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Abstract 

The amyloidoses are a group of debilitating disorders which include neurodegenerative 

diseases such as Alzheimer’s disease and systemic diseases such as dialysis-related amyloidosis 

(DRA). Amyloidoses are associated with the aggregation of proteins into amyloid fibrils with a 

highly organised cross-β structure. Amyloid fibrils are formed by a variety of proteins and 

peptides despite differences in sequence and native structure. Amyloid formation occurs by a 

nucleated growth mechanism and proceeds via oligomeric intermediates into mature fibrils.  

Despite intense research, the molecular mechanisms involved in disease pathogenesis remain 

unclear. This thesis discusses the mechanism by which amyloid fibrils cause cellular disruption. 

Chapter 3 describes work performed to validate the use of β2-microglobulin (β2m), the protein 

that self-associates into amyloid fibrils found in DRA deposits, as a model to study amyloidosis. 

Fragmentation of mature β2m fibrils, increased their internalisation and access to intracellular 

compartments, and were therefore used to investigate mechanisms of cellular disruption. 

Building on previous work in the laboratory showing trafficking of β2m fibrils to the lysosome, 

chapter 4 examined the effect of fragmented fibrils on lysosomal function and demonstrates 

that fragmented fibrils impair lysosome-mediated degradation of endocytosed proteins. 

Following on from this, chapter 5 discusses the effect of fragmented fibrils on membrane 

trafficking. Fragmented fibrils perturbed the trafficking of lysosomal membrane proteins and 

also reduced the trafficking of endocytosed cargo to lysosomes. This may rationalise the 

impairment in degradation of endocytosed proteins. The molecular chaperone, heat shock 

protein 70 (Hsp70) has been shown to be protective in amyloid disease. The role of Hsp70 in 

fibril-mediated cell disruption was investigated in chapter 6. Hsp70 protected fibril-treated 

cells from impairment in degradation of endocytosed protein but not from membrane 

trafficking defects. This work demonstrates that fragmented fibrils are nanoparticles which 

target lysosomes and implicates the lysosome in the pathogenesis of amyloidosis.  
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1 Introduction 

1.1 Amyloidosis 

The amyloidoses are a class of protein conformational diseases that are associated with the 

conversion of proteins/peptides from their soluble, functional forms into highly ordered β-

sheet rich aggregates, known as amyloid, that deposit as extracellular plaques or intracellular 

inclusions [1]. The amyloidoses include a variety of diseases from severe debilitating 

neurodegenerative conditions such as Alzheimer’s, Parkinson’s, Huntington’s and Creutzfeldt-

Jacob diseases; to localised non-neurodegenerative diseases such as type II diabetes and light 

chain amyloidosis; and chronic systemic diseases such as dialysis-related amyloidosis [1]. With 

5 million people currently estimated to be suffering from Alzheimer’s disease in the United 

States alone and a prediction of increased prevalence to 13.8 million by 2050, the high 

prevalence of these diseases in the population has major implications for the economic burden 

on society as the population ages [2].  

The ability to adopt the amyloid conformation is an inherent property of polypeptide chains, 

although the propensity to form such a structure can vary dramatically with sequence [3]. To 

date there are at least 30 known human extracellular fibril proteins (and 7 proteins found in 

intracellular inclusion bodies) associated with amyloidosis [4](Table 1). Interestingly, some 

organisms, including humans have been found to convert one or more of their endogenous 

proteins into amyloid fibrils that have functional, rather than disease-associated properties [1].  

Remarkably, the disease-associated amyloid proteins have no evident similarity in the amino 

acid sequence, native conformations or biological functions [1]. Amyloid diseases target a 

variety of tissues and are accompanied by a variety of pathological symptoms (Table 1). To 

highlight the consequences of amyloid formation, the neurodegenerative diseases, Alzheimer’s 

disease and Parkinson’s disease will be discussed in detail in the following section, as will the 

non-neurodegenerative disorder type II diabetes mellitus. Dialysis-related amyloidosis (DRA), 

the chronic systemic disease associated with β2-microglobulin (β2m) will also be discussed.  

Finally, examples where the amyloid structure is exploited for functional uses are briefly 

discussed.  
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Disease Aggregating protein 
or peptide 

Extracellular amyloid 
deposits/ intracellular 
inclusions 

Systemic or Organ-
specific; Involved 
organ(s) 

Alzheimer’s Disease Amyloid β peptide Extracellular amyloid 
deposits 

Organ-specific; 
Brain 

Alzheimer’s Disease Tau Intracellular inclusions Organ-specific; 
Brain 

Parkinson’s Disease α-synuclein Intracellular inclusions Organ-specific; 
Brain 

Spongiform 
encephalopathies 

Prion protein Extracellular amyloid 
deposits 

Organ-specific; 
Brain 

Huntington’s Disease Huntingtin with 
polyglutamine 
expansion 

Intracellular inclusions Organ-specific; 
Brain 

Amyloid Light-chain 
(AL) amyloidosis 

Immunoglobulin light 
chain or fragments 

Extracellular amyloid 
deposits 

Systemic 

Dialysis related 
amyloidosis 

β2-microglobulin Extracellular amyloid 
deposits 

Systemic; Joints 

Lysozyme amyloidosis Lysozyme Extracellular amyloid 
deposits 

Systemic 

Senile systemic 
amyloidosis 

Transthyretin Extracellular amyloid 
deposits 

Systemic 

Transthyretin 
amyloidosis 

Transthyretin Extracellular amyloid 
deposits 

Systemic 

Fibrinogen 
amyloidosis 

Fibrinogen α-chain Extracellular amyloid 
deposits 

Systemic 

Type II Diabetes Amylin Extracellular amyloid 
deposits 

Organ-specific; 
Pancreas (Islets of 
Langerhans) 

AA amyloidosis Serum amyloid A 
protein 

Extracellular amyloid 
deposits 

Systemic 

Medullary carcinoma 
of the thyroid 

Calcitonin Extracellular amyloid 
deposits 

Organ-specific; 
Thyroid 

Atrial amyloidosis Atrial natriuretic 
factor 

Extracellular amyloid 
deposits 

Organ-specific; 
Heart 

Cataract γ-Crystallins Extracellular amyloid 
deposits 

Organ-specific; Eye 

Table 1: Examples of amyloid diseases, their associated proteins, location of deposits and affected 

organs. Adapted from [1] and [4].  
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1.1.1 Alzheimer’s disease 

Owing to its high prevalence, Alzheimer’s disease has been well studied. Since it was first 

described in 1906, substantial progress has been made in terms of understanding the etiology 

of disease; however a cure is still unavailable [5, 6].   

Alzheimer’s disease patients experience an inevitable loss of control over thought and 

behaviour, leading to relentless cognitive decline [7]. This is accompanied with behavioural 

and psychological symptoms such as delusions, hallucinations, apathy, depression, anxiety and 

agitation; inescapably leading to a gradual loss of daily activities [7]. Accurate early diagnosis of 

Alzheimer’s disease is difficult as patients not only present with varying degrees of these 

symptoms, but these symptoms are also shared with a variety of other disorders [8]. Despite a 

strong push in biomarker discovery research, biomarkers are still insufficient for a differential 

and unambiguous diagnosis between different dementia types, and the biological tools that do 

exist are not available to clinicians as they require expert knowledge for interpretation [8].  

Alzheimer’s disease is an organ-specific neurodegenerative disease and involves two major 

protein