thioflavin T assays and dye release from lipid vesicles will indicate a strong surface dependence of Aβ 

behaviour. 

In chapter 3, it will be shown that lipid vesicles rupture upon addition to low-binding microplates. This 

interaction was investigated in more depth, using dye release assays, with the intent to determine 

whether the rupturing was due to the formation of functional supported lipid bilayers coating the 

surface of the microplates. The results of this investigation will be presented in chapter 4 as well as an 

analysis of the usefulness of the potential new technology in performing thioflavin T assays. 

Previous studies investigating the interactions between Aβ and lipid bilayers have not accounted for 

third party surfaces that are necessary to contain any given reaction. Therefore, in chapter 5, the 

results of an investigation into the effect that lipid bilayers have on various Aβ behaviours will be 

presented. It will be shown that, in a manner dependent on the lipid bilayer constitution, Aβ induced 

permeation of lipid bilayers can be promoted independently of fibril formation. 

Finally, the impact of surfaces in general, but also lipid bilayers, on the interaction between hCC and 

Aβ was investigated. Chapter 6 will show the results of an investigation into how hCC can interact 

strongly with Aβ in the presence of some surfaces but not others.  

It was decided that further examination of how different conditions can affect the behaviour of Aβ 

was required. Specifically, the effects of different concentrations of salt on the behaviour of Aβ were 

investigated. TEM and AF4-MALs data will be presented in chapter 7, revealing that the resulting fibril 

morphologies can be salt dependent. 
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Chapter 2: Methods and Materials 

2.1 Buffers and Reagents 

All reagents were purchased from Fisher (USA), Melford (UK) or Sigma-Aldrich (DE), unless stated 

otherwise. Water was purified and deionised (18.2Ω) from an Elga Purelab 611 Classic UVF. This was 

used for all experiments. Buffers were prepared as per Sambrook et al 1989 164 and filtered through a 

0.2 μm filter. Except those used for bacterial growth, 1 mM sodium azide (NaN3) was added to all 

buffers.  

2.2 Aβ1-42 preparation 

2.2.1 Monomer protocol 1 

Lyophilised, HFIP treated, monomeric Aβ1-42 and monomeric Aβ1-40 was purchased from rPeptide 

(USA). 1 mg vials were received and stored at -20 °C. The Aβ was resuspended to 1 mg/ml in HFIP and 

sonicated for 10 minutes to resuspend all the material. The resuspended material was then aliquoted 

into 100 µl volumes. The HFIP solvent was then removed using a stream of nitrogen gas. The remaining 

HFIP was removed by freeze drying. The lyophilised material was stored again at -20 °C. For use, each 

aliquot of lyophilised material was resuspended to 1 mg/ml in 10 mM NaOH with 30 minutes of 

sonication. The monomeric Aβ was then diluted into the experimental buffer to the desired 

concentration. 

2.2.2 Monomer protocol 2 

As before Aβ was purchased from rPeptide (USA). However, rather than resuspending the Aβ in HFIP, 

it was resuspended to 1 mg/ml in 50 mM NaOH with 30 minutes of sonication. The resuspended 

material was then aliquoted into 100 µl volumes, flash frozen in liquid nitrogen and stored at -80 °C. 

For use the aliquots were defrosted and the monomeric Aβ was diluted into the experimental buffer 

to the desired concentration. 

2.3 Human Cystatin C preparation 

2.3.1 Growth Media and Solutions 

Luria-Bertani Media (LB) 

Per litre of deionised water: 

• tryptone 10 g 
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• yeast extract 5 g 

• NaCl 10 g 

The solution was adjusted to pH 7.0, made up to 1 litre with deionised water and sterilised by 

autoclaving. Antibiotic was added after cooling. If LB-agar was required, 28 g Nutrient Agar (Oxoid Ltd, 

UK) was made up to 1 litre with deionised water and autoclaved. 

RF1 Buffer  

• 30 mM KCH3CO2 

• 100 mM RbCl 

• 10 mM CaCl2 

• 50 mM MnCl4  

• 15% glycerol 

The buffer was adjusted to pH 5.8 and was stored at 4 °C. 

RF2 Buffer  

• 10 mM MOPS  

• 10 mM RbCl  

• 75 mM CaCl2  

• 15% glycerol 

The buffer was adjusted to pH 6.5 and was stored at 4 °C. 

M9 Minimal Media 

Per litre of deionised water: 

• Na2HPO4 6 g 

• KH2PO4 3 g 

• NaCl 0.5 g 

The solution was adjusted to pH 7.4 and the volume made up to 1 litre before sterilisation by 

autoclaving. 

The following were added to the media immediately before use (per litre): 

• trace elements 650 μl (autoclaved) 

• glucose 2g 

• 10 mg/ml thiamine 0.1 ml 
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• 0.5 mg/ml (NH4)2SO4 2 ml 

• 1 M MgSO4 1 ml (autoclaved) 

• 1 M CaCl2 0.1 ml (autoclaved and added last) 

All solutions were 0.2 μm filter-sterilised before use except where autoclaved as indicated. The flask 

was swirled immediately to disperse precipitate; if precipitate did not disperse then the preparation 

was abandoned. 

Trace Elements 

Per 100 ml deionised water: 

• CaCl2.2H2O 550 mg 

• MnSO4.H2O 140 mg 

• CuSO4.5H2O 40 mg 

• ZnSO4.H2O 220 mg 

• CoCl2.6H2O 45 mg 

• Na2MoO4.2H2O 26 mg 

• H3Bo4 40 mg 

• KI 26 mg 

The above solutions were added to 70 ml of deionised water and the pH adjusted to 8.0 before adding: 

• EDTA 500 mg 

The pH was again adjusted to 8.0 before adding: 

• FeSO4.7H2O 375 mg 

The solution was made up to 100 ml with deionised water before autoclaving. 

Ampicillin 

100 mg/ml ampicillin sodium salt was dissolved in water to produce a 1000 x stock solution, and 0.2 

μm filter-sterilised. Aliquots were stored at –20°C, then gently thawed and added to growth media to 

a final concentration of 100 μg/ml as required. 

Isopropyl-β-D-galactosidase (IPTG) 

120 mg/ml isopropyl-β-D-galactosidase was dissolved in water to produce a 1 M stock solution, and 

0.2 μm filter-sterilised. Fresh solution was added to growth media as required to induce protein over-

expression. 
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2.3.2 Preparation of competent cells 

Two strains of E. coli were prepared BL21 for expression and XL10 blue for plasmid production. 

Nutrient agar plates were made and non-competent cells from glycerol stocks (stored at -80 °C) were 

streaked onto the plates. The plates were then incubated overnight at 37 °C. 5 ml of LB was inoculated 

with a single colony from the streak plate and this was incubated again at 37 °C with shaking at 200 

rpm overnight. 200 µl of the overnight culture was used to inoculate a further 10 ml of LB and the new 

culture was grown at 37 °C until the OD600 reached 0.6. The culture was then incubated on ice for 5 

minutes. The cells were pelleted by centrifugation at 1663 x g for 10 minutes at 4 °C. 3.3 ml of RF1 

buffer was used to re-suspend the pellet. This was then re-pelleted using the same centrifugation 

method. The pellet was resuspended in 1 ml of RF2 buffer and incubated of ice for 30 minutes. 200 µl 

aliquots were stored at -80 °C. 

2.3.3 Transformations 

A 200 µl aliquot of competent cells was defrosted and transferred to a 14 ml falcon tube. 1.5 µl of 

plasmid DNA was added to the tube and the sample was incubated on ice for 30 minutes. The cells 

were incubated for 90 seconds at 42 °C followed by incubation for 2 minutes on ice. The solution was 

made up to 1 ml using LB and this was incubated at 37 °C for 90 minutes with shaking. The cells were 

serially diluted into fresh LB and plated out onto agar plates containing ampicillin. These were grown 

overnight  

Wild type hCC cloned into the pIN-III-ompA periplasmic expression system was provided by Dr Abi 

Williams. 1.5 μl of plasmid DNA was added to 200 μl of competent cells in a 14 ml polypropylene 

Falcon tube on ice and incubated for 30 minutes. The cells were heat shocked at 42°C for 90 seconds 

and then incubated on ice for 2 minutes. 800 μl of non-selective LB was added and incubated at 37°C 

with shaking for 90 minutes. Aliquots of 100 μl, 10 μl and 1 μl (diluted in fresh LB) were plated out on 

selective plates and grown overnight at 37°C. 

2.3.4 Plasmid production 

Plasmid production was carried out using the E. coli XL10 blue strain. Extra plasmids were produced 

following the protocol acquired with the Qiagen midi prep kit. The final step involved eluting the 

plasmid into water rather than buffer to allow for sequencing of the resulting plasmids. 

2.3.5 DNA Sequencing 

Sequencing was carried out by GATC-Biotech (DE) using the following primer sequence: 
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hCC-F  GCTAGAGAGGCTTT

ACAC  

TM = 51.2˚C Forward sequencing 

primer  

2.3.6 Over-Expression 

Expression was carried out in E. coli BL21 strain. Previous work had removed the rare codons found in 

genes for human proteins to allow expression in this strain. 

Single colonies of E. coli BL21 carrying the hCC plasmid DNA were used to inoculate 10 ml of LB broth. 

Cultures were grown overnight at 37°C. 8 x 600 ml (4.8 L total) of M9 minimal media was inoculated 

with overnight cultures. Cultures were grown at 37 °C with shaking at 200 rpm. Cell growth was 

monitored by measuring the OD600. When the OD600 was between 0.4 and 0.6 the cultures were 

induced with IPTG which was diluted into the cultures to a concentration of 75 µM. The cultures were 

then incubated once more at 37 °C with shaking at 200 rpm for 5 hours. 

2.3.7 Periplasmic Extraction 

The cultures were divided into centrifuge tubes and pelleted by centrifugation at 18,592 x g for 15 

minutes. The pelleted cells were re-suspended in 14 ml of 20 % sucrose, 0.2 M Tris at pH 8.0 by shaking 

gently at 30 °C. The resuspended cells were centrifuged at 48,384 x g for 15 minutes. These pellets 

were resuspended in 28 ml of 2 mM EDTA pH 8.0 at 4 °C using pasteur pipettes. The solution was once 

again centrifuged at 48,384 x g for 15 minutes, this time at 4 °C, and the supernatant was collected. 

Roche EDTA-free protease inhibitors (1 tablet per 50 ml of supernatant), 0.1 mg/ml DNAse and 20 mM 

MgCl2 were added. The sample was left in dialysis tubing overnight to dialyse into 10 mM sodium 

phosphate buffer at pH 7 at 4°C. 

2.3.8 Cation Exchange Chromatography 

A 100 ml SP-Sepharose (GE healthcare, USA) cation exchange column was equilibrated with cold 10 

mM sodium phosphate buffer pH 7.0, at a rate of 2 ml/min. The dialysed periplasmic extract was kept 

on ice before being loaded onto column. 10 mM sodium phosphate pH 7.0 was washed down the 

column until the A280 of the eluent had peaked and then reached the baseline. The buffer was then 

substituted for 10 mM sodium phosphate buffer pH 7.0, 0.2 M NaCl. 5 ml fractions were collected 

until the A280 of the eluent reached the baseline. The buffer was once again substituted, this time for 

sodium phosphate buffer pH 7.0, 1 M NaCl. Again, 5 ml fractions were collected until the A280 of the 

eluent reached the baseline. The fractions were analysed by SDS-PAGE (see section 2.3.7) and those 

containing hCC were pooled and stored at 4°C overnight. 

2.3.9 Size-Exclusion Chromatography 
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The pooled sample was concentrated to a volume of 10 ml using a vivaspin (sartorius) with a 5000 KDa 

molecular weight cut off using a PES membrane. The sample was loaded onto either a 400 ml or 500 

ml Superdex 75 gel filtration column (GE Healthcare, USA). The column had been equilibrated with a 

running buffer that was 10 mM sodium phosphate buffer pH 6.0, 0.1 M NaCl overnight. Running buffer 

was run into the column at 3 ml/min and 6 ml fractions were collected. Once again, the fractions were 

analysed using SDS-PAGE to determine hCC content shown in figure 2.1. The average yield of pure hCC 

was 1-2 mg per litre of culture.  

Figure 2.1 The purity of hCC analysed by SDS-PAGE. Human Cystatin C was over-expressed in E.coli and purified 

using ion exchange and size exclusion chromatography. The elution profile from size exclusion chromatography 

showed four peaks. Analysis by SDS-PAGE revealed that hCC (13.5 kDa) eluted between fractions 38 and 46 with 

fraction 42 containing pure hCC. 

Ladder 

10 kDa 

15 kDa 

20 kDa 

37 kDa 

50 kDa 

75 kDa 

100 kDa 

150 kDa 

250 kDa 

38 39 40 41 42 43 44 45 46

(B) 

(A) 
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2.3.10 SDS Polyacrylamide Gel Electrophoresis 

All electrophoresis was carried out using a Bio-Rad (USA) Mini Protean II apparatus. 

SDS-PAGE Buffers 

4x Upper Buffer  

• 0.5 M Tris HCl pH 6.8 

• 0.4% (w/v) SDS 

4x Lower Buffer  

• 1.5 M Tris HCl pH 8.8  

• 0.4% (w/v) SDS 

Running Buffer  

• 25 mM Tris HCl pH 8.3  

• 190 mM glycine, 

• 0.1% (w/v) SDS 

2x Loading Buffer  

• 100 mM Tris HCl pH 6.8  

• 200 mM DTT  

• 4% (w/v) SDS 

• 0.2% (w/v) bromophenol blue  

• 30% (v/v) glycerol. 

200μl aliquots were frozen at -20°C and defrosted as required. 

Instant blue (Generon) 

Gel Preparation 

4% stacking gels were cast above 16% resolving gels as described below: 

16% Resolving gel (per gel): 

• 2.5 ml 4x Lower Buffer 

• 4 ml 40% acrylamide (acrylamide: bisacrylamide ratio 37.5:1) (Bio-Rad) 

• Make up to 10 ml and shake before adding: 

• 100 μl 10% (w/v) ammonium persulphate (APS) 
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• 10 μl N, N, N’, N’-tetramethylethylenediamine (TEMED) (Bio-Rad) 

4% Stacking gel (per gel): 

• 2.5 ml 4x upper buffer 

• ml 40% acrylamide (acrylamide: bisacryamide ratio 37.5:1) (Bio-Rad) 

• Make up to 10 ml and shake before adding: 

• 100 μl 10% (w/v) ammonium persulphate (APS) 

• 10 μl N, N, N’, N’-tetramethylethylenediamine (TEMED) (Bio-Rad) 

Samples were prepared with a 1:1 ratio of 2x loading buffer to protein solution, and 20 μl were loaded 

onto the gel. Gels were run with running buffer at 180 V for 55 minutes. Gels were then stained on a 

rotating platform for 20 minutes using instant blue. Bio-Rad (USA) pre-stained Precision Plus Protein 

Dual Standards were used. 

2.3.11 Determination of Protein Concentration 

The concentration of protein was determined by measuring the UV absorption spectra at 280 nm using 

a Varian Cary 50-Bio UV-Visible spectrophotometer. Protein concentration was calculated using the 

Beer-Lambert law: 

A = ε l c 

where A is the absorbance, c is the concentration (M), ε is the molar extinction coefficient (M-1 cm-1) 

and l is the pathlength (cm). Human Cystatin C had an extinction coefficient of 11050. 

2.4 Lipid Handling 

2.4.1 Preparation of Lipid Stocks 

All lipids were purchased from Avanti Polar Lipids (USA). Using all glass equipment, 5 ml of chloroform 

was added into a vial containing 100 mg of lyophilised lipid (DOPC, DOPG, GM1 or cholesterol) and 

this was added to a further 5 ml of chloroform in a separate glass beaker. This solution was then 

aliquoted out into 1 ml aliquots (10 mg) and stored at -20 ⁰C. Alternately if lipids were received in 

chloroform they were poured into a glass beaker and aliquoted out before storage at -20 °C. 

2.4.2 Preparation of large unilamellar vesicles (LUVs) and small unilamellar vesicles (SUVs) 

A suitable mixture of lipids was dispensed into a glass round bottomed flask and the the chloroform 

was removed with a stream of nitrogen gas to create a lipid film. 1 ml of 50 mM sodium phosphate 

buffer at pH 7.4 was added to the lipid film. The films were resuspended by vortexing vigorously until 
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the solution became cloudy and the lipid film had disappeared. The samples were then passed through 

the Avanti Polar Lipids mini-extruder with a 200 nm membrane for LUVs and a 50 nm membrane for 

SUVs at least 11 times. The LUVs were filtered through a PD-10 mini-column (GE Scientific, USA) and 

eluted in 50 mM sodium phosphate buffer. This process diluted the LUVs to a final concentration of 

between 2.5 and 3 mg/ml. Quality control of these preparations was performed using a range of 

techniques and is presented below (section 2.8). 

2.4.3 SLB formation 

10 mg/ml of SUV solution was incubated onto freshly cleaved mica for 30 minutes at room 

temperature. 

2.5 Transmission Electron Microscopy (TEM) 

Carbon-coated copper grids (Agar Scientific, UK) were glow-discharged for 1 minute using a 

Cressington (UK) 208 glow-discharge unit. 10 µl of sample material were adsorbed onto a freshly glow-

discharged grid for 1 minute. The grids were washed in two drops of water and two drops of 0.75% 

uranyl formate and blotted between each wash. The grids were held in the final drop of 0.75% uranyl 

formate for 20 seconds. Finally, the grids were dried with gentle vacuum suction after blotting. A 

Philips (UK) CM-100 electron microscope, equipped with a 1024 x 1024 pixel Gatan CCD camera, was 

used to record micrographs. The microscope was operating at 100 KV using a LaB6 filament. 

2.6 Atomic Force Microscopy (AFM) 

Samples were prepared on either freshly cleaved mica (Agar Scientific, UK) or a silicon wafer with dust 

removed by N2 gas. The mica and silicon substrates were glued to a glass microscope slide using green 

glue (JPK) and were positioned on the MFP-3D (Asylum Research, UK) microscope stage prior to being 

incubated with the sample. MLCT chips were purchased from Bruker (DE). All tips except for tip E were 

broken off using a pair of tweezers. The spring constant for each tip was recorded and was usually 

between 150 and 200 nN/m. Data was collected in tapping mode with the sample submerged in liquid. 

2.7 Asymmetric flow field flow fractionation (AF4) 

Asymmetric flow field flow fractionation (AF4) is a method that can separate molecules by size. A 

diagram of how the AF4 system achieve fractionation is shown in figure 2.2. It works by using a 

parabolic flow combined with a cross flow (running asymmetric to the parabolic flow) that forces 

molecules against a membrane. As the cross flow is reduced, the molecules diffuse away from the 

membrane. Small molecules diffuse faster than large molecules. Due to the parabolic flow the 
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molecules that move away from the membrane the furthest move faster through the field resulting in 

fractionation. Combined with multi angled light scattering (MALS) and UV detection the size of the 

molecules in a given sample can be determined. This is a useful technique for determining the size 

distribution of samples. 

 

Figure 2.2 A diagram of how fractionation is achieved by AF4. The box in blue represents a contained solution 

with the sample to be separated represented by the blue and silver spheres. The arrow pointing from left to 

right represents the parabolic flow which forces molecules through the separation field. Molecules further from 

the membrane, which is represented by the dark blue shaded area, move faster through the separation field 

than those held close to the membrane. The cross flow which is represented by the large arrow pointing 

downwards, forces molecules towards the membrane. To begin with, a high cross flow is used and all molecules 

are forced towards the membrane. As this cross flow is reduced, small molecules diffuse faster away from the 

membrane than large molecules which remain close to the membrane. Small molecules therefore move faster 

through the separation field than large molecules. Taken from the Postnova website 165. 

 

Buffers were prepared fresh for each session and passed through a 0.1 µm filter. The AF4 system was 

equilibrated with the fresh buffer before each run. Asymmetric field flow fractionation was performed 

with a metal-free Postnova (UK) AF2000 system using an analytical channel, 350 μm spacer and 1 kDa 

MWCO regenerated cellulose membrane.  Separation was performed with a detector flow of 0.2 

ml/min with linear cross-flow being reduced to 0 ml/min according to specific protocols. Samples were 

injected with a PN5300 autosampler and detection performed with a Shimadzu (JP) UV detector at 
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280 nm and Postnova (UK) MALS detector.  Data was analysed using Postnova (UK) AF2000 software 

and light scattering data was typically fitted to a Zimm plot. 

2.8 Vesicle quality control 

An analysis of LUVs was performed and is shown in figure 2.2. A 15 µg sample of LUVs prepared by 

extrusion using a 100 nm membrane were injected into the AF4 system. An initial cross-flow of 4.5 

ml/min which ran for 30 minutes was reduced to 2 ml/min over 15 minutes and then down to 0.8 

ml/min over 15 minutes and finally to 0 ml/min over 30 mins at which it was left for an additional 30 

mins to ensure the whole sample was eluted. Two regions of interest (ROIs) were determined which 

contained two distinct populations (data not shown). One population that fit to a hollow sphere model 

with sizes that were distributed with a radius between 10 and 50 nm and one population that fit to a 

random coil model with radii of gyration between 200 and 250 nm. As both of these populations eluted 

together when the cross flow was significantly reduced the protocol was changed. An initial cross flow 

of 2 ml/min which ran for 15 minutes was reduced to 0.8 ml/min over 15 minutes and then down to 

0.2 ml/min over 20 minutes and finally down to 0 ml/min over 30 minutes followed by an additional 

30 minutes in order to elute the whole sample. Figure 2.3 (A) shows a time course of the UV signal at 

280 nm collected over time. Lipids were not expected to absorb at 280 nm in the same manner as a 

protein but were expected to scatter the light significantly enough to give a signal which enabled the 

detection of when the sample was eluting and quantification of how much of the total sample was 

accounted for by each population. 2 regions of interest were again identified. The first region of 

interest was a broad peak that eluted between 15 and 50 minutes. When analysed this region 

contained a population of LUVs that fit to a hollow sphere model with radii distributed between 10 

and 50 nm shown in figure 2.3 (B). This population accounted for 60 % of the total UV signal at 280 

nm. The second region of interest eluted between 55 and 80 minutes and contained a population that 

fit to a random coil model with radii of gyration between 50 nm and 350 nm shown in 2.3 (C). This 

population accounted for the rest of the UV signal at 280 nm. The random coil model here is not 

particularly informative as a lot of species fit to a random coil model. However, it is not unusual for 

LUVs to cluster together as shown in figure 2.3 (D) which is likely to be the cause of this population. 
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Figure 2.3 LUVs form two populations; lone vesicles and clustered vesicles. LUVs prepared by extrusion through 

a 100 nm membrane were injected into the AF4 system. The UV at 280 nm was recorded and a time course of 

the signal is shown (A). Two regions of interest were observed. In the first region (B) a population of LUVs that 

fit to a hollow sphere model were observed with radii between 10 and 50 nm. In the second region (C) clusters 

of LUVs which fit to a random coil model were observed with radii of gyration between 50 and 350 nm. LUVs 

prepared by extrusion through a 200 nm membrane were imaged by TEM (D). The arrows indicate examples of 

clustered LUVs. 

 

2.9 Thioflavin T assays 

Thioflavin T was purchased as dry stock from Sigma-Aldrich (DE). 2 mM stock solutions were stored at 

4 °C prior to use. Thioflavin T was always diluted to a final concentration of 10 µM. Visible light 

emission was recorded at regular intervals at a wavelength of 485 nm after excitation at a wavelength 

of 435 nm using a BMG Labtech (UK) microplate reader. 

(B) (A) ROI 1 

(C) 

(D) 

ROI 2 
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Data was collected using the MARs analysis software (BMG Labtech, UK) and exported into Microsoft 

Excel where the data were normalised, and half times were calculated. A summary of typical thioflavin 

T data analysis is as follows:  

The minimum y value from each set of raw data (figure 2.4 (A)) was subtracted from every y value in 

that data set. This generated a new set of curves that had been baseline adjusted (figure 2.4 (B)). The 

95th percentile of the y values was obtained from each new set of data. These values represented the 

fibrillar yield from each reaction. The 95th percentile was used as variation in behaviour was often 

observed at the end of a reaction making it difficult to determine an exact maximum. Each data set 

was then divided by its 95th percentile to produce a data set normalised to this value (figure 2.4 (C)). 

This allowed for comparisons between the shape and relative position of the curves.  

 

 

Figure 2.4 Analysis of thioflavin T data. Raw data (A) is baseline corrected (B) by subtracting the minimum y 

value from all of the y values. The data set is then normalised (C) by dividing each y value by the 95th percentile 

of the data. 

(A) (B) 

(C) 
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 The half time was collected by using the match and index formulae in Excel (Microsoft, USA) to 

identify the timepoint at which the reaction had reached half way to the 95th percentile. This method 

produced the timepoint at which the reaction had almost reach half way to the 95th percentile. For 

example, if at the timepoint 1800 seconds the reaction was 0.49 of the way to completion and at the 

next timepoint of 1920 seconds the reaction was 0.51 of the way to completion then 1800 seconds 

would be returned as the half time. Therefore, to determine half times more accurately equation 2.1 

was used where 𝑡𝑖 is the value in time found by the above method and 𝑎𝑖  is the corresponding value 

from the normalised data (in the example above 𝑡𝑖 = 1800 s, 𝑡𝑖+1= 1920 s, 𝑎𝑖  = 0.49 and 𝑎𝑖+1 = 0.51). 

The half time for the example would be calculated to be 1860 s.

 Equation 2.1 

t1/2 = ti + ((ti+1 − ti)(0.5 − ai))/(ai+1 − ai) 

 

If a range of concentrations of Aβ were used further analysis of the half times revealed information 

about the concentration dependence by calculating the exponent γ as discussed in chapter 1 section 

1.2.3 using equation 2.2 where x is initial monomer concentration. 

 

Equation 2.2 

𝑡1/2 = 𝑎𝑥𝛾 

 

2.10 Dye release assays 

5-6-carboxyfluorescein was purchased from Sigma-Aldrich (DE) as a dry stock. 50 mM stock solutions 

of carboxyfluorescein were prepared in varying buffers dependent on the specific experiment. Using 

a conductivity meter (Jenway, UK), the ionic strength of each solution was adjusted to match a 

corresponding buffer. This was to maintain the stability of the LUVs by ensuring that, when LUVs were 

made using these solutions, the difference in osmotic potential on either side of the bilayer was 

minimal. The LUVs were made as per section 2.4.2 with the caveat of using the prepared solutions of 

50 mM carboxyfluorescein to resuspend the lipid films. 

Samples to be tested were mixed with the carboxyfluorescein dye containing LUVs in quartz glass 

cuvettes. Emission was recorded at regular intervals at a wavelength of 515 nm after UV excitation at 

a wavelength of 485 nm using a Cary Eclipse spectrophotometer (Agilent, USA). 
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2.11 Data analysis 

Data were typically analysed using Excel (Microsoft, USA) or Prism software (GraphPad, USA). 
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Chapter 3: Aβ1-42 interactions are surface dependent. 

3.1 Introduction 

Upon investigating the mechanisms and interactions of Aβ regarding Alzheimer’s disease, it quickly 

becomes apparent that the interaction between Aβ and the lipid bilayer is important 44,166-169. There is 

a lot of evidence that Aβ will damage a lipid bilayer 170,171 and mechanisms such as membrane thinning 

135,172 and pore formation 173,174 have been put forward. Another way of observing this interaction is 

from the perspective of what happens to Aβ in the presence of a lipid bilayer. There have been studies 

that have investigated this with a range of results and conclusions. One conclusion is that the bilayer 

surface facilitates the formation of mature amyloid fibrils 73. Another is that the aggregation and 

cytotoxicity of Aβ is regulated by membrane thinning 136. The morphology of amyloid fibrils formed in 

the presence of lipid bilayer surfaces has also been investigated. One group has suggested that the 

mature fibrils formed in the presence of a lipid bilayer containing the ganglioside GM1 have an anti-

parallel β structure rather than the classically defined parallel β structure of mature amyloid fibrils and 

have increased cytotoxicity 163,168,175. It is clear from all these studies that the presence of a lipid bilayer 

has an impact diversity and quantity of Aβ aggregates. 

The diversity of aggregates, also produces a range of possible binding partners for proteins such as 

hCC which are known to interact with Aβ. The mechanism of how hCC interacts with Aβ is not known 

and importantly it is not known in what state of aggregation the Aβ is when the interaction is taking 

place. There is evidence that hCC interacts with Aβ at a surface 154 as well as evidence that it is an 

effective inhibitor of Aβ activity in vivo147,148. Combined, these two conclusions suggest that an 

interaction between Aβ and hCC occurs at the lipid bilayer surface and this could be important in 

Alzheimer’s disease. Therefore, one of the aggregates that form at the lipid bilayer might bind 

specifically to hCC. 

Without knowing the species that hCC binds to and how to isolate it, it is impossible to investigate a 

specific interaction between hCC and Aβ. It is however possible to investigate the extent to which hCC 

impacts on Aβ interactions with a lipid bilayer surface. To investigate whether hCC impacts on Aβ – 

lipid bilayer interactions, the interaction between Aβ and lipid bilayer surfaces must first be 

investigated. Whilst the literature on this subject is vast, it is not particularly consistent due to the 

range of conditions used by different researchers including varying concentrations, stoichiometries, 

pHs and ionic strengths. The source of this variation is often the need to change conditions to suit an 

experimental technique at the expense of consistency. An investigation that uses a range of 
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techniques that all provide information about the interaction between Aβ and lipid bilayers in the 

same sample conditions would therefore be useful and informative. 

Here it is shown that not only does the lipid bilayer surface have an impact on Aβ aggregation, but 

that a wide range of surfaces have a significant impact. Using a dye release assay, it will be shown that 

a polystyrene surface can outcompete lipid bilayer surfaces for monomeric Aβ. AFM experiments will 

show that different types of aggregates form on different surfaces. It will also be shown using 

thioflavin T assays that different surfaces result in different rates of formation of amyloid fibrils. The 

data presented in this chapter will provide evidence that Aβ aggregation is highly surface dependent. 

3.2 Methods 

3.2.1 Dye release assay 

LUVs were prepared by the protocol described in chapter 2 (sections 2.4.2 and 2.10). 

Aβ1-42 was prepared as per protocol 1 discussed in chapter 2 (section 2.2). 

Aβ1-42 was diluted to 11 µM into buffer solutions containing the carboxyfluoroscein encapsulating LUVs 

and rapidly aliquoted out into wells in the polystyrene microplates (Corning 3694). The microplate was 

then covered with a clear plastic film and incubated in an BMG Labtech (UK) Omega Fluostar 

fluorimeter at 37 ⁰C. Measurements were taken every 5 minutes with excitation at 485 nm and 

emission recorded at 515 nm. 

Alternatively, Aβ1-42 was diluted to 2 µM into a HEPES buffer containing carboxyfluoroscein 

encapsulating LUVs in a quartz cuvette which was incubated in a Cary Eclipse fluorimeter (Agilent, UK). 

The cuvettes were incubated at 37 ⁰C and measurements were taken every 5 minutes with excitation 

at 485 nm and emission recorded at 515 nm. 

3.2.2 Thioflavin T assays 

Thioflavin T was prepared as described in chapter 2 (section 2.9). 

Aβ1-42 was prepared as per protocol 2 described in chapter 2 (section 2.2). 

Aβ1-42 was diluted into a solution of 50 mM sodium hydroxide to 20 times the final concentrations (for 

a 1 µM final concentration a 20 µM solution) and these stock solutions were kept in separate 

Eppendorf tubes. Thioflavin T was diluted to 10 µM into a solution of 20 mM phosphate 2 mM EDTA 

2mM sodium azide pH 8.0. Then, 95 µl of the thioflavin T solution was aliquoted into wells in a 

polystyrene or low-binding microplate (Corning 3694 & 3686 respectively). 5 µl of Aβ1-42 was added 

per well and the microplate was covered with a clear plastic cover. The microplate was then incubated 
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in the Omega fluostar fluorimeter at 37 ⁰C with shaking before measurements. Measurements were 

taken every 5 minutes with excitation at 445 nm and emission recorded at 485 nm. This was repeated 

in the presence of DOPC LUVs, which were prepared as per the protocol described in chapter 2 (section 

2.4.2) and Aβ1-42 prepared as per protocol 1 described in chapter 2 (section 2.2). 

Thioflavin T was diluted to 10 µM in a degassed solution of either 50 mM phosphate 150 mM sodium 

chloride 2 mM sodium azide pH 7.4 or . Either 450 µl or 1.8 ml of these solutions were added to clean 

quartz glass cuvettes. Aβ1-42, prepared as per protocol 2 described in chapter 2 (section 2.2), was added 

to these solutions to a final concentration of 22 µM in each cuvette. In the cuvettes with a total of 2 

ml of solution a clean glass coverslip was placed over the top of the cuvette causing a slight overflow 

to remove the air water interface. The cuvettes were then incubated in a cary fluorimeter at 37 °C 

with no shaking and measurements were taken every 15 minutes. This was repeated using 11 µM Aβ1-

42 and 20 mM phosphate 2 mM EDTA 2mM sodium azide pH 8.0. 

3.2.3 Electron microscopy 

Monomeric Aβ1-42 was diluted to 80 µM in a 1.5 ml polypropylene microfuge tube in 50 mM HEPES, 

150 mM NaCl 2mM sodium azide pH 7.4 overnight at 4 °C. A grid was prepared as per the protocol for 

negative stain EM described in chapter 2 and imaged using a CM100 electron microscope at varying 

magnification. 

After 24 hours of incubation in the Omega Fluostar fluorimeter an EM grid of the solution of Aβ1-42, 

LUVs and thioflavin T used in the thioflavin T assay described above was prepared. The grid was 

prepared as per the protocol for negative stain EM described in chapter 2. This was then imaged using 

a CM100 electron microscope (Phillips, UK) at varying magnification. 

3.2.4 Atomic force microscopy 

A flat polystyrene surface was prepared by spin coating 2 % polystyrene (molecular weight 200,000 

KDa) in toluene onto a clean silicon wafer. The polystyrene surface was incubated in a solution of 20 

mM phosphate 2 mM sodium azide pH 8 at room temperature. The surface of the polystyrene was 

then imaged by AFM in contact mode with a set point of 0 using cantilever E from a Bruker MLCT AFM 

chip. While the surface was being imaged, monomeric Aβ1-42 was injected to a concentration of 11 µM 

and the surface was continually imaged for 12 hours. 

Similarly, a quartz glass plate and a mica surface were incubated in 20 mM phosphate 2 mM 

EDTA 2mM sodium azide pH 8.0 and imaged in the same fashion before and after injection with a final 

concentration of 11 µM Aβ1-42. 
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A supported lipid bilayer was formed by the addition of SUVs to a mica surface as described in chapter 

2. This surface was incubated in 20 mM phosphate 2 mM EDTA 2mM sodium azide pH 8.0 and imaged 

in the same fashion before and after injection with a final concentration of 11 µM Aβ1-42. 

3.3 Results 

3.3.1 Aβ1-42 doesn’t damage lipid bilayers in a polystyrene microplate 

Aβ1-42 is known to damage lipid bilayers. A dye release assay is a simple method of determining the 

effect of external factors on the integrity of a lipid bilayer. 50 mM carboxyfluoroscein was 

encapsulated in large unilamellar vesicles. Carboxyfluoroscein is a self-quenching dye and once diluted 

below 50 mM, carboxyfluoroscein produces a large emission signal. Therefore, if the lipid bilayer of 

the LUVs is damaged the carboxyfluoroscein will leak out and be diluted below 50 mM producing an 

increased fluorescence signal.  

LUVs were utilised here as a simple mimic of a biological membrane. The lipids used to form the LUVs 

were chosen due to their experimental relevance. DOPC is a zwitterionic lipid and is commonly used 

in mimicking biological membranes whereas DOPG has a negatively charged head group and has been 

used previously to promote an interaction between lipid bilayers and Aβ1-42 170,176. 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and 1,2-Dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) were used 

in either a 1:1 or 4:1 mix (50 % or 20 % DOPG). 

By incubating monomeric Aβ1-42 with carboxyfluoroscein encapsulating LUVs, the lipid bilayers of the 

LUVs were expected to be damaged by the Aβ1-42 and the carboxyfluoroscein leak out, resulting in an 

increased fluorescence. Experiments were initially carried out in standard polystyrene untreated 

microplates (Corning 3694). Figure 3.1(A) shows that, in comparison to LUVs that were incubated 

alone, LUVs incubated in the presence of 11 µM of monomeric Aβ1-42 did not significantly release more 

carboxyfluoroscein. This suggested that monomeric Aβ1-42 was not able to damage the LUVS 

sufficiently to cause significant dye release. 

If monomeric Aβ1-42 would not damage the lipid bilayers enough to result in dye release then it was 

hypothesized that significant dye release would then be observed if small aggregates such as 

oligomeric species were pre-formed and then incubated with the LUVS. One method for forming small 

aggregates is by incubating monomeric Aβ1-42 at a high concentration (80 µM was used here) at 4 ⁰C 

overnight. This results in a range of small aggregates often described as amyloid derived diffusible 

ligands (ADDLs). Figure 3.1(B) shows a representative electron micrograph of a sample of ADDLs 

formed this way. Interestingly figure 3.1(C) shows that incubating an 11 µM monomer equivalent 

sample of ADDLs with LUVs also lacked any significant dye release. 
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Figure 3.1 Aβ1-42 cannot damage LUVs in a polystyrene microplate. (A) shows the percentage dye leakage 

from LUVs encapsulating a 50 mM carboxyfluoroscein solution in the presence (red) and absence (blue) of 

monomeric Aβ1-42. Over a time-course of 80 hours no significant dye release is observed in the presence of 

Aβ1-42. (B) shows an electron micrograph of a range of amyloid aggregates including fibrils prepared using a 

protocol previously used for forming ADDLs. (C) shows that when the aggregates observed in (B) are diluted and 

incubated with LUVs (red) and compared with a LUV only control (blue), in a polystyrene microplate there is still 

no significant dye release observed. (D) shows that by adding polymyxin B, a known pore forming protein 

(green), and comparing to the LUVs with (red) and without (blue) Aβ1-42, significant dye release can be observed 

suggesting that it is the Aβ1-42 that is incapable of causing dye release. Error bars represent the standard error 

about the mean from at least 2 repeats of 5 replicate reactions. 

 

It was then hypothesised that the species of Aβ1-42 aggregate wasn’t the reason for the lack of dye 

release but that the conditions didn’t promote an interaction between the peptide and the lipid 
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bilayers or that the large unilamellar vesicles were not forming optimally. In order to optimise the 

experiment, HEPES buffer was used as opposed to phosphate as HEPES is a zwitterionic buffer which 

shouldn’t impact on the rate of carboxyfluoroscein diffusion from the LUVs. Similarly, EDTA was added 

as an attempt to prevent any contaminating metal ions from impacting on the dye release reaction. 

Finally, copper ions had been reported as an important factor in the formation of Aβ1-42 aggregates 

that would damage a lipid bilayer 69,177. Therefore, CuCl2 was added to the reaction to promote Aβ1-42 

induced membrane damage. All three of these modifications to the original method were attempted 

both in isolation and combined yet the outcome was unchanged in all cases: there was no significant 

increase in dye release observed upon the addition of any species of Aβ1-42 to the LUVs when compared 

to the LUVs alone (data not shown). 

A positive control using polymixin B, a known pore forming protein, was performed to determine 

whether the vesicles were correctly forming and were capable of releasing the carboxyfluoroscein. 

Figure 3.1(D) shows that polymixin B was able to immediately cause a significant amount of dye 

release. 

All the aforementioned experiments were performed in an untreated polystyrene microplate (Corning 

3694). Repeating the experiment described above in a low-binding microplate (Corning 3686) rather 

than a polystyrene plate resulted in rapid dye release. Rapid dye release was also observed however, 

in the negative control performed in the absence of Aβ1-42 as shown in figure 3.2(A). When 2 µM of 

monomeric Aβ1-42 was incubated with LUVs in a quartz cuvette significant dye release was observed. 

Figure 3.2(B) shows the difference in signal after 16 hours of incubation of LUVs with monomeric Aβ1-

42 at 37 ⁰C in a quartz cuvette and resembles data from other sources 69,170. The nature of the 

experimental surface clearly has a significant impact on the outcome of the experiment. 
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Figure 3.2 Aβ1-42 can cause dye release depending on external surfaces. (A) shows that, when incubated in a 

low-binding microplate (red) LUVs rupture and a significant dye release signal is rapidly observed compared to 

the same LUVs incubated in a polystyrene microplate (blue). (B) shows that in a quartz glass cuvette Aβ1-42 can cause 

significant dye release (red) when incubated for 16 hours (57600 s) at 37 °C compared to the control (blue). Error 

bars represent the standard error about the mean from 2 repeats of 5 replicates per repeat. 
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3.3.2 Amyloid fibril formation in a polystyrene microplate results in a loss of roughly 1 µM 

of monomer equivalent Aβ1-42 

One possible hypothesis that would explain the lack of lipid bilayer damage by Aβ1-42 in polystyrene 

microplates is that the Aβ1-42 peptide binds to the polystyrene surface. This is likely because 

monomeric Aβ1-42 has exposed hydrophobic residues and polystyrene is a hydrophobic surface. 

Alternatively, the surface could affect the population of aggregates available in such a manner that 

those capable of damaging a lipid bilayer is either reduced substantially or removed entirely. If Aβ1-42 

were binding to the polystyrene surface it would be expected that any observed yield of amyloid fibrils 

would be reduced. The standard method for observing amyloid fibrils is to monitor the fluorescence 

of the amyloid sensitive dye thioflavin T (λex = 445 nm, λem = 485 nm). 

Thioflavin T can be used to measure a change in the mass of amyloid fibrils over time. When measured 

with the readings set to the same gain, the relative amount of amyloid fibril formed once fibril 

formation has plateaued can also be measured.  

 

 

 

 

 

 

 

 

 

 

 



 59  
 

 

Figure 3.3 Less than 1 µM Aβ1-42 does not form amyloid fibrils in a polystyrene microplate. (A) A 

representative thioflavin T curve on a polystyrene microplate showing the change in signal intensity over time. 

The red circle highlights the plateau phase at which the maximum intensity is observed. This can be collected 

from each curve and plotted against the initial monomeric Aβ1-42 concentration of that curve as seen in (B). The 

relationship between maximum signal and concentration is linear. Data from a low-binding surface (blue) passes 

through (0,0) whereas in a polystyrene microplate (red), the x-intercept is just below 1 µM suggesting that at 

least this amount is required before fibrils can be formed in polystyrene. In (B) the x-intercept was calculated 

from 5 repeat experiments and the average values were 0.7 in the untreated microplates and -0.34 in the low 

binding microplates which were determined to be statistically significant using a Student’s t-test. 
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Monomeric Aβ1-42 was incubated in both low-binding (Corning 3686) and polystyrene microplates 

(Corning 3694) at a range of concentrations from 2 µM to 6 µM. Figure 3.3(A) shows a representative 

curve of thioflavin T signal over time and highlights the plateau phase at which maximum signal is 

observed. The maximum signal and therefore relative amount of fibril formed is plotted against each 

concentration of initial Aβ1-42 monomer in figure 3.3(B). This is plotted against the same data recorded 

in polystyrene plates coated in a low-binding surface (Corning 3686). If all (or almost all as the 

monomer must exist in equilibrium with other aggregate species) of the monomeric Aβ1-42 is used in 

making fibrils it would be expected that, when extrapolated, the observed straight line would 

intercept the x-axis at 0. This is the case for the data recorded in the low-binding microplates shown 

in figure 3.3 (B). For the data recorded in the polystyrene plates shown in figure 3.3 (C) however, the 

x-intercept is around 1 µM suggesting that this amount of Aβ1-42 is “lost” at the end of each reaction. 

This contradicts the hypothesis discussed previously that the Aβ1-42 cannot damage a lipid bilayer in a 

polystyrene plate due to all of the Aβ1-42 binding to the polystyrene surface. This is because 11 µM of 

monomeric Aβ1-42 was used in the experiments described in section 3.3.1. If only 1 µM of monomeric 

Aβ1-42 at most remains bound to the polystyrene surface, then 10 µM of Aβ1-42 must at some point be 

free to interact with the lipid bilayers. The most likely hypothesis becomes that the mechanism of 

amyloid formation in a polystyrene microplate is sufficiently different to the mechanism of amyloid 

formation in the presence of other surfaces that Aβ1-42 becomes incapable of damaging a lipid bilayer 

in a polystyrene microplate. This could be because all or most of the Aβ1-42 species adhere to the 

polystyrene at one point or another and are then diverted to fibrils without ever interacting with the 

LUVs. 

3.3.3 Aβ1-42 amyloid formation is catalysed by polystyrene and low-binding microplates. 

In order to investigate the surface dependence of the mechanism of amyloid formation, a powerful 

method is to look into the concentration dependence of the assembly kinetics. 

Monomeric Aβ1-42 at concentrations ranging from 2 to 7 µM was incubated in either glass coated, 

quartz glass, polystyrene or low-binding surface microplates. Figure 3.4(A-D) shows the normalised 

fibrillisation curves at a range of concentrations for each different surface. In the polystyrene 

microplates there is a concentration independence shown by the curves mostly overlapping in figure 

3.4 (A). In low-binding surface microplates a concentration dependence is observed. The 

concentration dependence observed is close to those observed in Cohen et al 178 which was discussed 

in chapter 1 section 1.2 and is expected here as the same experimental conditions are used. It could 

be assumed here that Aβ binds to the polystyrene microplates and that the rate of fibrillisation is 

dependent on the dissociation of Aβ from the surface hence the concentration independence. 
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However, figure 3.4 (C) shows that in a glass coated microplate fibrillisation is also concentration 

independent. Furthermore figure 3.4 (E), which shows the average normalised fibrillisation curve at 4 

µM for all four different surfaces, reveals that the rate of fibril formation in glass or quartz glass is an 

order of magnitude slower than in either polystyrene or low-binding microplates. This suggests that 

polystyrene microplates actually catalyse the formation of Aβ amyloid fibrils. Figure 3.4 (D) shows that 

in quartz glass microplates, the reaction is somewhat stochastic. Each replicate is shown individually 

as averaging them would provide meaningless seemingly randomly positioned curves. This is expected 

when the impact of the surface is limited as homogenous nucleation should be spontaneous and 

ultimately stochastic 179. Figure 3.4 (F) shows the half times for amyloid formation plotted against the 

initial monomer concentration for the different surfaces. The different concentration dependencies 

are observed as a flat line and suggest concentration independence. The difference in rate can also be 

observed across the entire concentration range.  

The observation that polystyrene catalyses the fibrillisation process has implications for studies using 

polystyrene surfaces. In particular, cell culture models of Alzheimer’s disease often use polystyrene 

surfaces 180,181. Without the knowledge that polystyrene surfaces catalyse fibril formation the results 

of experiments performed in polystyrene could be misinterpreted. The same argument can be made 

for low-binding microplate surfaces which have been used for the analysis of fibrillisation kinetics 

without the realisation that the low-binding surface catalyses fibrillisation 35,41,182.  
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Figure 3.4 The rate of Aβ1-42 fibrillisation is surface dependent. Aβ1-42 was incubated with thioflavin T in 4 

different microplates; glass coated, low-binding, polystyrene and quartz glass. The fibrillisation curves were then 

normalised according to the protocol in chapter 2. The fibrillisation curves from polystyrene (A) are 

concentration independent which contrasts with the curves from low-binding microplates (B). The curves in glass 

coated microplates (C) were also concentration independent. In the quartz glass microplate (D) the curves were 

stochastic suggesting more dependence on homogeneous nucleation. When the average normalised curve at 4 

µM Aβ1-42 from each surface are plotted together (E) it becomes clear that the rate of fibril formation is much 

faster in polystyrene and low-binding microplates than in glass coated or quartz glass microplates. The half times 

to reach the maximum thioflavin T signal were plotted against the initial monomer concentration on a log log 

graph (F). These data were then fit to the equation 𝑦 = 𝑎(𝑥)^𝛾 where γ is a scaling factor that can be used as a 

measure of the concentration dependence. Due to the stochastic nature of the data from the quartz glass 

microplate γ could not be measured. In the glass coated microplate and in the polystyrene microplate γ=0 

suggesting concentration independence. In contrast in the low-binding microplate γ= -1.4 suggesting a high 

concentration dependence. 
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3.3.4 Removing the air water interface slows the rate of amyloid formation. 

Given the impact of hydrophobic surfaces like polystyrene on amyloid formation, the next question 

was clearly whether the non-physiological air-water interface present in all in vitro assays may be 

having a similar impact. Jean et al 183 have shown that in the absence of an air water interface Aβ1-40 

does not form amyloid fibrils in glass containers until the initial monomer concentration reaches a 

critical assembly concentration, which was estimated to be between 0.6 and 4 µM. Therefore, the 

impact of the air water interface on the fibrillisation of the more amyloidogenic Aβ1-42 was of interest. 

22 µM of monomeric Aβ1-42 was incubated in quartz cuvettes with thioflavin T. The air water interface 

was removed by degassing the solutions used and filling the cuvettes to the brim followed by placing 

a clean glass coverslip over the top. Figure 3.5 shows that in the absence of an air water interface 

there was no amyloid formation.  

 

 

Figure 3.5 Aβ fibril formation is affected by the air water interface. Thioflavin T assays were performed in the 

presence and absence of the air water interface in a quartz glass cuvette and the half time to achieve maximum 

signal was recorded. The fibrillisation curves of 22 µM Aβ1-42 in the presence (blue) and absence (red) of an air 

water interface are shown. There is no change in signal over the course of 24 hours (the first 3 hours are shown) 

in the absence of the air water interface. Timepoints were every 15 minutes to increase the amount of 

continuous measurements as the software used could only take 200 measurements at a time. This is the reason 

that no lag phase was observed for fibril formation in the presence of an air water interface. A single reaction 

time course is shown, however, the same phenomenon was observed upon repeated attempts although the 

time courses themselves were different.  

 

The reproducibility of this phenomenon suggests that Aβ1-42 fibril formation is strongly influenced by 

interactions with surfaces and interfaces including the air water interface. 

Thioflavin T 
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3.3.5 Aβ1-42 forms a nucleated film on a polystyrene surface 

Since there is a dependence on surface interactions with regard to Aβ fibrillisation, the events that 

take place at the surface were examined next. The first surface of interest was polystyrene. Flat 

polystyrene surfaces were prepared by spin coating polystyrene onto a silicon wafer. 11 µM Aβ1-42 was 

incubated on the surface and imaged by AFM. A 20 µm by 20 µm area was imaged at a rate of 1 scan 

per 4 minutes and 15 seconds. Figure 3.6(A) shows a time course of AFM images. After 1-hour large 

aggregates can be seen on the surface. After 2 hours the majority of the surface is covered by multiple 

large aggregates on the surface that despite the appearance in figure 3.6 are actually much wider (10 

µm or 10,000 nm) than they are tall (100-200 nm) hence resembling a film. The film continues to grow 

up to the 3-hour time point. After 3 hours the film begins to lose mass which is clear after 4 hours. The 

size of height irregularities (roughness), is plotted in figure 3.6(B). It can be seen that the film’s mass 

decreases after 3 hours. An explanation for this is that as the monomer concentration reaches a steady 

state, presumably as fibrils are also forming, it can no longer support the growth of the film on the 

surface and thus the film subsequently deteriorates. 
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Figure 3.6 Aβ1-42 forms a film on a polystyrene surface. 11 µM Aβ1-42 was incubated on a polystyrene surface. 

A time course of AFM images depicting Aβ1-42 film growth on a polystyrene surface is shown in (A). The use of 

the term film is appropriate as the observed aggregates are about 500 to 1000 times wider than they are tall. 

These films grow in size until about 3 hours at which point they begin to lose mass.  The surface roughness at 

each time point was plotted in (B) highlighting the peak and trough of film formation. This suggests that once 

the monomer concentration reaches a steady state the presence of the film is no longer supported to the point 

at which it deteriorates. A single reaction is shown; however, this reaction was observed over 5 repeated 

experiments. 

 

3.3.6 Different nuclei of Aβ1-42 form on different surfaces 

The types of aggregates that form on other surfaces that aren’t polystyrene are also of interest. Low 

binding microplates catalyse fibril formation in a specific and reliable manner. Unfortunately, while 
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the surface chemistry can be assumed to be “PEG-like” the exact surface is unknown (discussed further 

in chapter 5). PEG is a hydrophilic compound hence its low binding nature with regard to proteins and 

peptides. Mica is also a hydrophilic compound and that property alone makes it a useful mimic of the 

low binding surface used previously. Mica is also often used in AFM experiments due to the ease of 

creating a clean, flat surface. Glass and quartz glass do not appear to catalyse fibril formation but that 

does not necessarily mean that there is no interaction between Aβ1-42 aggregates and a glass or quartz 

glass surface. 

A flat quartz glass plate was imaged by AFM. 11 µM of monomeric Aβ1-42 was then incubated on the 

quartz glass plate. Figure 3.7 shows a time course of AFM images. The surface remains flat with no 

apparent aggregates settling on the surface. This suggests that any aggregation including any 

fibrillisation that occurs in the presence of a quartz glass surface does not occur at the surface. 

However, as shown previously, nucleation of aggregates could occur at the air water interface. 
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Figure 3.7 Aβ1-42 does not interact with a quartz glass surface. Aβ was incubated on a quartz glass surface. The 

surface was continually imaged using AFM. Nothing was observed as can be seen in the above time course. The 

same result was observed upon repeat. 
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Figure 3.8 shows a similar time course observed on a hydrophilic mica surface. Aβ1-42 forms aggregates 

that interact transiently with the surface. Despite fresh images being taken every 4 minutes and 15 

seconds and the same area being imaged for hours, no two images from the time course were alike. 

Interestingly there were periods during the time course at which larger aggregates appear at the 

surface. This suggests that transient nucleation reactions occur at the surface sporadically which could 

increase the rate of fibril formation. Due to the hydrophilic nature of mica this data could be compared 

to the fibrillisation time courses monitored using thioflavin T in the hydrophilic low-binding 

microplates. 
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Figure 3.8 Aβ1-42 aggregates nucleate on a hydrophilic surface. Aβ1-42 was incubated on a freshly cleaved mica 

surface and imaged by AFM. A time course of images were collected and revealed a continuously shifting 

landscape of aggregates at the surface as can be seen in the above time course. Notably at 4 hours there are a 

number of large aggregates observed however these moved off of the imaged surface as can be seen at the 6 

hour time point. Whether the aggregates observed moved away laterally or returned to the bulk solution is 

unknown. This was repeated and the same result was observed. 
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3.3.7 Aβ1-42 amyloid fibril formation can nucleate on the surface of lipid bilayers in a 

polystyrene microplate 

Evidence from the previous sections suggests that in order to investigate Aβ1-42 interactions in vitro 

the impact of the surface must be considered. The next obvious step would be to investigate more 

physiologically relevant surfaces such as lipid bilayers. Ideally this would be done in an environment 

where the only surface that had an impact was the lipid bilayer such as in quartz glass or glass. 

However, despite a film of Aβ1-42 forming on the polystyrene surface as shown in section 3.3.5, the 

fibril yield analysis in section 3.3.2 shows that there is possibly an excess of Aβ1-42 available that could 

still interact with lipid bilayers. The impact of lipid bilayers on the process of amyloid fibrillisation was 

therefore investigated using a thioflavin T assay in a polystyrene microplate.
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Figure 3.9 Lipid bilayers can catalyse fibril formation in a polystyrene microplate. Aβ1-42 was incubated with thioflavin T 

in the presence and absence of LUVs in a polystyrene microplate (A). It can be seen that the lag phase for amyloid formation 

is reduced in the presence of LUVs suggesting that they provide a nucleation site for amyloid formation. Some of this sample 

was then imaged by electron microscopy (B) and indeed it can be observed that fibrils grow in close proximity to the LUVs. 

The average half times of the reactions in A were determined to be 13800 s in the absence of LUVs and 9800 s in the presence 

of LUVs. The half times were determined to be significantly different using a Student’s t-test where p<0.05.
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Monomeric Aβ1-42 was incubated in a polystyrene microplate at 11 µM with 40 µg/ml of LUVs. Figure 

3.9(A) shows that in the presence of LUVs there is a reduced lag phase for amyloid formation. This 

clearly demonstrates that the presence of lipid bilayers results in an increased rate of nucleation. 

Figure 3.9(B) shows an electron micrograph of the same sample with amyloid fibrils appearing to grow 

from nucleation sites around the LUVs. This suggests that lipid bilayer surfaces do interact with Aβ1-42 

to provide a surface for the formation of amyloid fibrils. Alternatively, the fibrils may interact with 

LUVs after formation, however the data in figure 3.9 (A) suggests that the initiation of fibril formation 

is impacted by interactions with LUVs. Unfortunately, due to the use of uranyl formate to negatively 

stain the samples the impact of Aβ1-42 on the LUVs cannot be observed by negative stain TEM. Ideally 

another method would be used to investigate this such as cryo-TEM 184 or AFM. 

A simple DOPC lipid bilayer can further catalyse fibril formation in a polystyrene microplate as shown 

here. However, as discussed in chapter 1 there is evidence that lipid bilayers play a substantial role in 

Alzheimer’s disease and the interaction between Aβ and lipid bilayers is far more complex than an 

increase in the rate of fibril formation. 

3.3.8 Aβ1-42 can disrupt a supported lipid bilayer. 

One method of investigating the interaction between a lipid bilayer and Aβ1-42 is to continuously image 

a supported lipid bilayer (SLB) using AFM. This allows for the direct measurement of surface 

interactions between Aβ1-42 aggregates and the lipid bilayer. 

A SLB was formed on a mica surface. The SLB used does not completely cover the surface of the mica 

substrate but large patches of SLB are observed. The observed SLB was consistently present for at 

least 3 hours before the addition of Aβ1-42 which served as the negative control for this experiment. 

Figure 3.10 shows a time course of Aβ1-42 incubated on the SLB surface. After about 1 hour of 

incubation, as a direct consequence of the addition of Aβ1-42 the SLB began to lose its structure and 

was eventually removed entirely from the surface. Once the SLB had been removed, the molecules 

interacting with the mica surface remain small and highly mobile with no two-consecutive images 

(each 4 minutes and 15 seconds apart) being the same. After 6 hours the average size of the molecules 

interacting with the surface began to continuously increase in size including the eventual formation 

of an aggregate that appeared on the left-hand side and was mostly out of frame. As the aggregates 

increased in size, they began to become less mobile and stayed put on the surface, showing behaviour 

that is distinct from when Aβ1-42 is incubated on mica alone. Large aggregates could have been forming 

from interactions with the displaced lipids that eventually settled on the mica surface. The data 

collected here support a model in which Aβ1-42 is able to disrupt an SLB within a relatively short 
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timescale of 2 hours and where the Aβ1-42 species themselves form large deposits that settle onto the 

surface after 8 hours.  

 

Figure 3.10 Aβ 1-42 causes the removal of a SLB from a mica surface before aggregating. SUVs were incubated 

on a freshly cleaved mica surface and imaged by AFM until consistent patches of SLB were observed. Aβ1-42 was 

added and a time course of images were collected. After 1 hour of incubation the morphology of the SLB 

becomes perturbed and after 2 hours it is completely removed from the surface of the mica substrate. There is 

then minimal interaction with the surface by aggregated species until about 6 hours into the time course at 

which point large aggregates begin to settle onto the surface. After 8 hours a large aggregate appears (mostly 

out of frame to the left). This aggregate and some of the smaller aggregates remain in place and are observed 

at 10 hours. This is distinctly different behaviour to the mica surface alone. These aggregates could therefore be 

either large aggregates of Aβ1-42 formed in solution after coming into contact with the displaced lipids, or just 

the displaced lipids resettling onto the mica surface. Before the addition of Aβ1-42 the SLB was incubated for 3 

hours and no disruption was observed.
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3.4 Discussion 

3.4.1 LUVs could rupture to form a supported lipid bilayer in a low-binding microplate 

As part of the investigation into the conditions upon which Aβ1-42 can and can’t cause dye release from 

LUVs, changes to the “test tube” surface were made. Figure 3.2(A) shows that when a hydrophilic low-

binding surface was used, all the dye encapsulated in the LUVs was immediately released, including in 

the absence of any Aβ1-42. This suggests that the LUVs were rupturing when they encountered the 

surface. An investigation into the low-binding surface reveals that the exposed surface is polyethylene 

oxide (PEO) which, with regards to the exposed regions at the surface of the monolayer, is chemically 

the same as polyethylene glycol (PEG). There are examples of PEG being used as a support for 

supported lipid bilayers (SLBs). It is therefore possible to form a SLB by incubating LUVs or SUVs in a 

low-binding microplate. This would be a useful tool as it would be a simple method for forming a SLB 

in a microplate which could then be used for further experimentation such as a thioflavin T assay to 

determine how the rate of fibril formation changes in the presence of different lipid bilayers. The 

presence of a SLB could be tested by AFM. This phenomenon is investigated further in chapter 5. 

3.4.2 Aβ fibrillisation occurs independently of lipid bilayer damage in polystyrene 

microplates 

As discussed in section 3.3.1, the ability of Aβ1-42 to cause enough damage to the integrity of LUVs to 

observe significant dye release is dependent on the surface of the “test tube”. Polystyrene microplates 

prevent dye release caused by Aβ1-42 whereas quartz glass cuvettes do not. 

Further investigation into the polystyrene surface in section 3.3.5 by AFM shows that large deposits 

of Aβ form there. This occupation of the Aβ1-42 could be the reason that there is no dye release 

observed in a polystyrene microplate. This would suggest that the bulk of the Aβ1-42 binds to the 

polystyrene surface. 

Examination of fibril yields on polystyrene (section 3.3.2) shows that only 1 µM of monomer 

equivalent of Aβ1-42 does not form amyloid fibrils when the starting solution contained 11 µM 

monomeric Aβ1-42. Therefore Aβ1-42 does not just bind to the surface in a polystyrene microplate. In 

fact, as shown by the time courses collected in section 3.3.3, amyloid formation is catalysed by the 

polystyrene microplate. If the polystyrene microplate catalyses fibrillisation but inhibits dye release 

caused by Aβ1-42, then this suggests that dye release and by extension damage to LUVs is caused by an 

aggregate that is either not formed or prevented from interacting with LUVs in a polystyrene 

microplate. The most likely scenario is that most of the Aβ1-42 is sequestered onto the film observed 
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in figure 3.6, including potential permeation inducing species, which catalyses fibril formation and 

then depletes.  

Figure 3.11 shows a diagram of a possible model for fibril formation on polystyrene. Monomeric Aβ1-

42 monomers are injected in solution. Initially these monomers form a film on the polystyrene surface. 

Fibril formation is then catalysed by the accumulation of Aβ1-42 as a film at the polystyrene surface. As 

both fibrils and the film grow simultaneously, the monomer concentration in solution becomes 

depleted. Once the monomer concentration in solution is sufficiently low, the deposited film begins 

to deteriorate. 

 

Figure 3.11 A model for fibril formation on polystyrene. Monomers in solution (A) (or non-fibrillar 

aggregates/oligomers) (blue circles) initially form a film (red rectangle) on the polystyrene surface (B). In this 

diagram, only a section of the polystyrene surface is depicted. The formation of fibrils (green circles) is catalysed 

by the formation of the film as the accumulation of Aβ1-42 is promoted (C). As film deposition and fibril formation 

occur the monomer concentration in solution drops (D). At a critically low monomer concentration the film is no 

longer supported and deteriorates (E).

 

Section 3.3.6 shows that LUVs can reduce the lag phase for forming amyloid fibrils in a polystyrene 

microplate. This shows that the Aβ1-42 can interact directly with the LUVs in a polystyrene microplate 

but as per the dye release data shown in section 3.3.1, not in a manner that induces lipid bilayer 
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permeation. The fact that the lag phase is reduced suggests that the LUVs catalyse the initiation 

(possibly nucleation) of fibril formation in this case. Amyloid fibrils could therefore nucleate more 

rapidly in the presence of LUVs in a polystyrene microplate, independently of the lipid bilayers of those 

LUVs becoming permeable. This is a major conclusion. A lack of Aβ1-42 induced lipid bilayer permeation 

might be observed upon promoting this pathway, which could be an alternative explanation as to why 

there is a lack of toxicity in some cell culture experiments where polystyrene microplates are used. 

This data could be helpful in better understanding which Aβ1-42 aggregates are capable of damaging 

lipid bilayers. If monomeric Aβ1-42 was to be incubated in a polystyrene microplate and the resulting 

species separated by size, using technology such as size exclusion chromatography or asymmetric flow 

field flow fractionation, they could then be analysed by multi angle light scattering. This would give a 

distribution of different sized aggregates found after the incubation of Aβ1-42 in a polystyrene 

microplate. A time course analysed in this manner would provide information about the shifting 

populations of aggregates over time. A comparative time course could be performed in a quartz 

cuvette. By comparing the two conditions it could be inferred that any aggregates that appear in the 

quartz cuvette incubation but not the polystyrene incubation could be responsible for causing damage 

to LUVs. Both conditions would have to be tested with and without the presence of LUVs.  

3.4.3 Aβ fibrillisation is dependent on the surface 

Section 3.3.3 highlights the fact that Aβ1-42 fibrillisation is catalysed when monomeric Aβ1-42 is 

incubated in either a polystyrene or a low-binding microplate when compared to a quartz glass or 

glass coated microplate. This catalysis includes a reduced lag phase which suggests a mechanism of 

heterogeneous nucleation of amyloid fibrils. The apparent concentration dependence displayed only 

in low binding microplates across the concentration range tested suggests that detailed kinetic 

analysis of data collected in low binding microplates may restrict the analysis of fibril formation to 

specific behaviours that are not necessarily present in other conditions including physiological ones 

35,41,178,182. The concentration independence observed in polystyrene suggests that the rate of fibril 

formation is limited by the formation of the film observed by AFM in section 3.3.5. 

To determine whether amyloid formation is totally dependent on heterogeneous nucleation, the air 

water interface was removed. In a quartz glass cuvette, the only heterogeneous surface for Aβ to 

interact with is the air water interface. Section 3.3.7 shows that when incubated on a quartz glass 

surface no aggregates form on the surface. Therefore, if there was no heterogeneous surface at which 

Aβ can interact, then it must nucleate in a homogeneous manner if at all. It has previously been shown 

that Aβ1-40 cannot nucleate and form amyloid fibrils in these conditions 183. Section 3.3.4 shows that if 

the conditions are controlled to the point where there is highly limited nucleation of amyloid fibrils 
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before the air water interface can be cut off, the rate of fibril formation is drastically reduced. It is 

likely therefore that, given the entire absence of a heterogeneous surface, amyloid formation would 

not occur. 

In vivo, there are several surfaces that could act as heterogeneous nucleation sites for amyloid 

formation. Aβ is deposited extracellularly however, the behaviour of Aβ when encapsulated within 

endosomes at low pH is also of interest. One notable surface therefore, is the extracellular matrix 

which has a large surface area and if it binds Aβ even transiently, as seen in section 3.3.7 with the 

hydrophilic mica surface, it could provide a nucleation site for amyloid formation. 

Another surface that has been shown to provide a heterogeneous nucleation site for amyloid 

formation is the lipid bilayer 185. As shown in 3.3.6 the lag phase for amyloid formation can be reduced 

by incubating monomeric Aβ with LUVs suggesting that the LUVs provide a heterogeneous nucleation 

site for amyloid formation. Importantly lipid bilayers in vivo have varying compositions, some of which 

may be important in Alzheimer’s disease. An investigation into the different lipid compositions that 

affect amyloid formation is therefore useful as is discussed in chapter 5. 
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Chapter 4: Investigating methods for observing the impact of 

lipid bilayers on Aβ interactions, whilst mitigating the effects 

of competing surfaces. 

4.1 Introduction 

It was shown in chapter 3 (section 3.3.1) that LUVs become permeable when introduced to a low 

binding microplate (Corning 3686). It was hypothesised that these LUVs were forming a supported 

lipid bilayer on the hydrophilic surface of the microplates. 

Cell membranes are important in both a biophysical and a biochemical context 186. The biophysical 

properties of cell membranes (size, curvature) have a strong bearing on our understanding of disease 

states such as the structural changes to the cell membrane that occur in cancerous cells 187 and the 

effects of protein and peptide interactions with the cell membrane in Alzheimer’s disease 188. In 

studies of microbes and plants these factors affect processes such as photosynthesis, protein lipid 

interactions and structural properties such as the periplasmic space in Gram negative bacteria 189-192. 

Biochemically, cell membranes provide a large surface area of chemically active ingredients for 

interactions to occur 193. This largely includes membrane proteins 194-196 however the activity of the 

lipids within the lipid bilayer should not be overlooked 197-199. In addition, where bimolecular 

interactions between soluble species occur, in vivo surfaces can and in many instances do, have a 

significant impact. As a result, when investigating specific interactions between biomolecules in vitro, 

model cell membranes can and should be used to provide further context into the nature of the 

interaction 186. 

In several studies, the use of model cell membranes is hampered by the presence of third party 

surfaces. This particularly affects systems in which the biomolecules interact in a surface dependent 

manner. The use of vesicles as model cell membranes in some assays can result in competition 

between the interaction of the biomolecules at the lipid bilayer surface and the interaction of the 

biomolecules at the surface of the ‘test tube’ 170,182,200-202. In these scenarios it is difficult to determine 

the extent to which the vesicles are impacting upon the bimolecular interactions of interest. This 

includes examples of high throughput screening experiments 201,202, which could be improved by the 

inclusion of a membrane model of known size and curvature.  

In other studies cell membranes are modelled by supported lipid bilayers (SLBs) 186,203,204. In these 

systems lipid bilayers are deposited onto a solid substrate, typically mica 205 or silicon dioxide 206, by 
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one of a number of methods 207-209. These can be used in experiments such as atomic force microscopy 

205,210, surface plasmon resonance 211 and ellipsometry 205 to measure bimolecular interactions at or 

with a lipid bilayer surface. However, many experimental techniques rely on equipment that are not 

considered optimal for SLB formation.  

In vitro assays often utilise the efficiency of 96 well microplates. In situations where a model 

membrane is of interest, these assays tend to use vesicles as the model system 182,201,202. In most 

experiments, the role of the microplate surface is not defined. Indeed, this is very rarely presented 

although, in theory, measurements could be made on a range of surfaces to ensure the neutrality of 

the microplate surface. It will always be the case that where the impact of vesicles on the interaction 

between biomolecules is being investigated, the vesicle surface will be competing with the surface of 

the microplate and the relative effects will not be easily quantifiable. This becomes even more 

complex in systems where one of the biomolecules of interest is incorporated into the vesicle 201,202: 

any of the three components may still be affected by weak interactions with the microplate surface 

and controls become extremely difficult to design. One way of getting around this is to probe the 

impact of the microplate surface on the lipid vesicles. For example, in dye release assays 170,200 the 

effect of the microplate on the vesicles can be directly measured. Another way would be to coat the 

surface of a microplate with a SLB. This would be a useful tool when a bimolecular interaction is being 

investigated that may be influenced by the presence of a highly complex lipid bilayer. Example 

applications include the way chaperones interact with bilayers when the trans-membrane domains of 

proteins are inserted into the lipid bilayer 212 and the behaviour of membrane anchored proteins that 

are involved in binding structural proteins 213 or signalling pathways 214. Viral proteins such as hepatitis 

C 215 and glycoproteins from Herpes simplex virus 216 are also known to interact at the bilayer surface 

and many biochemical assays have been excluded due to the lack of model lipid bilayers available in a 

microplate. 

In this chapter it is shown that low binding microplates (named non-binding surface by the 

manufacturer) (Corning 3686) cause the rupture of LUVs. This could result in the microplate surface 

becoming coated with SLBs with a range of different lipid compositions. As an approach for forming 

SLBs this would be easy to use, provide a membrane model of known size and curvature and would 

be remarkably simple compared to SLB formation on glass as it wouldn’t require a wash step 217. The 

ability to form SLBs of complex lipid compositions on a microplate surface would be extremely useful 

218. For example, the binding of the cholera toxin to the ganglioside GM1 219 could only be modelled in 

a complex SLB. Equally, modelling the behaviour of the anthrax toxin requires a complex lipid bilayer 

model as it interacts with cholesterol and glycosphingolipids 220. The most commonly used methods 

for detecting a SLB such as AFM 205,221, quartz crystal microbalance 205,207 and fluorescence microscopy 
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209 were not applicable here due to the size and shape of a microplate. It was also not possible to 

mimic the surface due to the commercial nature of the coating on the low binding microplates. The 

patent referring to the non-binding surface displays a range of coatings 222, any one of which could be 

used in practice. Attempts to excavate the wells will be shown not to be useful. Therefore, a method 

that was possible within the wells of a microplate that could determine the presence of a SLB was 

required. By using the self-quenching fluorescent dye 5-6 carboxyfluorescein (CF) it was shown that 

addition of large unilamellar vesicles (LUVs) to the microplates causes the rupture of the LUVs. Further 

addition of fresh LUVs results in a change in the profile of dye release which indicates that the lipids 

are forming bilayers on the surface.  

These microplates were then used to carry out a thioflavin T assay in which the formation of amyloid 

fibrils by Aβ1-42 223, a process which is known to occur in the brains of patients with Alzheimer’s disease 

21,224, is measured. It will be shown that the observed rate of fibril formation is not strongly affected 

by the presence and composition of a SLB in a lipid coated microplate. 

4.2 Methods 

4.2.1 CF encapsulating LUV preparation 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (850375) (> 99 % purity), Cholesterol (ovine) 

(700000) (> 98 % purity) and GM1 Ganglioside (Brain, Ovine-Sodium Salt) (860065) (> 99 % purity) 

were purchased from Avanti polar lipids, (Alabaster Alabama), as a lyophilised powder. Stocks of 10 

mg/ml lipid solutions were created by dissolving 100 mg of powdered lipid in 10 ml of chloroform 

(Sigma-Aldrich). Lipids were mixed in the ratios listed according to their molar concentration. 

1 ml of each mixed lipid solution was exposed to a stream of nitrogen until all of the chloroform had 

been removed. The resulting lipid film was re-suspended in CF solution: 50 mM 5-6 carboxyfluorescein 

(Sigma-Aldrich) 10 mM HEPES pH 7.4 (adjusted with NaOH) by vortexing to make large multi-lamellar 

vesicles (LMVs). To make LUVs, the LMVs were passed through a mini-extruder (Avanti polar lipids) 

with a 200 nm polycarbonate filter. The LUVs were run down a PD-10 desalting column (GE healthcare) 

that had been equilibrated with 10 mM HEPES 125 mM NaCl pH 7.4 to remove any excess CF solution. 

0.6 ml of LUV solution containing 10 mg/ml lipid solution was allowed to enter the packed bed of the 

column. This was immediately followed by 1.9 ml of 10 mM HEPES 125 mM NaCl pH 7.4 buffer. Once 

this had all entered the packed bed of the column 3 ml of 10 mM HEPES 125 mM NaCl pH 7.4 buffer 

was added and the eluent from the bottom of the column was collected. This resulted in stock 2 mg/ml 

LUV solutions. 

4.2.2 Aβ1-42 peptide preparation 
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Aβ1-42 peptide (HFIP treated, lyophilised product number A-1163-2) was purchased from rPeptide 

(Bogart, GA). Each 1 mg aliquot of peptide was resuspended in 1 ml 10 mM NaOH by sonicating in a 

sonicating water bath for 30 minutes. The resulting 220 μM solution was aliquoted into 10 microfuge 

tubes each containing 100 μl. These aliquots were frozen in liquid nitrogen and stored at -80 ⁰C for up 

to 2 weeks. 

4.2.3 CF leakage  

LUVs in polystyrene microplates. Stock LUV solutions were diluted to 50 μg/ml. 110 μl of each 50 μg/ml 

solution was added to wells in a Corning® “96 Well half area black flat bottom polystyrene not treated 

microplate” (corning product number 3694) (polystyrene microplate). The wells were subjected to 

excitation at a wavelength of 485 nm and emission was recorded at 515 nm using a FLUOstar Omega 

microplate reader (BMG labtech) every 30 seconds at 37 ⁰C for 30 minutes with 1 second of agitation 

per reading.  

LUVs added to low binding surface microplates. As above, using Corning® 96 Well Half Area Black Flat 

Bottom Polystyrene NBS™ Microplate (Corning product number 3686) (low binding microplate).  

LUVs added in steps to low binding surface microplates. Initially, LUVs were added to low bindng 

microplates as above and fluorescence was recorded every 5 minutes at 37 ⁰C for 30 minutes. The 

microplate was then emptied of most of its solution by inverting, 150 µl of water was then added 

before emptying once more. 110 μl of fresh 50 μg/ml LUV solution was added. The fluorescence signal 

was recorded every 5 minutes at 37 ⁰C for 30 minutes with 10 second of agitation per reading. This 

was repeated 3 times to give a total of 4 profiles of dye release. 

Alternatively, after the first 30 minutes, 55 μl of solution was taken out of the wells and 55 μl of fresh 

buffer was added. This was repeated 6 times. Finally, 55 μl of 100 μg/ml LUV solution was added and 

the fluorescence signal was recorded every 30 seconds at 37 ⁰C for 30 minutes with 1 second of 

agitation per reading. This was repeated 3 times to give 4 total profiles of dye release. 

To avoid any possible exposure to air, 75 μl of LUV solution was added initially and after 30 minutes 

of recording fluorescence signal 75 μl of fresh buffer was added to the wells. This was followed by the 

removal of 75 μl of solution from the wells. This was repeated 6 times and finally 75 μl of 100 μg/ml 

LUV solution was added to the wells and 75 μl of solution was removed from the wells before the 

fluorescence signal was recorded every 30 seconds at 37 ⁰C for 30 minutes with 1 second of agitation 

per reading. This was repeated 3 times to give 4 total profiles of dye release. 

4.2.4 Imaging the base of a microplate well by AFM 
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To investigate the presence of a SLB by AFM a flat substrate was required. A pair of scissors and a 

sharp blade were used with caution to break a low-binding surface microplate to expose the wells. 

Individual wells were removed from the rest of microplate and the walls were removed using a sharp 

blade. This substrate was then glued to the base of a petri dish using green glue and imaged in buffer 

using the MFP-3D AFM (Asylum research) with cantilever E of the MLCT AFM tips (Bruker).  

4.2.5 Aβ1-42 peptide fibrillisation on a lipid coated microplate 

100 μl of each 50 μg/ml LUV solution was added to wells in a low binding surface microplate and was 

left at 37 ⁰C for 1 hour. The solution in each well was exchanged (without exposing the SLB to air) for 

97.7 μl of 50 mM phosphate 150 mM NaCl 2mM sodium azide pH 7.4 along with 0.5 μl of 2 mM 

thioflavin T (Sigma-Aldrich) giving a final thioflavin T concentration of 10 μM. Aβ1-42 at a range of 

concentrations was added to each well. The wells were subjected to excitation at a wavelength of 445 

nm and emission was recorded at 485 nm by a FLUOstar Omega microplate reader (BMG Labtech) 

every 5 minutes at 37 ⁰C for 24 hours with 10 seconds of agitation per reading. 

4.2.6 Aβ1-42 and buffer as washes for a lipid coated microplate 

90 μl of each 50 μg/ml LUV solution was added to wells in a low binding surface microplate. The wells 

were subjected to excitation at a wavelength of 485 nm and emission was recorded at a wavelength 

515 nm every 30 seconds at 37 ⁰C for 30 minutes. The solution in the well was exchanged for either 

90 μl or 86.5 μl of 50 mM phosphate 150 mM NaCl 2mM sodium azide pH 7.4 without exposing to air. 

To the wells containing 86.5 μl of buffer 3.5 μl of 220 μM Aβ1-42 solution was added. The microplate 

was left at 37 ⁰C for 5 minutes. The solution in the microplate was then exchanged back to 10 mM 

HEPES buffer pH 7.4 125 mM NaCl. 90 μl of fresh 50 μg/ml LUV solution was added and 90 μl of solution 

was removed from the well. The fluorescence signal was then recorded every 30 seconds at 37 ⁰C for 

30 minutes with 1 second of agitation per reading. 

4.3 Results and Discussion 

4.3.1 Dye release profiles show rapid vesicle rupture in low binding microplates 

CF solution was encapsulated within LUVs made using lipids with a variety of compositions, reflecting 

standard membrane mimics such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) but also more 

complex mixtures such as those associated with neuronal cells by including cholesterol and GM1 170 . 

The assay relies on the observation that CF self-quenches above a threshold concentration and will 

fluoresce strongly upon release from the vesicles, i.e. dilution. Addition of 110 μl of 50 μg/ml LUV 

solution to a half area polystyrene microplate results in a very small change in fluorescent signal 
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(Figure 4.1) suggesting that the vesicles are intact and still encapsulating the dye after 30 mins (1800 

s) at 37 ⁰C.  

 

However, addition of the same 110 μl of 100 μg/ml LUV solution to a half area low binding surface 

microplate and incubation at 37 ⁰C for 30 mins results in a significant change in fluorescence signal 

(Figure 4.1) suggesting that the vesicles are no longer able to contain the dye to keep it above the 

required concentration threshold. Low binding surface microplates are coated in a “PEO-like” 

substance (polyethylene oxide) which is hydrophilic. LUVs adhere to hydrophilic surfaces. When LUVs 

adhere to a surface above a critical concentration they undergo vesicle fusion to form a SLB 217. The 

initial rate of dye release is a direct measure of vesicle rupture which is a process involved in SLB 

formation.  

 

Figure 4.1: Dye release occurs in a low binding microplate. In blue data collected in a polystyrene microplate 

and in red data collected in a low binding microplate. Release of CF dye, which is fully self-quenching above 50 

mM and was encapsulated within LUVs at 50 mM, occurs to a greater extent over 30 minutes in a low binding 

microplate than in a polystyrene microplate. This is independent of the composition of lipids in the LUVs as 

shown with (a) DOPC (b)DOPC Cholesterol and GM1. This suggests that LUVs adsorb to the hydrophilic surface 

of the low binding microplate and form a SLB by vesicle fusion. Error bars represent the standard error about 

the mean and are covered by the data points. 

 

In support of SLB formation, a calculation of the theoretical mass of lipids required to cover the surface 

of the well suggests the additions made here would be saturating. In a 50 μg/ml solution of DOPC 

LUVs, the concentration of lipids equals 63.6 μM. This is equal to 4.2135x1015 lipid molecules in a 110 

μl volume. The surface area of a DOPC headgroup is estimated to be 0.5 nm2 225. The accessible surface 
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area of the well containing 110 μl of solution is 1.11 cm2 and for the DOPC molecules to cover this 

area given that they each have a surface area of 0.5 nm2 means that 2.22x1014 molecules are required. 

This suggests that there are about 10 times more lipids in each addition than are necessary to cover 

the surface area of the well, given that the lipids exist in a bilayer (2 lipids per 0.5 nm2) and at least 

10% of these vesicles are seen to rupture upon addition to the microplate (10% of the maximum signal 

as confirmed by triton x-100 addition, accounting for the change in volume and therefore signal upon 

triton x-100 addition, data not shown). 

4.3.2 Removing the base of a microplate well resulted in debris on the surface making it 

unusable for AFM. 

Ideally, direct measurement by AFM would be the best way to determine the presence or absence of 

a SLB. 

A sharp blade was used in order to remove the base of one of the wells from the rest of the microplate 

with the intention of using this for AFM. Figure 4.2 shows the resulting base of the well after it had 

been removed from the microplate. The base was placed in a small petri dish and held in place with a 

small amount of green glue. 

 

Figure 4.2 An image of the detached base of a microplate well. An image of the base of a microplate well on a 

benchtop. The red arrow indicates the region that was originally the base of the well. The lighter areas are where 

the walls of the well used to be.

 

The surface of the base of the microplate was then imaged in buffer by AFM with the intention being 

to obtain a set of force distance curves on the surface before and after exposure to LUVs to determine 

whether a SLB was formed. Unfortunately, the surface of the base was covered in debris which would 

obscure the results. Blow drying the surface with air and/or nitrogen did not remove the debris to a 

level sufficient for analysis of the surface by AFM. 

4.3.3 Further additions of LUVs suggest SLB formation in low binding microplates 
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In order for the SLB to be useful as a surface for bimolecular interactions, total surface coverage would 

be ideal. One way of establishing whether the SLB coverage is complete would be to repeat the above 

process by removing the buffer solution and all excess LUVs from the microplate then adding a fresh 

solution of dye-containing LUVs and measuring whether any further changes occur. This has the added 

benefit of testing whether the SLB remains stable during buffer changes. 

Figure 4.3 shows such an experiment. While the initial rate of dye release upon the first addition of 

LUVs is rapid followed by either a slower rate or a tailing off of dye release (blue circles, Figure.2 (A-

H), following the removal of solution from the wells, it can also be seen that further addition of LUVs 

results in a slower initial rate of dye release. This trend repeats after further rounds of addition of 

fresh LUVs to previously coated wells suggesting that while the LUVs are rupturing and coating the 

wells after the first addition, further additions of LUVs cannot access the low binding microplate 

surface in the same way. However, since the first addition is more than enough to fully coat the wells, 

an explanation for why successive additions still lead to dye release is required here. 

 

Figure 4.3: Multiple additions of fresh LUVs to a low binding microplate results in changing profiles of dye 

release. In blue 1st addition, in red 2nd addition, in green 3rd addition and in purple 4th addition.  Release of CF 

dye from LUVs occurs at a slower rate in microplates that have been pre-treated with LUVs and emptied of 

solution. This is independent of the composition of lipids in the LUVs as shown with (a) DOPC (b) DOPC Chol and 

GM1. This suggests that there is formation of a SLB after the initial addition of LUVs to the microplate followed 

by a less favourable interaction between the LUVs and the surface of the microplate upon further additions.

 

Four distinct models may describe the phenomenon where multiple dye release events are observed 

upon successive wash/LUV addition cycles and are considered here (Figure. 4.4). The favoured model 

after further experimentation is shown in Figure 4.4(A) where a SLB is formed and then undergoes an 

exchange process with LUVs that adsorb onto the SLB. This model assumes that initial addition of LUVs 
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forms a SLB covering most, if not all, of the surface. Washing and further addition of fresh LUVs results 

in an exchange between the lipids in the SLB and those in the LUVs. This behaviour has been observed 

in other situations by the exchange of charged lipids 226-228. 

Alternative models considered here are shown in Figures. 4.4 (B), (C) and (D). In Figure 4.4 (B)(i) layer 

formation occurs, i.e. the original surface is saturated upon the first addition of LUVs and fresh 

additions of LUVs form further layers which in Figure 4.4 (B)(ii) are removed during the wash process. 

In Figure 4.4 (C), the original surface is not saturated upon initial LUV addition and the addition of 

further fresh LUVs results in saturation of the surface. Finally in Figure. 4.4 (D), a SLB is formed upon 

first addition and some or all of this is removed during the wash steps (exposure to air could cause 

this).

 

 

Figure 4.4: The models representing multiple dye release events upon multiple additions of fresh LUVs. In 

model a initial LUV addition results in a complete SLB and further LUV addition results in LUVs adsorbing to the 

surface and exchanging lipids with those in the SLB. In model b(i) an initial SLB is formed and as more LUVs 

adsorb to the surface further layers are formed. This becomes more unfavourable over time. In b(ii) an initial 

SLB is formed and a second layer is produced upon secondary LUV addition. This is then removed in the wash 

step. In c a partial SLB is formed which upon further LUV addition ‘fills in the gaps’ to complete the SLB. Finally, 

in d a complete SLB is formed upon initial LUV addition however it is partially washed away during the wash 

steps. This is then ‘filled in’ to create another complete SLB until the next wash step occurs. 

 



 87  
 

It was hypothesised that some of these models could explain the data in Figure 4.3 if the SLB was 

exposed to air between LUV additions. Therefore, the method of washing between fresh additions of 

LUVs was changed. Figure 4.3 shows the data obtained after using the initial method for buffer 

exchange which consisted of microplate inversion with total exposure to air. This was changed to 

washing by the removal of half the volume of solution in the well followed by careful addition of the 

same volume of buffer returning the volume of solution in the well to what it was originally. Repeating 

this at least 6 times before adding fresh LUVs (the final volume and concentration was the same as 

the initial addition) resulted in less than 1% of the initial solution still being in the well. The data 

obtained using this method are shown in Figure 4.5. In the LUV composition containing cholesterol, 

this resulted in the second, third and fourth additions having the same dye release profile. This 

suggested that by removing half the volume during the wash steps, a large area of the SLB was exposed 

to air and removed which was then replaced by the next addition of LUVs each time. In the 100% DOPC 

and in repeats however, the profiles of dye release appear similar to those when the original wash 

method is used. Washing by first adding buffer to double the volume of solution in the well, followed 

by removal of the same amount of buffer to return the volume of solution in the well to its original 

amount was then used. Again, this was repeated 6 times before fresh LUVs were added (some of which 

were then removed) to a concentration and volume that was the same as the original addition. In this 

way the coated surface is never exposed to air during buffer exchange. These data are shown in Figure 

4.6. This “add and remove” wash method produced extremely similar data to the inverse “remove and 

add” wash method despite the impossibility of exposing any of the SLB to air using this wash method. 

This suggests that exposure to air does affect the integrity of the SLB, explaining the data in Figure 4.3, 

but this doesn’t explain the phenomena observed in Figures 4.5 and 4.6. The only model which 

predicts these phenomena is the model shown in Figure 4.4 (A) where the SLB lipids are in exchange 

with those in the freshly added LUVs.  

Multi-layering of SLBs, represented by the model shown in Figure 4.4(B)(i), could explain the data 

shown in Figure 4.3 but not the data shown in Figures 4.5 or 4.6. This is because the dye release profile 

would be reduced each time depending on the number of patches where the layer was incomplete. 

Therefore, it would not predict additions 2, 3 and 4 having the same dye release profile, as observed 

in Figures 4.5 and 4.6. The model shown in Figure 4.4(B)(ii), where a second SLB forms but is removed 

during the wash step, could explain the data in Figures 4.5 and 4.6 as it would predict additions 2, 3 

and 4 being different from the first but the same as each other. However, multi-layer formation of 

SLBs is not supported in the literature unless a polymer intermediate is deployed in between the layers 

221. Figure 4.4 (C) shows a model where the surface is only partially coated after each addition. This 

model predicts that less than the number of LUVs required to saturate the microplate would rupture 
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upon the first addition, something which is not the case in Figures. 4.3, 4.5 or 4.6. Finally, the model 

in Figure 4.4(D), where the surface of the well is coated upon each addition but the SLB is partially 

removed during each wash step, predicts a random dye release profile after each addition (as the 

amount of damage during each wash step should be stochastic) which is not observed in Figures 4.3, 

4.5 or 4.6. 

 

Figure 4.5: Addition of fresh LUVs and exchanging the buffer by pipetting results in a different dye release 

profile. In blue the 1st addition, in red the 2nd addition, in green the 3rd addition and in purple the 4th addition. 

Release of CF dye from LUVs occurs at a slower rate in microplates that have been pre-treated with LUVs. The 

profile of dye release upon the 2nd addition is consistent upon each addition suggesting that the same process 

occurs after each of these additions. This is dependent on the presence of cholesterol in the LUVs as shown with 

(a) DOPC (b)DOPC Chol and GM1. This suggests that in all cases there is formation of a SLB after the initial 

addition of LUVs to the microplate. However, in the absence of cholesterol and GM1 the process that occurs 

after each addition becomes less favourable each time.  
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Figure 4.6: Addition of fresh LUVs and exchanging the buffer with no chance of exposing the surface of the 

well to air results in dye release profiles similar to that in Figure 4.5 In blue the 1st addition, in red the 2nd 

addition, in green the 3rd addition and in purple the 4th addition. Release of CF dye from LUVs occurs at a slower 

rate in microplates that have been pre-treated with LUVs. The profile of dye release upon the 2nd addition is 

consistent upon each addition suggesting that the same process occurs after each of these additions. This is 

dependent on the presence of cholesterol in the LUVs as shown with (a) DOPC (b) DOPC Chol and GM1. This 

suggests that in all cases there is formation of a SLB after the initial addition of LUVs to the microplate. However, 

in the absence of cholesterol and GM1 the process that occurs after each addition becomes less favourable each 

time. 

 

To conclude, Figure 4.4 (A) shows a diagram of the model which is the most likely explanation for the 

dye release phenomena shown. Here the SLB lipids are in exchange with those from the freshly added 

LUVs. If this process occurred, then it would be likely to occur at the same rate each time assuming 

the original SLB was not damaged. There is also a possibility that the composition of some of the LUVs 

facilitates this activity by allowing for stronger adhesion to the pre-formed SLBs or easier replacement 

of SLB lipids. Therefore, under these conditions, the experimental protocol results in the formation of 

a stable SLB at the surface of a commercial microplate. 

These same experiments were repeated with a different batch of the same microplates. Vesicle 

rupture as observed in Figure 4.1 was still observed. However, the different profiles observed in 

Figures 4.3, 4.5 and 4.6 were not observed, instead the rupture profile observed was the same as in 

figure 4.1 for all subsequent additions of LUVs (data not shown). This suggests that there may be some 

batch variation involved and that the formation of a stable SLB on these microplates is unpredictable. 

4.3.4 Washing the microplate with Aβ1-42 does not result in the disruption of the SLB 

A more in-depth interpretation of the impact of lipids on the Aβ1-42 aggregation process requires the 

proposal and testing of several different molecular models. The literature supports a model where 
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oligomeric forms of the Aβ1-42 peptide can integrate into and disrupt the membrane as well as bind to 

it reversibly 125,229,230. It was hypothesised that, when cholesterol and GM1 were added as components 

of the SLB, there could be disruption to the SLB by the introduction of Aβ1-42 as they have been 

proposed to aid adhesion of Aβ1-42 to lipid bilayers.  

To test this, dye release data from LUVs added after the treatment of a SLB with Aβ1-42 peptide were 

compared with dye release data from LUVs added after the treatment of a SLB with buffer (Figure 

4.7). The first addition of LUVs to the low binding surface microplate leads to a rapid release of the 

dye as shown in Figure 4.3, whereas after washing with buffer, a subsequent addition of fresh CF 

containing LUVs results in a significantly slower release. In this experiment, the SLB established after 

the first addition of LUVs is either treated with buffer or treated with Aβ1-42 peptide before washing 

and addition of further LUVs. The outcome is that the observed change in dye release profile is, in the 

case of DOPC LUVs, independent of the addition of Aβ1-42. This suggests that the SLB remains intact 

although there is a different profile of dye release observed to that in the previous buffer only  

 

Figure 4.7: Washing with Aβ1-42 results in membrane damage that is lipid dependent. In blue the addition 

before the Aβ1-42 wash, in red the addition before the buffer wash, in green the addition after the Aβ1-42 wash 

and in purple the addition after the buffer wash. The initial rate of dye release from LUVs added before (blue 

and red) is faster than the rate of dye release from LUVS in wells coated with a SLB after being treated with 

either buffer (purple) or Aβ1-42 (green) for 5 minutes at 37 ⁰C when DOPC only LUVs are used (A). This suggests 

that the presence of the SLB is not affected by treatment with either buffer or Aβ1-42 for 5 minutes at 37 ⁰C in 

these conditions. At low concentrations of GM1 (B) however, the Aβ1-42 can sufficiently damage the SLB for 

additional LUVs to repopulate the surface with a new SLB. Alternatively, enough Aβ1-42 might bind to the SLB in 

these conditions (strongly enough that it is not removed during the wash steps) that when it dissociates it is able 

to form pores within the fresh LUVs causing dye release. The data is normalised to the maximum signal observed 

from each addition prior to washing. 

 

a b 
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washes. This could be due to the change in salt concentration of the buffer during the wash. The buffer 

was exchanged back to the original before LUV addition suggesting exposure of the SLB to a higher 

salt concentration does have an impact on the SLB. It is not clear from these data what that impact is. 

These data do suggest that Aβ1-42 is unable to displace the SLB from the microplate surface under our 

conditions fast enough to affect the kinetic profile of amyloid fibril formation. In SLB conditions with 

30 % cholesterol and 2 %, GM1 however the Aβ1-42 had a greater impact than buffer alone suggesting 

that Aβ1-42 can damage the SLBs formed here. An alternative explanation could be that Aβ1-42 peptide 

could be bound to these compositions of SLB. The low concentrations of GM1 could result in 

dissociation of Aβ1-42 from the SLB to directly interact with added vesicles. This is plausible because 

the dye release observed after the wash with Aβ1-42 is more linear than sigmoidal. This suggests a direct 

method of dye release rather than a nucleated one hence the suggestion that Aβ1-42 might still be 

present. 

4.3.5 Aβ1-42 peptide fibrillisation is not affected by apparently SLB coated microplates 

If a SLB was formed, then this could be applied to experiments in which the impact of different 

membrane surfaces on the formation of amyloid was observed.  The formation of amyloid is readily 

monitored using the fluorescent dye Thioflavin T 231, a small molecule that undergoes a conformational 

change upon binding to amyloid fibrils resulting in a large change in fluorescent signal 223,231. Time 

courses for the formation of amyloid from Aβ1-42 peptide were monitored in low binding microplates 

with and without potential SLBs and the rate of amyloid fibril formation was observed. Figure 4.8 

shows that compared with the reaction in non-lipid coated low binding microplates, the reaction in 

the DOPC coated microplates across a range of concentrations occurred at the same rates. The 

addition of cholesterol and GM1 at concentrations considered to be physiologically relevant 170 as 

components of the SLB also resulted in the same rates of fibrillisation. These results are inconsistent 

with current literature that underlines the importance of surface chemistry, in particular cholesterol 

and GM1 in the genesis of Aβ1-42 assembly 44,125,168,170,232-237. This indicates that it is unlikely that there 

is a SLB formed on the microplate surface in this batch of microplates. 
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Figure 4.8: The rate of Aβ1-42 fibrillisation is independent of surface treatment. The rate of fibrillisation of a 

range of concentrations of Aβ1-42 was measured by thioflavin T fluorescence. Half times were measured and 

compared on the different surfaces. A difference in rate was not observed when Aβ1-42 was incubated in a low 

binding microplate (red), a DOPC coated microplate (green) and a 2% GM1, 30% cholesterol, 58% DOPC coated 

microplate (orange) This suggests that Aβ1-42 fibrillisation is either independent of the presence and composition 

of a lipid bilayer or that a SLB has not in fact formed on the surface. 

 

4.4 Discussion 

Due to the lack of direct measurement, it is difficult to determine whether the rupture of LUVs in a 

low binding microplate leads to the formation of a SLB. In support of the formation of a SLB, the 

rupture of LUVs must lead to something more energetically favourable and as can be seen from figure 

4.1 this phenomenon is specific to the surface of the low binding plates. The profiles of dye release 

after the addition of LUVs to the low binding plates and the subsequent washing also suggests that 

something about the surface has changed. 

However, these techniques are not direct measures of a SLB. Unfortunately, due to the debris formed 

on the surface any data collected by AFM would be difficult to interpret. Also, due to the 

incompatibility of plastic for fluorescence microscopy techniques such as FRAP were also impossible. 

The thioflavin T data suggests that either fibril formation is independent of the presence and 

composition of a lipid bilayer or that a SLB has not in fact formed on the surface. 

t(
s)
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In order to investigate the impact of lipid bilayers on the rate of amyloid formation therefore a more 

reliable technique is to use LUV in a quartz glass or glass surface. This is because these surfaces do not 

appear to act as a separate nucleating interface for Aβ1-42 and the vesicles remain intact in these 

conditions. While the AWI (air water interface) remains, its activity towards Aβ1-42 as a potential 

hydrophobic surface is slow compared with other experimental surfaces such as treated or untreated 

polystyrene microplates. As long as the impact of the lipids on the Aβ1-42 is significantly greater than 

the AWI under the chosen experimental conditions, then the impact of different lipid bilayers can be 

measured. 
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Chapter 5: Lipid bilayer composition and Aβ-lipid bilayer 

interactions 

5.1 Introduction 

Previous studies have shown that Aβ behaviour can be modified by lipid bilayer compositions 

124,128,129,163,168. Since Aβ behaviour has been shown to be surface dependent (chapter 3), the 

importance of these studies has been intensified as lipid bilayers make up a significant proportion of 

the surfaces available in vivo. Therefore, revisiting and expanding upon these ideas could reveal key 

information about Aβ activity in vivo. 

A commonly presented idea is that fibril formation is impacted upon by the presence of lipid bilayers 

of different compositions 132,163,168. One study showed that in the presence of LUVs Aβ fibril formation 

was retarded by an extension of the lag phase 182. In that study LUVs were mixed with monomeric Aβ 

peptide in a low-binding surface microplate which has been shown to catalyse fibril formation in 

chapter 3 (section 3.3.3). Therefore, fibril formation was not necessarily retarded by LUVs, but they 

may be interfering instead with the catalysis of fibril formation by the PEG coating used on the low 

binding microplates. This is especially likely as there is a direct interaction between the low binding 

microplates and DOPC LUVs (chapter 4). Cholesterol incorporation was shown to reduce the 

retardation of fibril formation whereas the use of a shorter lipid, DPPC, rather than DOPC increased 

the lag phase. Again, these data do not distinguish between inhibiting fibril formation directly or by 

inhibiting the catalysis of fibril formation by the low-binding surface. This is because any interaction 

between the low-binding surface and the LUVs could also be dependent on the lipid bilayer 

composition. The same study also revealed that in this system, negatively charged lipids such as DOPS 

did not impact fibril formation differently to zwitterionic DOPC lipids, despite monomeric Aβ holding 

an overall negative charge at pH 8. This further suggests that LUVs in this system are preventing the 

catalysis of fibril formation rather than directly interacting with Aβ. More recently analysis of Aβ fibril 

formation in the presence of DMPC and cholesterol vesicles revealed that cholesterol catalyses fibril 

formation by accelerating primary nucleation 185. Once again in this study, low-binding microplates 

were used. The impact of the LUVs on fibril formation appeared to be independent of the low-binding 

surface. However, the impact of the low binding surface on fibril formation was not accounted for. In 

order to truly investigate the impact of cholesterol, a neutral background surface is required. 

Ganglioside GM1 is also often discussed as a lipid bilayer constituent that affects fibril formation 129,163. 

GM1 has been shown to interact with Aβ in combination with cholesterol either by a direct interaction, 
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or by accumulation in lipid raft like regions which are modulated by cholesterol 124,125. In these studies, 

a range of techniques were used to determine that GM1 can impact upon fibril formation with 

multiple different background surfaces potentially impacting upon the process. An investigation that 

provides information about the direct impact of GM1 and cholesterol on fibril formation in the 

presence of a neutral background surface would be a useful contribution. 

Another idea that has been presented previously is that the toxicity of Aβ species is dependent on 

their formation in the presence of different lipid bilayer compositions 128,129,170. GM1 in particular has 

been shown to induce toxic fibril formation 129. In one study the impact of the presence of GM1 on the 

permeation of LUVs by Aβ was measured by calcein dye release 170. The presence of GM1 was shown 

to increase the amount and the rate of LUV permeation by Aβ. Here the interaction took place in the 

presence of a quartz glass cuvette which, as shown in chapter 3 (section 3.3.3), does not impact upon 

normal Aβ fibril formation. This suggests that the impact of GM1 was reliably measured. However, 

another investigation into the impact of GM1 and cholesterol combined with DOPC rather than DMPC 

in LUVs would be useful as DOPC is commonly used in model membranes 238. 

To truly determine the impact of lipid bilayers and their compositions on fibril formation, they must 

be tested in an environment that impacts upon fibril formation minimally such as glass surfaces, as 

displayed in chapter 3 (sections 3.3.3 and 3.3.6). In this chapter Aβ fibrillisation catalysed by LUVs in 

glass microplates will be shown, as will the effect of different lipid compositions on fibril formation 

with a neutral background surface.  

Equally, how lipid compositions impact upon Aβ induced LUV permeation in the presence of a neutral 

quartz glass background surface will be further explored. 

Finally, the distribution of LUVs with different compositions and Aβ aggregates determined by AF4-

MALS after incubation together will be presented. This will determine if the population of LUVs, or Aβ 

aggregates changes as a response to lipid bilayer composition. 

5.2 Methods 

5.2.1 Thioflavin T assays 

Different concentrations of Aβ1-42 were incubated with a variety of different LUVs in the conditions 

listed in table 5.1. Fluorescent measurements were recorded as per chapter 2 (section 2.9) every 2 

minutes with shaking at 100 rpm before each measurement at 37°C. 
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Table 5.1 

 

The batch of Aβ1-42 prepared for these experiments varied as indicated in table 5.1. Due to variations 

between these batches beyond experimental control, direct comparisons could not be made between 

results obtained using different batches. Results obtained within the same batch of Aβ1-42 were 

reproducible and therefore results obtained within a batch of Aβ1-42 could be compared. 

5.2.2 Dye release assays 

DOPC LUVs encapsulating 50 mM carboxyfluorescein were prepared as per chapter 2 (section 2.4.2 

and 2.10). In a quartz glass cuvette 50 µg/ml LUVs were incubated at 37 °C in the presence and absence 

of 2 µM Aβ1-42. Fluorescence spectra were recorded every 15 minutes as per chapter 2 (section 2.10).  

LUVs made up of 2% GM1 33% cholesterol and 65% DOPC and encapsulating 50 mM 

carboxyfluorescein were prepared as per chapter 2 (section 2.4.2 and 2.10). In a quartz glass cuvette 

50 µg/ml LUVs were incubated at 37 °C in the presence and absence of 2 µM Aβ1-42. Fluorescence 

spectra were recorded every 15 minutes as per chapter 2 (section 2.10).  

In both cases the Aβ1-42 was from the same batch used in experiments 1, 2, 3 and 4 in table 5.1. 

5.2.3 Electron Microscopy 

10 µM Aβ1-42 was incubated with LUVs made up of 2% GM1, 33% cholesterol and 65% DOPC in a 50 

mM sodium phosphate buffer at pH 7.4 with 150 mM sodium chloride for 3 hours in glass coated 

Experiment 
Set 

Corresponding 
figures 

Aβ1-42 
batch 

Aβ1-42 
concentration 
(µM) 

Total lipid 
concentration 
(µg/ml) 

LUV 
composition 
(% of total 
lipid) 

Buffer 
composition 

1 5.1, 5.2 A 2, 3, 4, 5, 6 0, 50 100% DOPC 20 mM 
NaPO4, pH 
7.4 

2 5.1, 5.2 A 2, 3, 4, 5, 6 0, 50 100% DOPC 50 mM  
NaPO4, 150 
mM NaCl, pH 
7.4 

3 5.2 (C) A 2, 3, 4, 5, 6 0, 50 65% DOPC, 
33% Chol, 
2%GM1 

20 mM 
NaPO4, pH 
7.4 

4 5.2 (C) A 2, 3, 4, 5, 6 0, 50 65% DOPC, 
33% Chol, 
2%GM1 

50 mM  
NaPO4, 150 
mM NaCl, pH 
7.4 

5 5.3, 5.4 B 0.25, 0.5, 0.75, 
1.0, 1.25, 1.5, 
1.75, 2.0 

0, 5, 10, 20, 30, 
40 

65% DOPC, 
33% Chol, 
2%GM1 

50 mM  
NaPO4, 150 
mM NaCl, pH 
7.4 
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microplates. EM grids were prepared and imaged using this sample as described in chapter 2 (section 

2.5). In this case the Aβ1-42 was from the same batch (A) used in experiments 1, 2, 3 and 4 in table 5.1.  

11 µM Aβ1-42 was incubated with LUVs made up of 50 % DOPC and 50 % DOPG in a 50 mM sodium 

phosphate buffer at pH 7.4 with 150 mM sodium chloride for 24 hours. EM grids were prepared and 

imaged using this sample as described in chapter 2 (section 2.5). In this case the batch of Aβ1-42 used 

was different to all other batches used in this chapter. 

5.2.4 AF4-MALS 

22 µM Aβ (from the same batch used in experiments 1, 2, 3 and 4 in table 5.1) was incubated in at 37 

°C with no agitation for 3 hours in the presence and absence of 100% DOPC LUVs and 2% GM1, 33% 

cholesterol, 65% DOPC LUVs in a 50 mM sodium phosphate buffer at pH 7.4 with 150 mM sodium 

chloride. The AF4-MALs system was equilibrated with the same buffer. 15 µg of sample was injected 

per run. The eluted sample was measured by A280 and MALS. The experiments were performed as per 

chapter 2 (section 2.7).  

5.3 Results 

5.3.1 Batch variation in Aβ1-42 results in seeded reactions 

The aim of this chapter was to investigate the effects of adding LUVs to monomeric Aβ1-42 in conditions 

where the surface environment was having a minimal effect. The data sets presented in figures 5.1 to 

5.4 (and also when compared to data shown in chapter 3 section 3.3.3) show Aβ1-42 behaviour that is 

not consistent even in the absence of LUVs. This is due to variation in the quantity of counter ions 

provided in different batches of Aβ1-42, discussed further in chapter 7 (section 7.3.5), resulting in 

reactions that were seeded to different extents between batches. Therefore, data can only be 

compared directly between Aβ1-42 samples taken from the same batch, the results of which were 

reproducible. The effects of LUVs can be observed from these data but due to the nature of seeded 

reactions, it is complex to determine what was happening mechanistically. 

5.3.2 Fibril formation is catalysed by LUVs 

The catalysis of fibril formation by LUVs was discussed in chapter 3 (section 3.3.7) where DOPC LUVs  

were shown to increase the rate of Aβ1-42 fibril formation by decreasing the lag phase. These 

experiments were performed in a polystyrene microplate which as shown in chapter 3 (section 3.3.3) 

catalyses the fibril formation reaction. To determine the true extent to which LUVs catalyse fibril 

formation a neutral background surface such as glass microplates must be used. 
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3 µM monomeric Aβ1-42 was added to 50 µg/ml DOPC LUVs in a low salt buffer (20 mM sodium 

phosphate, pH 7.4) containing 10 µM thioflavin T in glass microplates. These microplates were then 

incubated at 37 °C and fluorescence was measured every 120 seconds with minimal agitation. Figure 

5.1 shows a time course of the normalised thioflavin T fluorescence displaying and increase in the rate 

of fibril formation in the presence of DOPC LUVs.

 

 

Figure 5.1 DOPC LUVs catalyse fibril formation. 3 µM Aβ1-42 was incubated in the presence (red) and absence 

(blue) of 50 µg/ml DOPC LUVs and fibril formation was measured by thioflavin T fluorescence. A short lag phase 

is observed in both cases however, the growth phase is faster in the presence of DOPC LUVs.

 

A range of concentrations of Aβ1-42 were also incubated with DOPC LUVs in both the same low salt 

buffer and a more physiological salt buffer (50 mM sodium phosphate, 150 mM sodium chloride, pH 

7.4). The time courses of the normalised data across the range of concentrations in the low salt buffer 

are shown in figure 5.2 (A and B). The half time for each reaction was recorded and plotted against 

initial Aβ1-42 monomer concentration in figure 5.2 (C). These data show that fibril formation maintains 

similar concentration dependences in the presence of LUVs in glass microplates but that, overall it is 

catalysed by the presence of LUVs.

 

Thioflavin T 
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Figure 5.2 Aβ1-42 fibril formation is catalysed by LUVs with minimal effect on the concentration dependence. 

Monomeric Aβ1-42 was incubated in the presence (A) and absence (B) of DOPC LUVs at a range of initial monomer 

concentrations and the normalised change in thioflavin t fluorescence over time was plotted. The data in (B) is 

cut-off before it reaches maximum in order to better compare the data sets. These experiments were repeated 

in physiological salt buffer. The half times of the reactions were plotted against the initial concentrations of 

monomeric Aβ1-42. The concentration dependencies of the reactions (C) in the low-salt (circles) conditions 

produced γ values of -0.7 in the absence of LUVs and -0.5 (blue) in the presence of LUVs (red) when the data 

was fit to equation 1 shown in chapter 2 (section 2.8). In the physiological salt conditions the concentration 

dependencies of the reactions produced γ values of -1.6 in the absence of LUVs (blue) and -1.9 in the presence 

of LUVs (red). The data in (C) were plotted on a log 10 (y-axis) log 2 (x-axis) scale for the purpose of clarity. The 

error bars represent the standard error about the mean from 2 repeats of 3 replicates per reaction. Only one of 

these repeats is shown in (A) and (B).

 

(A) (B) 

(C) 

Thioflavin T 
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The values of the exponent γ can be calculated using equation 2.2 35. 

 

Equation 2.2 

𝑡1/2 = 𝑎𝑥𝛾 

 

 These values were calculated to be -0.7 in the absence of LUVs and -0.5 in the presence of LUVs in 

the low-salt conditions and -1.6 in the absence of LUVs and -1.9 in the presence of LUVs in the high-

salt conditions. Generally, it is expected that physiological salt concentrations increase the rate of fibril 

formation when compared to low salt conditions (discussed further in chapter 7 (section 7.3.5). 

Interestingly the overall reaction became more concentration dependent in the presence of salt. With 

consideration that these reactions are likely seeded this suggests the existence of a concentration 

dependent process that is promoted at higher salt concentrations which can occur after nucleation 

has likely become negligible with regard to the overall rate. One possibility is that dimerisation is 

promoted by high salt concentrations and elongation occurs through both dimer addition and 

monomer addition. In this case dimer addition as a more concentration dependent mechanism would 

take over at higher salt concentrations as Debye-Hückel screening promotes dimerisation. At low salt 

concentrations elongation by monomers would dominate and be less concentration dependent.  

Despite no significant changes to the concentration dependencies, the overall rates of the reactions 

are generally faster in the presence of DOPC LUVs. The LUVs must therefore promote fibril formation 

in this case without affecting the concentration dependence of the reaction. As these reactions are 

likely seeded this suggests that the LUVs were capable of promoting fibril formation in conditions were 

the effect of nucleation on the overall rate of the reaction is negligible and therefore LUVs can likely 

catalyse other processes as well as the observed impact on nucleation (chapter 3, section 3.3.7). 

5.3.3 Catalysis of fibril formation by LUVs is saturable 

In section 5.3.2 a single concentration of LUVs was incubated with increasing concentrations of Aβ1-42 

in which fibril formation was deemed to be catalysed by LUVs. To determine whether the catalytic 

sites available on the LUVs could be saturated, a range of concentrations of LUVs were applied. 

The ability of LUVs to affect the rate of fibril formation at different concentrations is shown in figure 

5.3. Various concentrations of monomeric Aβ1-42 were incubated in a high salt buffer with various 

concentrations of LUVs containing 2% GM1, 33% cholesterol and 65% DOPC (percentages represent 

percentage concentration of lipid and not percentage mass). The GM1/Chol/DOPC LUVs were used 
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here as they have been previously described as good biomimetic LUVs 170. Fibril formation was 

measured by thioflavin T fluorescence. Figure 5.3 shows the normalised fluorescence over time when 

1 µM Aβ1-42 was incubated with no LUVs, 5, 10, 20, 30 and 40 µg/ml LUVs. As the concentration of 

LUVs increases the initial phase that is observed occurs at the same rate which is maintained for longer 

as the concentration of LUVs increases. 

 

Figure 5.3 LUVs catalyse the growth rate of fibril formation. Various concentrations of Aβ1-42 were incubated in 

a high salt buffer with increasing concentrations of GM1/Chol/DOPC LUVs. The time courses of normalised 

fluorescence for the 1 µM Aβ1-42 reactions with increasing concentrations of LUVs were plotted (A). The lag phase 

for all of the reactions remained the same however the growth phase of the reactions was faster in the presence 

of LUVs. As the concentration of LUVs increased the longer the fast rate of growth was maintained.

 

The overall concentration dependences of the reactions were shown in figure 5.4 by plotting the t50 

against the initial concentration of Aβ1-42 monomers. This shows a concentration independence at low 

LUV concentrations. The reaction increases in concentration dependency as the concentration of LUVs 

is increased until it becomes concentration independent again at high LUV concentrations. At low LUV 

concentrations the reaction is slow, albeit faster than in the absence of LUVs, and concentration 

independent. This suggests that the Aβ1-42 greatly outnumbers the LUVs. As the concentration of LUVs 

increases the reaction becomes faster and more dependent on the initial concentration of monomeric 

Aβ1-42, suggesting that Aβ1-42 no longer saturates the LUVs and the increased fibril growth rate is 

facilitated as the concentration of Aβ1-42 increases. At a high concentration of LUVs, the reaction 

Thioflavin T 
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becomes concentration independent again with respect to Aβ1-42. At this concentration of LUVs, a 

concentration independent and also LUV independent process must occur. One possibility is the 

formation of oligomers catalysed by the air water interface that are more easily converted to fibrils. 

This would be concentration independent as the air water interface could be saturated and also LUV 

independent.

 

Figure 5.4 Catalysed fibril formation by LUVs can be saturated. Aβ1-42 was incubated at various concentrations 

in a high salt buffer with increasing concentrations of GM1/Chol/DOPC LUVs. The half times of the reactions 

were measured and plotted against the initial concentrations of monomeric Aβ1-42. As the concentration of LUVs 

increased the reaction moved from concentration independent and slow through concentration dependence to 

become concentration independent and fast. Error bars represent the standard error about the mean from 3 

replicates per reaction.

 

5.3.4 GM1 and Cholesterol containing LUVs do not catalyse fibril formation more than DOPC 

only LUVs 

In order to determine whether GM1 and cholesterol containing LUVs have an impact on fibril 

formation, they must be tested using a neutral background surface and compared to DOPC only LUVs 

using the same batch of Aβ1-42. 

Monomeric Aβ1-42 at various concentrations from the same batch as used to collect the data shown 

in figures 5.1 and 5.2 were incubated with 50 µg/ml of GM1/Chol/DOPC LUVs in both high and low-

salt buffers. The half times of the reaction are plotted in figure 5.5 against the initial Aβ1-42 monomer 
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concentration along with the half times of the reactions in the presence of DOPC LUVs and in the 

absence of LUVs. These data show that the incorporation into the LUVs of 2 % GM1 and 33% 

cholesterol make no difference to the rates or concentration dependences of the reaction. This 

suggests that the interaction between Aβ1-42 and LUVs that results in catalysed fibril formation under 

the conditions used here is independent of GM1 and cholesterol. However, as the reaction is likely 

seeded, any effect of adding GM1 and cholesterol to the nucleation of fibril formation would not be 

observed because in a seeded reaction the effect of nucleation on the overall rate of the reaction is 

negligible. To conclude, while LUVs can impact on elongation and/or secondary nucleation in Aβ1-42 

fibril assembly, GM1 and cholesterol do not modulate this activity.

 

Figure 5.5 GM1 and cholesterol do not impact on the rate or concentration dependence of fibril formation by 

Aβ1-42. Monomeric Aβ1-42 from the same batch was incubated with DOPC (red) and GM1/Chol/DOPC (green) 

LUVs and in the absence of LUVs (blue) in both high-salt (squares) and low-salt (circles) buffers. In both buffers 

the effect of adding LUVs was the same independently of adding GM1 and cholesterol. The error bars represent 

the standard error about the mean from 2 repeats of 3 replicates per reaction. The reproducibility of these data 

is highlighted by the overlap between the DOPC data and the GM1/Chol/DOPC data.

 

5.3.5 GM1 and cholesterol do promote Aβ1-42 induced LUV permeation 

Fibril formation by Aβ1-42 is not traditionally associated with an increase in toxicity 42. However, fibril 

formation induced by GM1 has been shown to form toxic fibrils 129. Therefore, due to the inability of 

GM1 to impact upon fibril formation in a glass microplate in the seeded conditions, the ability of Aβ1-

42 aggregates to produce effects related to toxicity such as increased lipid bilayer permeation was 

investigated. 
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Figure 5.6 Aβ1-42 can induce some permeation in DOPC LUVs. Monomeric Aβ1-42 was incubated with DOPC LUVs 

encapsulating 50 mM carboxyfluorescein and the change in fluorescence was measured for 16 hours. After 16 

hours the maximum signal was obtained and the change in the percentage of the maximum signal was plotted 

over time (A). The percentage of the maximum signal after 2 hours was also plotted (B). The increase in signal 

was determined to be insignificant using a Student’s t-test.

 

DOPC LUVs encapsulating 50 mM carboxyfluorescein were incubated for 16 hours with 2 µM 

monomeric Aβ1-42 and lipid bilayer permeation was measured by dye release as described in chapter 

(A) 

(B) 
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2 (section 2.9). The experiment was performed in a quartz glass microplate. A normalised fluorescence 

time course is shown in figure 5.6 (A) and revealed a low level of Aβ1-42 induced permeation. Plotting 

the final percentage of the maximum signal (determined by adding 1 µl of 20 % Triton X-100 and 

measuring the fluorescence) after 2 hours in figure 5.6 (B) showed that there was more permeation 

in the sample containing Aβ than in the control.  

In order to determine the ability of Aβ1-42 to induce lipid permeation in the presence of GM1 and 

cholesterol, GM1/Chol/DOPC LUVs were made encapsulating 50 mM carboxyflourescein. These LUVs 

were incubated with 2 µM Aβ1-42 for 16 hours in quartz glass cuvettes. The change in fluorescent signal 

observed over time was plotted in figure 5.7 (A). These data show that, in the presence of Aβ1-42, there 

is a significant increase in initial the rate of dye release that is not observed in the absence of GM1 

and cholesterol in figure 5.6 (A). The percentage of the maximum signal achieved after 2 hours was 

also recorded in figure 5.6 (B) and was shown to be significantly higher in the presence of Aβ 1-42. The 

difference between LUV permeation in the presence and absence of Aβ1-42 after 2 hours was also 

significantly larger when GM1/Chol/DOPC LUVs were used as opposed to DOPC LUVs. This shows that, 

despite an inability to affect fibril formation in a glass microplate, the presence of GM1 and cholesterol 

promotes lipid bilayer permeation even using our seeded Aβ1-42 batches. Generally, the difference in 

dye leakage in the absence of Aβ1-42 is expected to be due to the difference in ionic strength on either 

side of the lipid bilayer. However, this does not adequately explain why repeats using GM1 and 

cholesterol were generally less prone to dye leakage than DOPC LUVs in the absence of Aβ1-42.
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Figure 5.7 Aβ1-42 induced permeation of LUVs is promoted when GM1 and cholesterol are incorporated in the 

LUVs.  Monomeric Aβ1-42 was incubated with DOPC-cholesterol-GM1 LUVs encapsulating 50 mM 

carboxyfluorescein and the change in fluorescence was measured for 16 hours. After 16 hours, the maximum 

signal was obtained and the change in the percentage of the maximum signal was plotted over time (A). The 

percentage of the maximum signal after 2 hours was also plotted (B) alongside the data plotted in figure 5.6 (B). 

Significance was determined using a Student’s t-test where ** indicates that p<0.05 and **** indicates 

that p<0.0005.

 

(A) 

(B) 
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5.3.6 Aβ1-42 fibrils and oligomers associate with LUVs 

Electron microscopy can be used in order to directly determine the association of Aβ1-42 aggregates 

with LUVs of different lipid bilayer compositions. Ideally, cryo-electron tomography would be used as 

this would allow for a 3 dimensional reconstruction of any interactions between aggregates and LUVs. 

Due to time constraints and limitations due to the equipment available, negative stain TEM was used 

here which, while not ideal, was sufficient to identify interactions between aggregates and LUVs. 

10 µM Aβ1-42 was incubated with 50 µg/ml of GM1/Chol/DOPC LUVs for 3 hours in a glass microplate 

with no agitation. EM grids were prepared and imaged. Examples taken from different sections of the 

grid are shown in figure 5.8. Fibrils formed in association with LUVs are clearly present. One commonly 

observed phenomenon was that some fibrils appeared to connect to LUVs at one end. 

 

Figure 5.8 TEM reveals that fibrils form in association with LUVs in a glass microplate. 10 µM Aβ1-42 was 

incubated with 50 µg/ml LUVs for 3 hours at 37 °C with no agitation. EM grids were made and imaged at 6600 X 

(A and B) and 11500 X magnification (C). Fibrils can be seen associated with LUVs. Some of the fibrils appear to 

end at a LUV.

 

(A) (B) 

(C) 
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Furthermore, there is evidence of oligomeric species forming on the surface of LUVs. 11 µM Aβ1-42 was 

incubated for 24 hours with 50% DOPC and 50% DOPG LUVs. The greater part of the EM grid surface 

showed the occasional isolated fibril and many isolated LUVs. However, one small section of the grid 

housed a locally concentrated population of LUVs with a high population of protofibril like aggregates 

on the surface of the LUVs shown in figure 5.9. This sample was incubated at 37 °C with constant 

agitation at 300 RPM. The observed oligomeric species could be multiple fibril nuclei that would have 

otherwise elongated into full length fibrils but didn’t due to the constant aggressive agitation. 

Alternatively, the agitation may have aided the insertion of Aβ1-42 into the bilayer or there is always a 

small population of oligomeric species formed at the surface of LUVs but due to it being a small 

population it is unlikely to be observed. The fact that these Aβ1-42 infested LUVs all co-localised 

suggests a specific behaviour in which the formation of a small amount of these oligomers promotes 

the formation of more of them. The formation of fibrils would result in the conversion of these species 

to fibrils. This is because in all other observed conditions, fibrils appear to dominate and that the rarity 

of these species suggests that their existence is transient.

 

Figure 5.9 Oligomer formation in a small population of LUVs. Oligomeric species of different sizes can be 

observed in both (A) and (B) where 50% DOPC 50% DOPG LUVs have been incubated with 11 µM Aβ for 24 hours 

at 37 °C with constant shaking at 300 rpm. Both (A) and (B) were imaged at 52000 X magnification. 

 

5.3.7 Neither Aβ1-42 nor LUV populations significantly change in response to incubation 

together 

Quantification of how much Aβ1-42 associates with LUVs with different lipid bilayer compositions would 

provide information about how much of the Aβ1-42 population interacts directly with LUVs. 

Fractionation of differently sized species followed by characterisation using MALS can allow the 

(A) (B) 
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identification of different populations of Aβ1-42 aggregates in solution and different populations of 

LUVs. If some Aβ1-42 is bound to the surface of some of the LUVs as seen in figure 5.9 then the 

distribution of the LUVs population should be split. 

The size distribution of a sample of LUVs is shown in chapter 2 (section 2.7). In an attempt to reduce 

the clustering, a sample of SUVs prepared by extrusion using a 50 nm membrane were injected into 

the AF4 system. This resulted in a single continuous distribution of SUV populations which could be 

separated into 2 regions of interest (figure 5.10). The first region contained SUVs that fit to a hollow 

sphere model and had radii distributed about 35 nm. The second region contained SUVs that fit to a 

random coil model with radii of gyration distributed between 100 and 300 nm. It was decided that 

upon the addition of Aβ1-42 it would be easier to determine any differences in an apparently single 

distribution observed across the whole sample using SUVs as opposed to the multiple distributions 

observed with LUVs. 

 

Figure 5.10 SUV distributions contain clumped SUVs. SUVs were injected into the AF4 system. Two regions of 

interest were identified in the eluogram (A). Region 1 (B) had a corresponding size distribution that matched 

single vesicles. Region 2 had a corresponding size distribution that matched clumped vesicles similarly to the 

LUVs discussed in chapter 2 (section 2.7).

 

(B) (A) 

(C) 
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22 µM Aβ1-42 was incubated for 3 hours and then injected into the AF4 system. One region of interest 

was observed when the absorbance at 280 nm was measured over time. A distribution of the sizes of 

species in this region is shown in figure 5.11. The majority of the sample eluted in this region was of 

similar size to monomeric or small oligomeric (dimers, trimers etc) Aβ1-42. Small peaks were observed 

indicating a small population of larger aggregates, possibly including some fibrillar species. 

 

Figure 5.11 A small population of large oligomers and fibrils are detected in an Aβ1-42 sample after 3 hours in 

glass. 22 µM Aβ1-42 was incubated for 3 hours and then injected into the AF4 system. The Aβ1-42 eluted after 4 

minutes. A distribution of the size of the species that eluted was plotted. The largest peak can be observed at 

roughly 4000 g/mol indicating that most of the sample is monomeric Aβ1-42. The shoulder to the right of this 

peak indicates the presence of dimer and trimer. Finally, larger aggregates are observed in smaller quantities 

indicating a small population of larger oligomers or fibrils or both. 

22 µM Aβ1-42 was incubated for 3 hours at 37 °C in 50 mM sodium phosphate, 150 mM sodium chloride, 

pH 7.4 in the presence and absence of both DOPC and GM1/Chol/DOPC SUVs in glass HPLC vials. These 

samples were injected into the AF4 system. Figure 5.12 shows a time course of the UV signal at 280 

nm in which the populations of both Aβ1-42 related species and DOPC SUVs were observed. The Aβ1-42 

related species eluted at 4 minutes in both the presence and absence of SUVs. It was not possible to 
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calculate a size distribution of Aβ1-42 in the presence of SUVs as, in the presence of a much larger SUVs 

peak, in the light scattering data the peak relating to Aβ1-42 was difficult to determine. In the eluograms 

however there is no change in the peak which would indicate a change in size distribution. A slight 

shift in the peaks relating to the SUVs is observed which could be explained by variation in the amount 

of sample. When the size distributions of the sample that eluted in these regions were analysed 

(figures 5.12 (C) and (D)), similar profiles were observed to those in figure 5.10. The same 

phenomenon was observed when GM1/Chol/DOPC SUVs were used (data not shown). This shows that 

in the eluted samples, there was only minimal bound Aβ1-42 and that the overall populations of Aβ1-42 

aggregates formed independently of SUVs. It is possible that due to the high concentration focusing 

step required for AF4, some of the sample may remain bound to the regenerated cellulose membrane 

rather than eluting. 

 

Figure 5.12 The population of SUVs did not change when incubated together with Aβ1-42. 22 µM Aβ1-42 was 

incubated for 3 hours in the presence of DOPC SUVs. The absorbance at 280 nm was recorded and plotted over 

time (A). The SUVs peaks were observed between 20 and 40 minutes and were largely unchanged in the 

presence (red) and absence (blue) of Aβ1-42. The Aβ1-42 peak was observed at 4 minutes and was unchanged in 

the presence (red) and absence (green) of SUVs. The distributions observed at 2 of the regions of interest (ROIs) 

are shown. ROI 2 (C) and ROI 3 (D) show the distributions relating to the SUVs and are largely the same as the 

distributions observed in the absence of Aβ1-42 in figure 5.10.

(A) (B) 

(C) 
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It was observed that not all of the Aβ1-42 sample was accounted for in the eluted samples. It was 

therefore hypothesised that SUVs were fouling the membrane causing a small amount of Aβ1-42 to 

bind. Multiple injections of 50 mM NaOH were made in order to elute the remaining Aβ1-42 if it were 

indeed stuck to the membrane. Figure 5.13 shows the resulting elugrams in which, in the first run, a 

significant amount of material was observed to elute at both 4 minutes and 60 minutes. The amount 

of material eluting decreased with each injection suggesting that it was indeed fouling the membrane 

and not eluting in the previous runs and is also not an artefact of the NaOH or the system in general. 

This could be evidence therefore that Aβ1-42 does bind to lipid bilayers in small amounts however it is 

impossible to determine whether or not this was an exclusive feature of the DOPC SUVs or the 

GM1/Chol/DOPC SUVs or whether Aβ1-42 might bind to both. This loss of material is not generally 

observed when Aβ1-42 is injected into the AF4 system in the absence of SUVs. However, it is difficult to 

rule out that the Aβ1-42 could be binding to the membrane independently of SUVs. 

 

Figure 5.13 Small amounts of Aβ1-42 bound to SUVs that fouled the regenerated cellulose membrane. It was 

hypothesised that SUVs were fouling the membrane rather than eluting and that a small amount of Aβ1-42 that 

was not accounted for in previous experiments was binding to these SUVs. 50 mM NaOH was therefore injected 

into the AF4 system in 10 separate runs. In the first run (blue) peaks can be observed that correspond to Aβ1-42 

and SUV populations. The amount of material is reduced in the second run (red) and even more so in the third 

run (green). 
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5.4 Discussion 

5.4.1 Aβ1-42 fibril formation is promoted by LUVs and salt possibly in a nucleation 

independent manner 

In a seeded reaction, nucleation of fibril formation is expected to impact upon the overall rate and 

concentration dependence negligibly 239. This is because the reaction should be dependent on the rate 

of elongation of the already formed seeds. Figure 5.14 shows the effect of adding increasing amounts 

of seed to monomeric Aβ1-42. The data shown in figures 5.1 to 5.4 appear to behave similarly to the 

seeded reactions in figure 5.14. 

Despite the likelihood that the reactions in figures 5.1 and 5.2 were seeded the reduction of salt still 

decreased the rate and concentration dependence of the reaction. The increase in the rate of the 

overall reaction at the physiological salt concentration suggests that salt induces a nucleation 

independent mechanism of fibril formation. The increase in concentration dependence suggests that 

this mechanism is also dependent on monomer concentration and is therefore competing with 

elongation by monomer addition, a process which is expected to occur in the low salt conditions as 

well. One potential explanation for this would be elongation by dimers or other small oligomers which 

form in a salt dependent manner. 

Figure 5.14 Seeded fibril reactions lose their lag phase. Thioflavin T time course data in the presence of 

increasing amounts of seed taken with permission from Cohen et al 2011 239. The light green time course is 

unseeded and as the reaction becomes more seeded (green to blue) the lag phase is reduced until, in the dark 

blue reaction it is completely removed.
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The addition of LUVs once again increased the rate of fibril formation (figure 5.2) but in the presence 

and absence of salt, the concentration dependence is unchanged. This suggests that fibril formation 

can be promoted by LUVs in a manner that is independent of nucleation and independent of the 

mechanism by which salt promotes fibril formation. 

The addition of a range of concentrations of LUVs suggests that this mechanism can be saturated when 

the concentration of Aβ1-42 is higher than the concentration of catalytic sites available on LUVs. This is 

shown in figure 5.4 by the concentration independence at 5 µg/ml of LUVs. At high concentrations of 

LUVs however, fibril formation also becomes concentration independent. Therefore, the mechanism 

by which the LUVs are promoting fibril formation could include a step that is LUV independent and 

also concentration independent. This process could become rate determining once all other 

mechanisms of the promotion of fibril formation by LUVs, which occur in a monomer dependent 

fashion, have become maximal. One such monomer concentration independent process could be the 

formation of oligomers at the air water interface, where they are more easily converted to fibrils. This 

would therefore increase the rate of fibril formation without affecting the overall concentration 

dependence. The air water interface would be saturable and therefore this process could be 

concentration independent. In the cases where the reaction is concentration dependent then this 

process would not be rate determining as the rate of conversion of species to fibrils by LUVs in a 

monomer dependent fashion is not maximal. Due to the likely seeding of the discussed reactions, it is 

difficult to make conclusive insights into the actual mechanisms that result in these behaviours. 

5.4.2 Aβ1-42 induced permeation of lipid bilayers is promoted independently of fibril 

formation by cholesterol and GM1 

Previous work has shown that under certain conditions, GM1 and cholesterol containing lipid bilayers 

can produce toxic Aβ fibrils 129. Specific importance has often been placed on cholesterol and GM1 

44,124,125,129,132,133,163,167,170. Figure 5.5 however, reveals that in a glass microplate the incorporation of 

GM1 and cholesterol into a DOPC lipid bilayer does not promote the formation of fibrils any more than 

DOPC only lipid bilayers (although these reactions are likely seeded). 

GM1 and cholesterol containing lipid bilayers did however, promote a distinct Aβ1-42 induced 

permeation of LUVs in a quartz glass cuvette compared with DOPC only LUVs (figure 5.7) and as 

reported previously 170. This suggests that in these conditions the permeation of lipid bilayers by Aβ1-

42 is independent of the formation of fibrils. This could be in part an explanation as to why some drugs 

that target amyloid formation appear to work in in vitro assays and even in in vivo models but don’t 

work in humans 4. Fibrils have been shown to not contribute directly to toxicity 21, however it has been 

hypothesised that the fibril formation process could contribute to toxicity either directly 73 or by the 
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production of on-pathway oligomers 136. In these cases, disrupting amyloid formation at the right step 

would result in a reduction in Aβ induced toxicity. However, if fibril formation and Aβ induced toxicity 

are independent in some conditions as observed for membrane permeation here, then targeting fibril 

formation would not result in a reduction in Aβ induced toxicity. 

5.4.3 Aβ1-42 does not remain bound to the bulk of lipid bilayers in solution yet is capable of 

inducing permeation in lipid bilayers 

A lot of previous studies have shown that Aβ can interact with lipid bilayers 53,54,70,174. A quantification 

of how much Aβ1-42 was bound to lipid bilayers in the form of SUVs revealed that little Aβ1-42 remained 

bound to the lipid bilayers in a detectible manner (figure 5.12). Figure 5.7 shows that Aβ1-42 induced 

permeation of lipid bilayers in this time frame was high. In fact, the majority of dye leakage observed 

occurred within the first 3 hours which was the time that the Aβ1-42 and the SUVs were incubated for 

before injection into the AF4 system. The interaction between Aβ1-42 must therefore be short lived 

enough for the bulk of Aβ1-42 observed in solution to remain unaffected. Also, the population of SUVs 

must be largely unaffected by the introduction of Aβ1-42 other than to become more permeable. The 

size and overall shape of the SUVs must be independent of an increase in permeability. Therefore, an 

increase in permeability in lipid bilayers could be due to a short lived interaction with Aβ1-42. Figure 

5.9 shows TEM images of oligomeric Aβ1-42 species embedded into LUVs. If this interaction were short 

lived, which would explain why these Aβ1-42 infested LUVs were only found on a small portion of the 

grid, then this could be a mechanism by which Aβ1-42 induces increased lipid bilayer permeation. The 

clustering of LUVs and SUVs identified by AF4 and EM may also explain why dye release upon addition 

of Aβ1-42 (and also by polymixin B in chapter 3 section 3.3.1) does not reach 100% as the LUVs in the 

clusters may be protected. 
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Chapter 6: The surface dependence of hCC activity as an 

inhibitor of normal Aβ behaviour 

6.1 Introduction 

Human Cystatin C (hCC) is a cysteine protease inhibitor that has been linked with AD 149-151. Studies 

have shown that a polymorphism in the cystatin C gene is a risk factor 149 although there are conflicting 

reports about whether hCC contributes to AD symptoms 151 or plays a more protective role 148. 

Convincing evidence has shown that hCC can modulate normal Aβ behaviour 147,148,154,157 which is often 

considered to be one of the primary sources of AD symptom progression 21. How hCC interacts with 

Aβ species has yet to be identified and conflicting reports have been presented 154,159,160,162. 

HCC has been shown to inhibit Aβ fibril formation in a concentration dependent manner 159,162. It has 

also been shown to bind tightly, with nanomolar binding constants, to monomeric Aβ1-42 154. It was 

hypothesised that this tight binding interaction may result in an inability of Aβ to aggregate. However, 

in different conditions, such as in a glass test tube designed for NMR, strong binding was not observed 

159. 

The fibril formation activity of Aβ1-42 in the presence of different surfaces was discussed in chapter 3 

(section 3.3.3). It was shown that in the presence of a glass surface, fibril formation was significantly 

slower than in a polystyrene microplate where fibril formation was catalysed. Furthermore, in chapter 

3 (section 3.3.6), when Aβ1-42 was incubated on a quartz glass microplate no interaction with the 

surface was observed. 

Contrastingly, Aβ1-42 was shown in chapter 3 (section 3.3.5) to form a film on polystyrene surfaces. So 

far, the inhibition of fibril formation by hCC monomers and the tight binding of hCC to Aβ1-42 have only 

been presented in conditions where polystyrene surfaces have been used 154,159,160. The loss of the 

inhibition of Aβ1-42 fibril formation by hCC in polystyrene microplates has also been presented when 

the microplates were agitated 162. This suggests that there may be an interaction between the film 

formed on polystyrene and hCC. 

HCC has also been shown to reduce Aβ related toxicity in AD models 153. This could be as a result of 

the impact that hCC has on APP processing 240. Arguably however, the ability of hCC to directly bind 

Aβ in some conditions suggests that it may directly inhibit Aβ related toxicity. 

In order to determine the true extent to which hCC can inhibit fibril formation, a comparison of 

inhibition in the presence of a range of surfaces must be examined. In this chapter, it will be shown 
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that at low stoichiometries of [hCC]:[Aβ1-42], the inhibition of fibril formation is ineffective in low-

binding microplates. Furthermore, it will be shown by using glass and polystyrene surfaces that fibril 

formation can be inhibited by hCC. 

Since it has been shown in chapter 3 (section 3.3.5) that Aβ1-42 forms a film on polystyrene surfaces, 

the interaction between hCC and these films was investigated by AFM. This interaction could inform 

why hCC can inhibit fibril formation and presents with tight binding in a polystyrene microplate but 

not in other conditions. 

Finally, the interaction between hCC, Aβ and lipid bilayer surfaces was investigated. It will be shown 

that LUVs can impact on the inhibition of Aβ1-42 fibril formation by hCC in a way which is dependent 

on whether or not the Aβ1-42 can first interacts with the lipid bilayer surface or a polystyrene surface. 

The ability of hCC to inhibit Aβ induced lipid bilayer permeation in the presence and absence of 

cholesterol and GM1 will also be presented. 

6.2 Methods 

6.2.1 Thioflavin T assays 

11 µM of Aβ1-42 was incubated in a polystyrene microplate (Corning 3694) in the presence of 40 µg/ml 

of DOPC LUVs and hCC at stoichiometries of [hCC]:[Aβ1-42] at 0.1:1, 0.25:1, 0.5:1 and 1:1 and also in 

the absence of any hCC.  

4 µM of Aβ1-42 was incubated in a polystyrene microplate in the presence of hCC at stoichiometries of 

[hCC]:[Aβ1-42] at 0.1:1, 0.25:1, 0.5:1, 1:1 and 1.25:1 and also in the absence of any hCC in polystyrene 

and low-binding microplates (Corning 3694 and 3686). Stoichiometries of 0.5:1, 0.75:1, 1:1, 1.5:1 and 

2:1 were used in glass microplates (WebSeal plate+, Thermoscientific) with and without LUVs. Multiple 

different batches of Aβ1-42 were used on all surfaces. 

Both experiments used a 50 mM sodium phosphate buffer with 150 mM sodium chloride and 10 µM 

thioflavin T. Fluorescence measurements were taken every 5 minutes for 8 hours as per chapter 2 

(section 2.9). 

6.2.2 AFM 

11 µM of Aβ1-42 was incubated with 11 µM of hCC on a polystyrene coated silicon substrate formed as 

described in chapter 3 (section 3.2.4). A 50 mM sodium phosphate buffer with 150 mM sodium 

chloride was used. A 20 µm by 20 µm area was imaged at room temperature by an MFP-3D AFM 

continuously with each image being acquired every 4 minutes and 15 seconds. 
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6.2.3 Dye release assays 

In separate quartz glass cuvettes 2 µM Aβ1-42 was incubated with 50 µg/ml of 100% DOPC LUVs and 

2% GM1, 33% cholesterol, 65% DOPC LUVs each containing 50 mM carboxyfluorescein. A 50 mM 

sodium phosphate buffer with 150 mM sodium chloride was used. Fluorescence readings were taken 

at 37 °C every 15 minutes as described in chapter 2 (section 2.10). 

6.3 Results 

6.3.1 The inhibition of fibril formation can be dependent on the order in which it interacts 

with Aβ1-42 and lipid bilayers in the presence of polystyrene. 

The ability of hCC to seemingly bind Aβ1-42 in some conditions but not others 154,159,160 combined with 

the ability of hCC to modulate Aβ related toxicity in vivo 153 led to the hypothesis that hCC binding to 

Aβ1-42 might be affected by the presence of a lipid bilayer. In order to test this, hCC and Aβ1-42 were 

incubated together in the presence of DOPC LUVs. These experiments were carried out in a 

polystyrene microplate in order for the data to be directly comparable to a previous study 159. 

Aβ1-42 was mixed with hCC in a 1.5 ml polypropylene tube, followed by the addition of LUVs. The 

sample was then dispensed into a polystyrene microplate. Inhibition was observed as normal as can 

be seen in figure 6.1(A), but with the addition of catalysis by LUVs. This shows that hCC and Aβ1-42 were 

interacting independently of the LUVs in this case. 
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Figure 6.1 Fibril formation is inhibited in a manner which is dependent on the accessibility of a lipid bilayer to 

Aβ1-42. Aβ1-42 was incubated with increasing concentrations of hCC and 40 µg/ml of DOPC LUVs. When LUVs were 

added last (A) concentration dependent (with respect to hCC) inhibition of fibril formation was observed using 

thioflavin T. When the Aβ was added last however (B), fibril formation was not inhibited by hCC. The yields from 

each reaction were normalised by dividing the maximum fluorescence signal of each run by the average 

maximum yield in the absence of hCC in each condition (C). These data show a direct comparison between when 

the LUVs were added last (blue) where fibril formation is inhibited with increasing concentrations of hCC and 

when Aβ1-42 was added last (red) where fibril formation is not inhibited. Error bars represent the standard error 

about the mean from 2 repeats of 5 replicates per reaction.

 

HCC and LUVs were then mixed in a 1.5ml polypropylene tube. Aβ1-42 was then added, and the sample 

was divided into a polystyrene microplate. In this case, as shown in figure 6.1(B), inhibition of fibril 

formation was not observed. A comparison of the fibril yields observed after 8 hours in the presence 

of increasing hCC concentrations in the two experiments can be seen in figure 6.1 (C). In a previous 

study it was concluded that hCC was binding to an oligomeric species and reduced the pool of “on-

pathway” aggregates in order to reduce the total amount of fibrils 159. These data suggest that the 

species that is bound by hCC are not present when Aβ1-42 fibril formation is catalysed by LUVs but form 

(B) 

(C) 

(A) 
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rapidly in the absence of LUVs. Alternatively, when the Aβ1-42 is bound to the LUVs, it becomes 

inaccessible to hCC. 

In the conditions where LUVs are added last, the observed inhibition by hCC not only impacts the yield 

but also the rate of fibrillisation. This is contrary to previous studies 159,162 where the rate of 

fibrillisation is not affected by hCC. This suggests that in the presence of LUVs, the inhibition of fibril 

formation is distinct from that in polystyrene microplates alone. 

6.3.2 HCC cannot inhibit fibril formation in a low-binding microplate 

It has been shown in chapter 3 (section 3.3.3) that Aβ1-42 fibril formation is surface dependent. It was 

subsequently hypothesised that different surfaces would impact on the ability of hCC to inhibit fibril 

formation by Aβ1-42. In order to test how surfaces impact on the inhibition of Aβ1-42 fibril formation by 

hCC, thioflavin T assays were performed in three different microplates. 

In chapter 5, it was shown that different batches of Aβ1-42 were seeded to different amounts. 

Therefore, for these experiments, multiple batches were compared against all conditions in order to 

determine whether the differences observed were due to batch variation in Aβ1-42 or the differences 

in surface conditions. Independent of the batch of Aβ1-42 used, the following phenomena were 

observed. 

In glass microplates, fibril formation is observed to be slower than in polystyrene and low-binding 

microplates as shown in chapter 3 (section 3.3.3). In order to determine whether this would facilitate 

or prevent the inhibition of Aβ1-42 fibril formation by hCC, a thioflavin T assay was performed in which 

Aβ1-42 was incubated with increasing concentrations of hCC. The data are presented in figure 6.2 (A) 

which shows that, as the concentration of hCC increases, fibril formation is inhibited. Two effects were 

observed; the rate of fibril formation was slower, and the final yield was reduced as the concentration 

of hCC was increased. This shows that fibril formation is inhibited by hCC in glass microplates. The 

inhibition of fibril formation by hCC on polystyrene microplates was repeated here and is shown in 

figure 6.2 (B) where hCC and Aβ1-42 were incubated together in a polystyrene microplate. As reported 

in previous studies, the rate of fibril formation was independent of hCC regardless of whether or not 

the final yield was affected 159,162. 
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Figure 6.2 HCC cannot inhibit fibril formation by Aβ1-42 in low-binding microplates. Aβ1-42 was incubated with 

increasing concentrations of hCC in 3 different microplate conditions. In glass (A) and polystyrene (B) lower fibril 

yields were observed as hCC concentrations were increased. Furthermore, in glass (A) as hCC concentrations 

were increased the rate of fibril formation was reduced. In low-binding microplates (C) however, fibril formation 

is comparably unaffected by increasing hCC concentrations. The yields from each reaction were normalised by 

dividing the maximum fluorescence signal of each run by the average maximum yield in the absence of hCC in 

each condition (D). The yield in polystyrene (blue) and glass (green) was greatly reduced as the concentration of 

hCC was increased whereas in the low-binding surface (red) the yield was only minimally reduced. The t50 of 

each reaction was calculated and was normalised in the same manner as the yields. These data are plotted in 

(E) which shows that the rate of fibril formation is largely unaffected by hCC in polystyrene, slowly increases in 

low-binding microplates and is drastically slower in glass. Error bars in (D) and (E) represent the standard error 

for 3 repeats of 4 replicates per reaction in polystyrene and low binding and 2 repeats of 3 replicates per reaction 

in glass.
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In chapter 3 (section 3.3.3), it was shown that low binding microplates catalyse Aβ1-42 fibril formation. 

Increasing concentrations of hCC were incubated with Aβ1-42 in a low-binding microplate in order to 

determine whether or not the inhibitory activity of hCC was affected. Figure 6.2 (C) shows that fibril 

formation is largely unaffected by increasing concentrations of hCC. At high stoichiometries of 

[hCC]:[Aβ1-42], the rate of fibril formation is slightly reduced. This shows that at these concentrations 

hCC is incapable of preventing fibril formation in low-binding microplates. 

When compared to the normalised yields in polystyrene and glass microplates in figure 6.2(D), the 

yields in the low-binding microplates appear to be largely unaffected. This suggests that of the three 

surfaces tested, the low binding microplate is the only surface in which the amount of fibril formation 

is unaffected by hCC. 

Figure 6.2 (E) however shows the half times of the reactions as the concentration of hCC increases 

relative to the half times of the reactions in the absence of hCC. Here, a value of 1 indicates that the 

half time of the reaction was the same as the half time of the reaction in the absence of hCC and a 

value of 2 indicates that the half time of the reaction was twice that of the half time in the absence of 

hCC and the reaction was therefore 2 times slower. In low-binding microplates, the half time for the 

reaction slowly increased as hCC was added with the reaction at [hCC]:[Aβ1-42] up to 1.5 times slower 

than in the absence of hCC. In glass, the introduction of hCC resulted in a drastic increase in half times. 

The reaction was on average between 5 and 6 times slower in the presence of half as much hCC as 

Aβ1-42. In polystyrene however, the rate of fibril formation was largely unaffected by hCC. 

6.3.3 LUVs do not impact upon hCC inhibition of fibril formation in glass 

Since Aβ1-42 fibril formation in glass is significantly different to that in polystyrene it was hypothesised 

that the inhibition by hCC might be different in the presence of these two surfaces. Figure 6.2 (D) 

shows that hCC inhibits fibril formation to a similar extent in glass and polystyrene however the 

mechanism may be different as figure 6.2 (E) shows that the rate of fibril formation is slower in the 

inhibited reactions in glass but not in polystyrene. As the mechanism of fibril formation and its 

inhibition are different in glass and polystyrene it was hypothesised that the interaction between hCC, 

Aβ1-42 and LUVs would also be different in glass and polystyrene. 

4 µM Aβ1-42 was therefore incubated with increasing concentrations of hCC in glass coated microplates 

with 50 µg/ml of DOPC and 2% GM1, 33% cholesterol, 65% DOPC LUVs. Figure 6.3 (A) shows the time 

course of fibril formation for each reaction in the presence of DOPC LUVs and figure 6.3 (B) shows the 

same in the presence of the GM1/Chol/DOPC LUVs. In both cases, Aβ1-42 was added last as this 

mimicked the conditions where inhibition was not observed in the polystyrene microplates. Inhibition 



 123  
 

similar to that in the absence of LUVs was observed. When the normalised yields were plotted against 

the ratio of [hCC]:[Aβ1-42], (figure 6.3 (C)), the observed inhibition of fibril formation was similar in the 

presence and absence of DOPC and GM1/Chol/DOPC LUVs. 

 

 

 

Figure 6.3 HCC inhibits fibril formation in glass independently of LUVs. Aβ1-42 was incubated with increasing 

concentrations of hCC in the presence of DOPC and GM1/Chol/DOPC LUVs in glass coated microplates. Time 

courses of the reactions are shown in (A) (DOPC) and (B) (GM1/Chol/DOPC). The yields were normalised by 

taking an average of the fibril yields in the absence of hCC and calculating the percentage of this value for each 

of the yields in the presence of hCC (C). The error bars for the reactions with LUVs represent the standard error 

about the mean from 3 replicates per reaction. 

 

(A) (B) 

(C) 
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6.3.4 HCC might stabilise the formation of films of Aβ1-42 on polystyrene 

In chapter 3 (section 3.3.5), it was shown that Aβ1-42 forms a film on a polystyrene surface. It has also 

been reported previously that hCC binds strongly to Aβ1-42 after the Aβ1-42 had been incubated on a 

polystyrene surface for 16 hours 154. This tight binding has not been observed in other conditions 159. 

Therefore, it was hypothesised that hCC binds to the film of Aβ1-42 that is deposited when Aβ1-42 is 

incubated on polystyrene. 

To investigate whether or not hCC binds to the film of Aβ1-42 on polystyrene, both hCC and Aβ1-42 were 

incubated at 11 µM on a polystyrene surface that had been spin coated onto a silicon substrate. Figure 

6.4(A) shows images of the film of Aβ1-42 that formed on the surface at progressing timepoints. Figure 

6.4(B) shows a time course of surface roughness showing the height of the Aβ1-42 film in the presence 

and absence of hCC. 

In the presence of hCC, an increase in the deposition of the film of Aβ1-42 was observed. The rate of 

film deposition was also increased in the presence of hCC. This suggests that hCC interacts with the 

film of Aβ1-42 potentially by binding to Aβ1-42 that is either incorporated into the film or is forming 

specific aggregates at the film. Either way this shows a potential mechanism by which hCC can be 

inhibiting fibril formation in polystyrene as it may be able to divert Aβ1-42 species towards a non-fibrillar 

species that is ultimately not present on the surface. However, this could be an anomalous result. This 

experiment would need to be repeated in order for that to be determined which due to time 

restrictions is outside the scope of this study at the time of writing. 
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Figure 6.4 Aβ1-42 film deposition and hCC. Aβ1-42 and hCC were incubated on a polystyrene surface, the same 20 

µm by 20 µm section of which which was then imaged by AFM every 4 minutes and 15 seconds. A selection of 

images at different timepoints (A) show the deposition of a film of Aβ1-42. By taking a measurement of the surface 

roughness at each timepoint the average height of the film across the surface can be plotted as a function of 

time (B). When compared to the experiment in the absence of hCC, an increase in film deposition can be 

observed.

 

When compared to the data presented in chapter 3 (section 3.3.7), the morphology of the films 

formed were distinctly different here. This could be due to defects in the polystyrene surface. As the 

two polystyrene surfaces compared in figure 6.4 were made at the same time and the morphology of 
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the films observed was similar on those surfaces, these results were compared directly between each 

other but not to the result in chapter 3 (section 3.3.7). 

6.3.5 HCC can inhibit the Aβ1-42 induced permeation of lipid bilayers. 

It was hypothesised that since hCC can prevent Aβ induced toxicity in neuronal cells 153, it could also 

prevent Aβ1-42 induced permeation of lipid bilayers. Therefore, hCC was incubated with Aβ1-42 in the 

presence of both 100% DOPC and GM1/Chol/DOPC LUVs containing 50 mM carboxyfluorescein. Dye 

release was measured every 15 minutes for 16 hours. Figure 6.5 shows that hCC can prevent Aβ1-42 

dye release from DOPC LUVs and that hCC can inhibit Aβ1-42 induced dye release from GM1 and 

cholesterol containing LUVs. Therefore, hCC can inhibit Aβ1-42 induced permeation of lipid bilayers 

indicating that this could be a mechanism by which hCC modulates Aβ1-42 toxicity in vivo.  

 

Figure 6.5 HCC can inhibit Aβ1-42 induced permeation of lipid bilayers. LUVs made with 100% DOPC and 

GM1/Chol/DOPC containing 50 mM carboxyfluorescein were incubated with 2 µM hCC and 2 µM Aβ1-42. In both 

cases after 2 hours in the presence of hCC, Aβ1-42 was inhibited from causing a significant increase in dye release 

although the DOPC LUVs did not significantly leak in the presence of Aβ1-42 in the presence or absence of hCC. 

Significance was determined using a Student’s t-test where ** indicates that p<0.05. 
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6.4 Discussion 

6.4.1 HCC inhibits fibril formation by interactions with short lived oligomers of Aβ1-42 

The ability of hCC to inhibit fibril formation has been displayed both here in figure 6.1 and figure 6.2 

and in previous studies 159,160,162. One study concluded that hCC must be interacting with oligomeric 

Aβ1-42 when it inhibits fibril formation, in part due to an inability to observe hCC binding to Aβ1-42 

monomers in solution by NMR 159. Figure 6.2 shows that in conditions where fibril formation is 

catalysed by low-binding microplates, hCC loses its ability to inhibit fibril formation. If hCC interacts 

with oligomeric species of Aβ1-42, then it could be suggested that in the presence of a low-binding 

surface these oligomers are either too short lived to be accessible to hCC or fibril formation is so rapid 

that these types of oligomers never form. In slower fibrillisation conditions such as glass, fibril 

formation is again inhibited by hCC suggesting that in these conditions the appropriate oligomers have 

time to form. In polystyrene, fibril formation is inhibited similarly to in glass suggesting that the same 

amount of Aβ1-42 material that binds hCC is formed. Kinetic analysis of the data in figure 6.2 shows that 

the rate of fibril formation is slower when concentrations of hCC are increased in glass which is not 

true in polystyrene. Reducing the pool of monomers for fibril formation in either case should result in 

relatively concentration independent rates of fibril formation as shown in chapter 3 (section 3.3.3).  

An alternative mechanism by which hCC may be inhibiting the process is by binding to specific 

oligomers that are populated at a hydropobic surface: fibrillisation on glass and polystyrene both 

depend on the presence of a hydrophobic surface, respectively the air water interface and the 

polystyrene surface. 

6.4.2 HCC inhibits fibril formation in polystyrene by interacting with Aβ1-42 that deposits as 

a film. 

Aβ1-42 fibril formation is concentration independent in polystyrene as it relies first on the deposition 

of a film of Aβ1-42 onto the surface discussed in chapter 3 (section 3.4.3). HCC inhibits fibril formation 

differently on polystyrene than on other surfaces as shown in figure 6.2. Figure 6.1 shows that when 

LUVs are incubated with Aβ1-42, the ability of hCC to inhibit fibril formation is diminished in polystyrene 

suggesting that oligomeric species that form in polystyrene, as a result of film deposition, don’t form 

at the surface of DOPC LUVs. Furthermore, fibril formation is not inhibited by hCC when the 

microplates are agitated 162 suggesting that hCC binds to the film which is disrupted by agitation. 

Alternately hCC could be binding to fibril ends which is an ineffective method of inhibition when the 

sample is agitated due to the observed increase in fragmentation creating new fibril ends 241. This is 

however a kinetic effect which wouldn’t affect final yields. Figure 6.3 shows that hCC may interact 

with the film of Aβ1-42. If hCC was binding to the film the dissipation of the film would be expected to 
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be slower in the presence of hCC, but this is not observed. Therefore, it is more likely that hCC binds 

to a population of Aβ1-42 on the film in a manner that promotes the eventual formation of non-fibrillar 

aggregates not observed on the film. 

6.4.3 HCC modulates Aβ1-42 by preventing the formation of lipid membrane permeating 

oligomers. 

Figure 6.4 shows that hCC can inhibit Aβ1-42 induced permeation of lipid bilayers. If hCC is interacting 

with an oligomeric species of Aβ1-42 in such a manner as to not produce fibrils, it is also preventing 

them from forming other oligomeric species that result in the permeation of lipid bilayers. This activity 

could be a method by which hCC modulates Aβ toxicity in vivo and may in part explain why it is 

upregulated in AD.  

However, in a polystyrene microplate hCC was not effective at preventing fibril formation in the 

presence of LUVs. This could be due to hCC binding to the polystyrene surface prior to binding to Aβ1-

42 resulting in less interactions with Aβ1-42 in the presence of LUVs. Alternatively, as Aβ1-42 fibril 

formation is catalysed by LUVs in the presence of a polystyrene surfaces as shown in chapter 3 (section 

3.3.7), Aβ1-42 might form fibrils too quickly in these conditions for the species that binds hCC to form. 

This suggests that fibril formation is inhibited by hCC in a manner that is independent of the inhibition 

of Aβ1-42 induced lipid bilayer permeation because DOPC LUVs were used in both sets of experiments. 

This separation between a pathway to membrane damage and one for fibrillisation was observed 

earlier in chapter 3 (section 3.4.2). 
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Chapter 7: The ionic strength dependency of amyloid fibril 

formation 

7.1 Introduction 

Amyloid fibril formation by Aβ1-42 is one of the underlying mechanisms that occurs in patients with 

Alzheimer’s disease242-244. A lot of research into the mechanisms by which Aβ1-42 forms amyloid fibrils 

has revealed the existence of a plethora of prefibrillar aggregates that can be formed in vitro 245-247. 

Many of these prefibrillar aggregates have been associated in some way or another with toxicity in 

vivo 135,247,248. There has also been research into the internal structure of Aβ1-42 amyloid fibrils revealing 

again a range of structures and morphologies 30,249.  

The polymorphism exhibited by amyloid fibrils is of interest when considering the differences in 

conditions between in vitro and in vivo. Differences in morphologies that can occur include twists 

along the longitudinal axis producing varied cross-over distances, different numbers of protofilaments 

making up the fibril and the length and width of the fibril 32. Determining which morphologies are 

likely to exist in vivo is a major challenge that some are attempting to resolve using solid state NMR 

and cryo-TEM using fibril samples extracted from patients with Alzheimer’s disease 249-251. The method 

used to determine these structures however, relies on forcing the sample into homogeneity by several 

rounds of seeding new fibrils from fresh pools of monomer. This method therefore eliminates some 

polymorphs found in vivo in favour of a single dominant polymorph that is favoured in a particular 

environment in vitro. 

Polymorphism occurs due to differences in local conditions when new amyloid fibrils are formed. 

Changes in pH, temperature, the available surfaces and agitation may all result in different sets of 

polymorphs occurring in a given sample. Another factor that could affect polymorphism is the 

concentration of salt in solution. This could occur by Debye-Hückel screening 252 which could allow for 

interactions between monomers that would otherwise be prevented by unfavourable interactions 

elsewhere. Changing the salt concentration to observe how this affects polymorphism is therefore of 

interest. 

In this chapter it will be shown that in extreme conditions, at high Aβ1-42 concentrations it is possible 

to form exclusively small protofibril-like aggregates in a salt dependent manner. These protofibrils will 

be shown to have little regular cross-β structure. It will also be shown that the protofibrils can disrupt 

lipid bilayers thus displaying qualities associated with toxicity. Finally, the effects of salt concentrations 

on fibril length distributions will be investigated at lower, less extreme, concentrations of Aβ. It will 
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be shown that even then, high salt concentrations can induce the formation of smaller protofibril like 

aggregates. This will show that Aβ1-42 experiences Debye-Hückel screening and this allows monomers 

to nucleate more rapidly by shielding otherwise unfavourable interactions with dissociated ions from 

the salt in solution. The impact of this is the creation of many short fibrils (nucleation far more rapid 

than elongation) as opposed to fewer long fibrils (elongation more rapid than nucleation) at low salt. 

7.2 Methods 

7.2.1 Aβ1-42 preparation  

Aβ1-42 was prepared as per protocol 2 described in chapter 2 (section 2.2.2) with the caveat of using 

10 mM NaOH as opposed to 50 mM NaOH to resuspend the lyophilised Aβ1-42 unless otherwise stated.  

7.2.2 Electron microscopy 

Aβ1-42 was diluted to a concentration of 22 µM and incubated in either 50 mM sodium phosphate, 150 

mM sodium chloride, 2 mM sodium azide, pH 7.4 or 20 mM sodium phosphate, 2 mM sodium azide, 

pH 7.4 at 37 °C for 3 hours. 

Aβ1-42 was also prepared exactly as per protocol 2 described in chapter 2 (section 2.2.2) and diluted to 

a concentration of 22 µM and incubated in 100 mM sodium phosphate, 300 mM sodium chloride, 2 

mM sodium azide, pH 7.4 at 37 °C for 3 hours. 

TEM grids of all samples were prepared and imaged at 15000X magnification as per the protocol for 

negative stain EM described in chapter 2 (section 2.5). 

The images were analysed using Gwyddion software 253 to determine the lengths and end to end 

values for both conditions.  

7.2.3 AF4 MALS 

22 µM Aβ1-42 was incubated for 3 hours in 50 mM sodium phosphate, 150 mM sodium chloride, 2mM 

sodium azide, pH 7.4 at 37°C. 50 µl of sample was injected into the AF4 system. An initial cross flow of 

4.5 ml/min was run for 5 minutes and then lowered over 20 minutes to 0 ml/min at which the system 

was ran for 5 minutes. The eluted sample was detected using UV absorbance at 280 nm and MALs as 

described in chapter 2 (section 2.7). This was repeated using 100 mM sodium phosphate and 300 mM 

sodium chloride and the sample was injected into the AF4 system after 30 minutes, 1 hour and 3 

hours. 

7.2.4 Circular Dichroism 
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Aβ1-42 was diluted to 22 µM and incubated in either 50 mM sodium phosphate 150 mM sodium 

chloride 2 mM sodium azide pH 7.4 at 37 °C for 3 hours. 

200 µl was then injected into a 1 mm pathlength a quartz suprasil cuvette (Hellma, UK) and spectra 

were recorded immediately using a Jasco J-800 CD spectropolarimeter (Jasco, UK). 200 µl of 50 mM 

sodium phosphate, 150 mM sodium chloride, 2 mM sodium azide, pH 7.4 was then added to the 

cuvette and another set of spectra were recorded. 

7.2.5 Dye release 

A solution of 50 mM carboxyfluorescein (sigma) was made by dissolving dry carboxyfluorescein in 70 

mM phosphate buffer, pH 7.4 to 70 mM carboxyfluorescein. This was then diluted slowly into a 

solution of sodium chloride until the ionic strength of the solution matched a 50 mM phosphate 150 

mM NaCl solution. The solution was then diluted in water to 50 mM carboxyflourescein 50 mM 

phosphate pH 7.4. 

LUVs were made using the protocol described in chapter 2 (section 2.10) with the exception that 

instead of buffer, the above carboxyfluorescein solutions were used to re-suspend the lipid film. This 

protocol includes removing any non-encapsulated carboxyflourescein using a PD-10 desalting gel 

filtration column (GE Healthcare Life Sciences, UK) to purify the LUVs. 

Aβ1-42 was diluted to 22 µM and incubated in 50 mM sodium phosphate 150 mM sodium chloride 2 

mM sodium azide pH 7.4 at 37 °C for 3 hours. 

The Aβ1-42 sample was then mixed into a quartz cuvette with the carboxyfluorescein encapsulating 

LUVs and were incubated together for 1 hour at 37 °C. Measurements were taken every 5 minutes 

with excitation at 485 nm and emission recorded at 515 nm. 

7.2.6 Thioflavin T 

Thioflavin T was prepared as described in chapter 2 (section 2.9). 

Aβ1-42 was diluted to 22 µM and incubated in 50 mM sodium phosphate 150 mM sodium chloride 2 

mM sodium azide pH 7.4 at 37 °C with 10 µM thioflavin T. The mixture was aliquoted into 5 wells of a 

glass coated microplate (WebSeal Plate +, Thermo Scientific, USA). The process was repeated using 20 

mM sodium phosphate 2 mM sodium azide pH 7.4. The microplate was covered with a clear plastic 

cover. The microplate was then incubated in an Omega fluostar fluorescence plate reader (BMG 

Labtech, UK) at 37 ⁰C, with shaking for 4 seconds at 100 rpm before measurements. Measurements 

were taken every 2 minutes with excitation at 445 nm and emission recorded at 485 nm. 
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7.3 Results 

7.3.1 TEM reveals a salt dependent change in morphology in amyloid fibrils 

TEM is a useful method of measuring heterogeneity in fibrils formed under different conditions as the 

single molecule approach allows for the individual characterisation of each fibril. Polymorphism in 

amyloid fibrils can and has been revealed by TEM 33. TEM is however, most effective when there is a 

lot of material to observe. Therefore, in order to obtain the most information about fibril polymorphs 

that exist in different conditions, high concentrations of Aβ1-42 must be used as opposed to more 

physiologically relevant low concentrations 77. 

22 µM Aβ1-42 was incubated for 3 hours at 37 °C in a glass coated microplate. Grids for negative stain 

TEM were then prepared and imaged. Figure 7.1 (A) shows that, when incubated in 50 mM phosphate 

buffer with 150 mM NaCl, the Aβ1-42 mostly formed short aggregates. Comparatively, when incubated 

in 20 mM phosphate buffer with no NaCl shown in figure 7.1 (B), the Aβ1-42 forms fewer but almost 

exclusively long amyloid fibrils. A simple interpretation for this would be that, at physiological 

concentrations of salt, Aβ1-42 nucleates rapidly compared with elongation and many amyloids form but 

do not elongate much as the monomer population becomes depleted. In contrast, at lower salt 

concentrations, amyloids nucleate more rarely allowing more elongation of a smaller number of fibrils. 

This would imply that the nucleation of amyloid fibrils from Aβ1-42 is salt dependent. In other words, 

the presence of salt results in more favourable conditions for the nucleation of Aβ1-42 fibrils. 

Physiological salt concentrations allow for Debye-Hückel screening of unfavourable electrostatic 

interactions and surrounding exposed charged residues with dissociated ions in solution. This would 

allow Aβ1-42 monomers to get close enough to one another to form favourable interactions allowing 

for nucleation to occur. 
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Figure 7.1: Salt dependent fibril morphology. Aβ1-42 was incubated at 22 µM in a high (50 mM phosphate 150 

mM NaCl) and low (20 mM phosphate) salt buffer. Grids for EM were made for both conditions after 3 hours 

incubation at 37 °C. (A) shows a representative image of the results from the physiological buffer and (B) shows 

a representative image of the results from the low salt buffer. The fibrils observed in (B) are much longer than 

the shorter aggregates observed in (A). The physiological salt concentration in (A) results in a higher rate of 

nucleation resulting in many short fibrils as opposed to the slower nucleation and elongation observed in (B) at 

low salt. 

(A) 

(B) 
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Due to the length of the fibrils observed in figure 7.1 (B) the length of a given fibril was not discernible 

due to the inability to reliably track a single fibril across its entire length. However, 8 separate images 

were analysed for the fibrils observed in figure 7.1 (A) with clearly defined individual aggregates 

covering most of each section of grid. A length distribution was obtained by using multiple line 

segments to measure along the length of each protofibril. Figure 7.2 shows the resulting distribution. 

 

Figure 7.2: Salt induced protofibrils are less than 100 nm in length. 1000 protofibrils from 3 samples made in 

the conditions seen in figure 7.1 (B) were analysed by measuring multiple line segments along the length of each 

individual protofibril. These values were plotted on a histogram which was fitted to a Hill distribution 254. The 

majority of the protofibrils measured were less than 100 nm in length and almost all of them were less than 200 

nm in length. Each bar represents a bin size of 10 nm (the first bar being 0-9 nm the second bar 10-19 nm etc). 
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The majority of the protofibrils measured were less than 100 nm in length and only one protofibril 

was measured above 200 nm in length. The histogram shown in figure 7.2 was fitted to a distribution 

and, as described by Hill 254, the degrees of freedom regarding each protofibril was calculated. The 

degrees of freedom of an individual molecule are reduced at a surface compared to in solution as a 

result of a molecule adsorbing onto a surface 255. As these experiments are all performed in glass 

microplates there isn’t an expected impact of the surface except for the air water interface as 

discussed in chapter 3 (sections 3.3.3 and 3.3.4) although the relative surface area here is small.  

For more detailed analysis of the protofibrils formed at physiological salt concentrations and the fibrils 

formed at low salt concentrations, the “end to end” lengths were analysed by using a single line 

segment to measure the distance from one end of the aggregate to another as opposed to tracking 

the length of the entire aggregate using multiple line segments. These values were then plotted 

against the actual length of the aggregates measured as before using multiple line segments. This was 

possible for the longer fibrils, as even though the whole length of the fibrils was not often obtainable, 

the length of a segment of fibril could be measured. The direct “end to end” length of the fibril could 

also be measured across such a segment by measuring the direct distance from one end of the 

segment to the other. Figure 7.3 shows the difference between the “end to end” length of a fibril 

segment and the “actual length” of a fibril segment. 
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Figure 7.3: Method for measuring the “end to end” length and the actual length of a fibril. The amyloid fibrils 

and protofibrils were analysed by comparing the “end to end” length with the “actual length”. Image A highlights 

the shape of a fibril segment used for this analysis. Image B shows the method of measuring the “end to end” 

length of the fibril segment by using a straight line from one end of the segment to another. Image C shows the 

method of measuring the actual length of the fibril segment by using multiple small straight lines to measure 

multiple distances across the fibril segment and summing the lengths of all of these lines. 
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Figure 7.4: Protofibrils are 2 orders of magnitude less stiff than fibrils. The amyloid fibrils and protofibrils were 

analysed by comparing the “end to end” length with the “actual length”. These data were then fit to a model 

that calculates the persistence length of the aggregate which provides information about the stiffness of the 

aggregate. Graph (A) shows the “end to end” length of the protofibrils formed at physiological salt conditions 

against the actual length. The calculated persistence length of the protofibrils is 44 nm. Graph (B) shows the 

data for the fibrils formed in low salt and reveals a persistence length of 5.9 µm. 
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Figure 7.4 shows the comparisons between the “end to end” values and the “actual length” values for 

both the protofibrils formed at physiological salt concentrations and the fibrils formed at low salt. 

These data were then fit to a worm like chain model that calculates the persistence length of the 

aggregates 256. The persistence length is a measure of the stiffness of the amyloid. The higher the 

persistence length the more of the amyloid that behaves like a stiff beam. For lengths of amyloid 

above its persistence length it is more likely to have “random walk” characteristics, rather than appear 

as a straight line it will bend. As shown by Knowles et al 257 the bending rigidity of amyloids can be 

calculated from the persistence length and the height distributions for a given sample. Unfortunately, 

negative stain TEM is not conducive to calculating height distributions. However, a rough estimate of 

the width of the amyloid can be measured and compared to the data from Knowles et al. The fibrils 

formed at low salt fall into the same range of binding rigidity as the Aβ1-42 fibrils from Knowles et al 

247.  

The Aβ1-42 protofibrils formed at physiological salt concentrations however, have a much lower binding 

rigidity and fall into the same range as fibrils formed from α-lactalbumin. As it is predicted that a high 

rate of nucleation of Aβ1-42 is what results in these particular structures, it could be inferred that the 

reason α-lactalbumin forms similar structures is that it has a higher propensity to nucleate. However, 

in Knowles et al 247 the fibrillisation conditions involved incubating α-lactalbumin at pH 2 for 5 hours 

at 50 °C with constant shaking. In order to determine whether or not the rate of nucleation could be 

adjusted to result in different α-lactalbumin fibril morphologies this would need to be repeated in 

conditions that changed the rate of nucleation.   

The persistence lengths of the fibrils formed in low salt are 2 orders of magnitude higher than the 

persistence lengths of the protofibrils formed at physiological salt concentrations. This suggests that 

there is some level of structure that allows the fibrils formed at low salt to be more rigid and have a 

higher Young’s modulus than the protofibrils formed at physiological salt concentrations. 

7.3.2 AF4-MALS confirms the size distributions for Aβ1-42 aggregates formed at physiological 

salt concentrations  

The TEM data suggest that in a physiological buffer the aggregates formed were all below 200 nm in 

length. However, there is a potential for unintentional bias in the acquisition and analysis of TEM data. 

Even with 1000 measured protofibrils only the aggregates that were observed can be included in the 

analysis. There is also the possibility that some aggregates formed in solution but did not adsorb onto 

the grid. 
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AF4 is a useful technique for quantifying the size distribution of samples such as the aggregates formed 

at physiological salt concentrations. 

Aβ1-42 was incubated in the physiological buffer for 3 hours at 37 °C at 22 µM. 50 µl was then injected 

into the AF4 system. A lot of the sample eluted sterically meaning that it did not fractionate but instead 

eluted immediately. This was potentially due to the method used which included a step where the 

sample volume was reduced significantly in the AF4. This could have resulted in a higher than expected 

concentration and the formation of extremely large aggregates. Some of the sample did elute after 

the cross flow had been reduced. Figure 7.5 (A) shows a time course of absorbance at 280 nm showing 

the elution profile of the aggregates over time. A region of interest was determined and the 

distribution of the species that were eluted in this region is shown in figure 7.5 (B). The eluted species 

fit to a random coil model and 90% of the eluted sample had a radius of gyration of between 20 and 

60 nm. This confirms that a majority if not all of the aggregates formed in physiological buffer really 

were distributed as shown in figure 7.2. 

 

Figure 7.5 Quantification of aggregates formed at physiological salt concentrations reflects the distribution 

observed by TEM. Aβ1-42 was incubated at 22 µM for 3 hours and injected into the AF4 system. As the cross flow 

was reduced to almost 0 ml/min some of the sample began to elute which can be seen when the absorbance at 

280 nm is plotted against time (A). The eluting sample was measured for 30 minutes. The region of eluted sample 

was analysed by MALs (B) which shows a distribution of species that, when the data were fit to a random coil 

model, had radii of gyration ranging from 20 nm to 60 nm. This reflects the size distributions measured in figure 

7.2. 

 

7.3.3 Salt induced protofibrils have β-structure 

Once it had been established that physiological salt conditions resulted in protofibrils, investigating 

their structure became an obvious next step. Circular dichroism can provide information about the 
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secondary structure of proteins and has been used to analyse the β structures displayed by amyloid 

fibrils 258. It has also been used to differentiate between Aβ oligomers that have been shown to display 

α and β structures and even transition between the two 259. Samples were prepared as before in both 

the low salt and physiological conditions and, after incubation, CD spectra were obtained and are 

shown in figure 7.6. The protofibrils formed in the physiological conditions produced a negative CD 

band at 217 nm that indicates the presence of a β structure. In order to confirm that the signal 

observed was not an artefact, the sample was diluted and re-measured. The signal of the diluted 

sample was the same as the un-diluted sample when the signal was corrected for the different 

concentrations. The fibrils formed at low salt concentrations were also observed. These displayed a 

10 times larger signal suggesting significantly more β structure. 

 

 

Figure 7.6: Protofibrils have a β signal by CD. A sample of protofibrils was made and CD spectra were obtained, 

the average of these is shown above (red). The signal obtained appeared to resemble the signal obtained from 

samples with β structures (A). The sample was also diluted to 11 µM (blue) to ensure that the signal was 

concentration dependent and not an artefact. When the signal was corrected for concentration there was little 

difference between the two samples indicating that the signal observed was not an artefact. The protofibrils 

therefore have some β structure. The fibrils formed at low salt concentration displayed 10 times the signal (B) 

(green line) of the protofibrils formed in physiological conditions. For comparison the red and blue lines indicate 

the sample from the physiological buffer. Each measurement represents the mean value of 5 replicate 

measurements.

 

7.3.4 Protofibrils can disrupt lipid bilayers 

(A) (B) 
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The toxicity of many Aβ1-42 aggregates has been investigated 60,64,173. A useful indicator of this toxicity 

is the ability of the aggregate to disrupt a lipid bilayer as discussed in chapter 1 (section 1.3.1). A dye 

release assay discussed in chapter 2 (section 2.9) allows for the quantification of disruption to lipid 

bilayers. A sample of protofibrils formed in physiological conditions was prepared as before. 

 Figure 7.7: Protofibrils can disrupt LUVs. A sample of protofibrils was made and these were incubated with 

carboxyfluorescein encapsulating LUVs. After 1 hour of incubation at 37 °C the fluorescence from the samples 

containing protofibrils was twice the signal observed in a control with the LUVs alone showing that the 

protofibrils are capable of disrupting LUVs to the point where the carboxyfluorescein dye could leak out. Error 

bars represent the standard error about the mean for 3 repeats. The difference was determined to be significant 

using a Student’s t-test where *** indicates that P<0.005. 

 

These were then incubated with dye encapsulating LUVs at 37 °C for 1 hour. Figure 7.7 shows that, 

when compared to a control of LUVs alone, the protofibrils were able to cause significant dye release. 

This suggests that the protofibrils can in fact contribute to the toxicity observed when levels of Aβ1-42 

are increased. In vivo conditions rarely exist without salt and therefore the rapid nucleation of Aβ1-42 

might produce protofibrils that are capable of membrane damage before the eventual formation of 

larger amyloids. The idea of protofibril structures displaying qualities associated with toxicity has been 

previously presented 260 although, where in previous studies the relative toxicity has been compared 

to other oligomeric species, here, only the fact that protofibrils are capable of inducing permeation in 

lipid bilayer is presented.  

7.3.5 High salt concentrations are required to form protofibrils when monomeric Aβ1-42 is 

diluted to neutral pH from high pH 
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In the experiments discussed so far in this chapter, the Aβ1-42 all came from the same batch and was 

prepared in the same way, by resuspending the lyophilised monomeric sample in 10 mM NaOH to 220 

µM, then diluting into a sample buffer to the final pH and concentration. Taylor et al. 261 provides 

insight into the variability of samples prepared this way. Briefly, the expected pH of 12 is seldom 

attained when resuspending in 10 mM NaOH because the lyophilised sample vials often contain 

significant amounts of counter ion. Upon resuspension in 10 mM NaOH, the samples were often at pH 

10 and occasionally even as low as pH 8. Aβ1-42 is capable of aggregating at pH 10 and can therefore 

Figure 7.8: When the sample is prepared in 10 mM NaOH there is no lag phase for the reaction. Monomeric 

Aβ1-42 was received in glass vials as a lyophilised film. The film was resuspended in 10 mM NaOH to a 

concentration of 220 µM. The Aβ1-42 was then diluted to 22 µM and pH 7.4 in the high (red) and low (blue) salt 

buffers discussed previously. These solutions were incubated with 10 µM thioflavin T which upon binding to 

amyloid aggregates displays an increase in fluorescence. In both conditions no lag phase for the increase in signal 

is observed suggesting that these reactions are seeded. At high salt concentrations, the reaction is significantly 

faster than at low salt concentrations. Error bars represent the standard error about the mean from 2 repeats. 

 

form amyloid seeds in these conditions. Indeed, when the sample used in the previous experiments 

was diluted to 22 µM at pH 7.4 with 10 µM thioflavin T, an increase in fluorescence was seen 

immediately (figure 7.8) with no lag phase. This strongly suggests that the reaction was seeded. This 

is also true for the reaction at the low salt concentration even if the reaction at the physiological salt 

concentration is more rapid. This further supports the hypothesis that there was rapid nucleation 

(albeit perhaps not primary nucleation) that led to a large number of small protofibrils in physiological 

conditions. In contrast, at the lower salt concentration, the nuclei that already existed elongated to 

form few but large amyloid fibrils.  

Due to the inconsistencies observed when preparing samples using 10 mM NaOH, a sample was 

prepared using 50 mM NaOH which has now been shown to be reliable at producing monomeric Aβ1-
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42 samples by Taylor et al.261. The previously used method for forming protofibrils at the physiological 

concentration did not yield protofibrils observable by TEM. However, when the salt in the buffer was 

increased to 100 mM sodium phosphate and 300 mM NaCl, protofibrils were observed after 30 

minutes (figure 7.9). This shows that large quantities of protofibrils can be formed from a clean 

preparation of initially monomeric Aβ1-42.  

 

Figure 7.9 Protofibrils form after 30 minutes in high salt conditions. A sample of Aβ1-42 was incubated in a buffer 

containing 300 mM NaCl for 30 minutes. This sample was imaged by TEM and the resulting protofibrils are shown 

above. 

 

In order to quantify the amount of protofibrils present at different time points, Aβ1-42 in the high salt 

buffer was injected into the AF4 system multiple times. An evaluation of the entire sample by MALs 

revealed two populations of species (figure 7.10 (A)). 60% of the eluted sample fit to a random coil 

model with radii of gyration distributed about 100 nm indicating that these protofibrils are larger than 

those observed in figures 7.2 and 7.5. The remainder of the eluted sample fit to a random coil model 

with radii of gyration distributed around 500 nm indicating that these are larger aggregates, possibly 

more similar to fibrils than protofibrils. After 1 hour, protofibrils were no longer observed and the 

larger aggregates had radii of gyration distributed around 650 nm indicating that these were growing 
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aggregates, most likely elongating fibrils (figure 7.10 (B)). After 3 hours, many populations of large 

aggregates were observed with radii of gyration ranging from 600 nm to over 1000 nm (figure 7.10 

(C)). By comparing the size distributions of all of three time points, (figure 7.10 (D)) it was observed 

that the transition between protofibril-sized species to fibril-sized species was more rapid than the 

transition between fibril-sized species to larger fibrils indicating that the process involved in 

transitioning between small aggregates and fibrils is generally faster than elongation (although it 

might take longer depending on the conditions governing nucleation of fibrils).  

 

Figure 7.10 A time course of fibril formation detected by MALs. Aβ1-42 was incubated for 3 hours in a high salt 

buffer. The sample was injected into the AF4 system after 30 minutes (A), 1 hour (B) and 3 hours (C). The size 

distributions of the eluted samples were measured by MALs. Protofibrils sized aggregates were observed after 

30 minutes but disappeared after 1 hour. When plotted together (D) the progression of small aggregates to large 

as time progressed was observed. 

7.3.6 Salt concentrations can affect the size of amyloid fibrils  

(A) (B) 

(C) (D) 
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The formation of protofibrils at an Aβ1-42 concentration of 22 µM and exclusively at high salt 

concentrations is an interesting phenomenon, however, in vivo it is unlikely that Aβ1-42 will exist at 

close to this concentration of peptide. 22 µM is also well above a reported critical micellar 

concentration of 17.6 µM 262 which results in the formation of micelle-like aggregates and can affect 

the mechanism of fibrillisation. Therefore, the effect that salt concentrations have on lower 

concentrations of amyloid becomes relevant. As part of an investigation into the potential effects of 

the Hofmeister series on the fibrillisation of Aβ1-42, one of our Masters students, Caitlin Bone, 

confirmed that the lengths of amyloid fibrils were longer when formed in the absence of salt 263. 

Amyloid fibrils were formed at 4 µM from stocks that had been prepared using 50 mM NaOH. EM grids 

were prepared at time points corresponding to half time and peak time (the point at which the 

thioflavin T signal reaches its maximum) of a thioflavin T time course. The lengths of the amyloid fibrils 

were measured using the method outlined in figure 7.3 (C). Figure 7.11 shows that at low 

concentrations of salt the amyloid fibrils formed are mostly longer than those formed at higher salt 

concentrations. This shows that at lower concentrations of monomer the rate of nucleation is still 

enhanced by high concentrations of salt. 
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Figure 7.11: Amyloid fibrils formed at low salt are larger than those at high salt. 4 µM of monomeric Aβ1-42 was 

incubated at 37 °C in 20 mM phosphate buffer at pH 8 and varying NaCl concentrations. TEM grids were prepared 

of each sample at times corresponding to the half time (A) and peak time (B) of a thioflavin T time course. The 

length of the fibrils observed in each condition was measured. The data above shows the mean, 25th and 75th 

percentiles and the maximum and minimum values for each data set. A trend of larger to smaller fibrils can be 

seen moving from low salt to high salt at both the half time of the reaction and the peak time of the reaction. 

(Taken with permission from Bone, 2018 263) 

 

7.4 Discussion 

7.4.1 Aβ1-42 nucleates fibrils and protofibrils in a salt dependent manner 

(A) 

(B) 
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Fibril formation by Aβ1-42 has been studied in a wide range of conditions 32,33,35,68,96. In many of these 

studies, properties of fibril formation have been observed, such as different rates of fibril formation 

or fibril morphology, that are different to those properties in other studies. This is rarely mentioned 

as direct comparisons are only made within a given study rather than from study to study in order to 

determine the overall effects of the different conditions used between the different studies.  

Different salt concentrations were used to determine whether or not salt might impact upon fibril 

formation, as different buffer conditions are common between studies. Figures 7.1, 7.2 and 7.5 show 

that at physiological salt concentrations and high concentrations of Aβ1-42 it was possible to exclusively 

produce small protofibril-like aggregates. When the salt concentration was reduced, full length fibrils 

were observed. This shows that at least one step in the fibril formation process is dependent on salt 

concentrations. This is most likely to be the nucleation process as Debye-Hückel screening will allow 

for favourable interactions and shield unfavourable interactions between monomers or small 

oligomers. In conditions where the rate of nucleation is faster than the rate of elongation, many small 

aggregates would be expected and this is observed in figure 7.1. If this is true, then if these small 

aggregates were to be transferred into a lower salt concentration, then an eventual progression to 

larger fibrils, similar to that observed in figure 7.10, would occur at the same rate as the progression 

to larger fibrils if the aggregates were left at high salt concentrations. This is because the rate of both 

monomer dissociation from the protofibrils and elongation of those monomers onto the largest fibrils 

are expected to occur at the same rate independently of salt concentration. This has not been verified 

here but would form a useful part of further work. 

7.4.2 Monomeric Aβ1-42 reacts less strongly to salt than small oligomers of Aβ1-42 

Reactions involving Aβ1-42 prepared using 10 mM NaOH produced different results to those using Aβ1-

42 prepared using 50 mM NaOH. The most likely explanation for this is that 10 mM NaOH was not 

sufficient to ensure that the Aβ1-42 was stored at a high pH due to variations in the amount of counter 

ions found in batches of Aβ1-42. In contrast, 50 mM NaOH consistently resulted in Aβ1-42 being stored 

above pH 12. The most likely result of this is that in the 50 mM NaOH stocks the Aβ1-42 remained mostly 

monomeric whereas in the 10 mM NaOH stocks the Aβ1-42 produced a range of small oligomers 261. 

The contrast between physiological salt concentrations and low salt concentrations is greatest when 

the 10 mM NaOH stocks were used. When the 50 mM NaOH stocks were used, high salt concentrations 

were required to observe the salt dependent reaction and even then, the reaction rapidly progressed 

to normal fibril formation. This indicates that interactions between monomers are not affected by salt 

concentrations but interactions between small oligomers appear to be. 
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It was shown in chapter 3 (section 3.3.4) that a surface is required for fibril formation to occur. The 

experiments performed in this chapter were performed in a glass coated microplate with access to 

the air water interface. An investigation into the impact of salt concentrations on the interaction 

between Aβ1-42 and lipid bilayers would be a physiologically relevant study. 
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Chapter 8: Conclusions and future work 

8.1 Vesicles and the low-binding microplates 

Previous work has shown that polyethylene glycol (PEG) can be used as a substrate for forming 

supported lipid bilayers 264. Low-binding microplates (Corning 3686) are coated with a polyethylene 

oxide “like” substance 222 which is chemically similar to PEG. In chapter 3 (section 3.3.1), it was shown 

that in the low-binding microplates 100% of the vesicles that were added ruptured within minutes. It 

was therefore hypothesized that LUVs were forming an SLB on the surface of the microplate. The 

ability to coat microplate surfaces with SLBs would allow for reactions to occur in the absence of 3rd 

party surfaces (except for the air water interface). In chapter 4 therefore, the formation of possible 

SLBs on the low-binding microplate surface was investigated. It was shown that multiple additions of 

vesicles, with wash steps in between, resulted in profiles of dye release time courses that suggested 

SLB formation in which lipids were exchanged between vesicles and the SLB. However, when these 

experiments were repeated with a second batch of microplates, the results after the wash steps were 

not consistently reproducible suggesting that in some batches of microplates, the vesicles ruptured 

without seeming to form a SLB. Furthermore, when Aβ1-42 was incubated in microplates potentially 

coated with SLBs, it was observed that the reactions were indistinguishable from the reactions that 

occurred in the microplate alone. Therefore, at least in the batches of microplates tested, there is 

insufficient evidence that SLBs coat the surfaces of low-binding microplates. This could potentially be 

resolved using a quartz crystal microbalance or AFM or fluorescence microscopy (in particular FRAP) 

experiments. The difficulties in performing these experiments stems from both an inability to easily 

determine the exact surface chemistry of the low-binding microplates and an inability to easily 

dismantle the microplates to create a surface flat enough or small enough to accommodate these 

techniques. 

8.2 Aβ fibril formation and lipid bilayer permeation are surface dependent processes 

In chapter 3 (section 3.3.1), it was determined that Aβ1-42 was not able to induce lipid bilayer 

permeation in a polystyrene microplate. This was despite the formation of amyloid fibrils in the same 

conditions. It was also shown that Aβ1-42 was able to induce lipid bilayer permeation in a quartz glass 

cuvette.  

When the fibrillar yield from a set of thioflavin T assay data was analysed it was observed in chapter 3 

(section 3.3.2) that fibril formation in polystyrene resulted in a loss of 1 µM of monomeric Aβ1-42 with 

regard to fibril formation. This is because when the yields were plotted against the initial monomer 

concentration and the data were fit to a linear regression model, the x-intercept of the data in the 
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polystyrene microplates was 1 µM. This was an unexpected result as the minimum concentration 

requirement for forming amyloid fibrils was expected to be negligibly small compared to the 

concentration of monomers used, therefore the x-intercept was expected to be much closer to 0. The 

most likely explanation for this was that 1 µM of Aβ1-42 remained bound to the surface. 

Further analysis of the thioflavin T assay data showed that fibril formation was concentration 

independent with respect to the rate of the reaction in the polystyrene microplates, but concentration 

dependent in the low binding microplates (chapter 3 section 3.3.3). As fibril formation is a self-

assembly reaction, if it were completely homogenous then it would always be concentration 

dependent as concentration independence suggests that a process involved in the rate determining 

step of the reaction is in some way saturable. Therefore, since 1 µM Aβ1-42 was found to remain 

adhered to the microplate, the most likely explanation for this was that the polystyrene microplate 

was catalysing the fibril formation reaction and above a concentration of 1 µM, the catalytic surface 

was saturated. 

The result in section 3.3.1 of chapter 3, in which lipid bilayer permeation was not observed in 

polystyrene, was therefore quite unexpected. In that experiment, 11 µM of Aβ1-42 was used. If only 1 

µM of that remained bound to the surface then, at some point during the reaction, 10 µM was not 

bound to the surface. AFM in chapter 3 (section 3.3.5) revealed that large films were deposited onto 

the polystyrene surface which subsequently deteriorated as fibrils were forming. This suggested that 

the nucleation of fibrils occurred heterogeneously at the polystyrene surface and that Aβ1-42 was then 

recruited for elongation and further nucleation of fibrils. Therefore, in the dye release assay, the Aβ1-

42 species were either adhered to the surface as part of the film or in the form of an amyloid fibril. 

Therefore, at no point in the reaction was the Aβ1-42 able to interact with the LUVs. 

In the low-binding microplates, the reaction was concentration dependent (chapter 3 section 3.3.3). 

However, when the same reaction was performed in glass or quartz glass microplates, the reaction 

was an order of magnitude slower. Therefore, the reaction in the low-binding microplates was also 

catalysed by the surface of the microplates. In comparable AFM conditions (chapter 3 section 3.3.6), 

using a hydrophilic mica substrate, bursts of interactions with the surface were observed. As the 

concentration of monomer was increased, these bursts were likely to be more frequent resulting in 

more rapidly catalysed reactions. Therefore, the reaction was concentration dependent. This would 

predict that at extremely high concentrations of Aβ1-42, fibril formation would become concentration 

independent as the frequency of transient interactions with the surface would become so high that 

all of the surface would always be interacting with the Aβ1-42, effectively saturating the surface. 
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The reactions observed in the glass and quartz glass microplates were also concentration independent 

(chapter 3 section 3.3.3). This suggested that in these conditions, there was a saturable property in 

the rate determining step of the fibril formation reaction. AFM (chapter 3 section 3.3.6) revealed that 

there was no interaction between the Aβ1-42 and the quartz glass surface. However, in section 3.3.5 of 

chapter 3, when the air water interface was removed fibril formation was inhibited. Therefore, the 

rate of fibril formation in the glass and quartz glass microplate was dependent on the air water 

interface which was saturated at all concentrations of Aβ1-42 that were tested. If the air water interface 

could be removed permanently, then the rate of fibril formation in truly homogeneous conditions 

could be measured assuming that heterogeneous surfaces are not a requirement for fibril formation. 

8.3 Human Cystatin C can inhibit Aβ1-42 induced lipid bilayer permeation and also inhibits 

fibril formation in a surface dependent manner 

It was shown in chapter 6 (section 6.3.5) that hCC can inhibit Aβ1-42 induced lipid bilayer permeation 

independently of the lipid bilayer composition. This suggests that one of the mechanisms by which 

hCC has protective properties in vivo 148,153,265 includes preventing Aβ induced lipid bilayer permeation. 

When incubated at increasing concentrations with Aβ1-42 in glass and polystyrene microplates, hCC can 

inhibit fibril formation as shown in chapter 6 (section 6.3.2). In low-binding microplates however, hCC 

cannot inhibit fibril formation. Chapter 3 (sections 3.3.3 to 3.3.7) shows that fibril formation in these 

microplates is catalysed in different ways. In polystyrene microplates, hCC can inhibit fibril formation 

as Aβ1-42 is adhered to the surface of the microplate as shown in chapter 6 (section 6.3.4). In low-

binding microplates, the reaction is fast and the interactions with the surface are transient suggesting 

that the reason that hCC cannot inhibit fibril formation in these conditions is that it interacts with a 

species that exists transiently. Therefore, when the reaction is rapid interactions between hCC and 

transient Aβ1-42 species are not favourable. In glass coated microplates, the reaction is slow and 

transient species may exist for longer. Therefore, in these conditions hCC can inhibit fibril formation. 

8.4 LUVs catalyse seeded fibril formation reactions and unseeded reactions differently 

Chapter 5 (sections 5.3.1, 5.3.2 and 5.3.3) shows that LUVs can catalyse seeded fibril formation 

reactions. In these reactions, the effect of adding LUVs is to catalyse the reaction in a manner where, 

at low concentrations of LUVs, the overall rate of the reactions was dependent on the LUVs and 

therefore the rate of a reaction was dependent on both the concentration of LUVs and the 

concentration of Aβ1-42. At high concentrations of LUVs, a competing, concentration independent 

process became rate determining giving the impression that LUVs were catalysing fibril formation in 

a concentration independent manner. 
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In an unseeded reaction, albeit in polystyrene microplates, the rate of fibril formation was reduced in 

the presence of LUVs (chapter 3 section 3.3.7). Specifically, the lag phase of the reaction was reduced, 

and combined EM images showed fibrils forming in association with the LUVs suggesting that LUVs 

were specifically catalysing nucleation of amyloid fibrils. This contradicts the explanation for the 

observed lack of Aβ1-42 induced lipid bilayer permeation from section 8.2. The most likely explanation 

for this data therefore becomes that the formation of lipid bilayer permeating species is a part of a 

different pathway to the pathways observed. The observed pathways are fibril formation and most of 

the Aβ1-42 being recruited to films on the surface. The nucleation of fibrils being promoted by LUVs and 

the formation of films results in the formation of lipid bilayer permeating species being drastically 

reduced.  

Further analysis of fibril formation in the presence of LUVs but the absence of 3rd party surfaces is 

required, especially to determine the impact of lipid bilayer compositions on the fibril formation 

reaction. 

8.5 Aβ1-42 forms differently sized aggregates when nucleation is increased or decreased by 

the presence of different ionic strength buffers. 

When physiological salt buffers were compared with low salt buffers in a seeded reaction in chapter 

5 (section 5.3.2), it was observed that the rate and concentration dependence of the reaction was 

increased at the physiological salt concentration. This suggested that in these conditions a competing 

elongation process, which was promoted by salt, was occurring. In these seeded conditions nucleation 

is likely to have a negligible effect as the elongation process should be dominant with regard to the 

increase in fibrillar mass. An example of a competing elongation process, that would be salt 

dependent, could be elongation by dimer addition. Alternately, despite the reaction being seeded, the 

nucleation rate could outcompete the rate of elongation at higher salt concentrations. 

In chapter 7 the role of salt was further investigated. TEM revealed that at physiological 

concentrations of salt, in a seeded reaction, many short fibrils were formed. Comparatively, in low salt 

conditions fewer but much larger fibrils were observed. This suggests that nucleation was increased 

at physiological salt concentrations resulting in a rapid reduction in the concentration of monomer in 

solution before elongation could take over. At the low salt concentration, nucleation was reduced, 

resulting in fewer nuclei that were able to elongate before the monomer concentration was 

significantly depleted. It was then shown that these two types of aggregate had different physical 

properties stemming from a difference in structure. The fibrils formed at low salt concentrations were 

shown to have higher order β-structures than the smaller aggregates formed at the physiological salt 

concentration. The less structured species formed in the physiological conditions was capable of 
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inducing lipid bilayer permeation. This was not true of the fibrils formed at low salt concentrations 

which is consistent with previous studies suggesting that fibrils cannot induce lipid bilayer permeation 

6. Therefore, the structural state of amyloid fibrils and aggregates may be related to their ability to 

induce lipid bilayer permeation.  
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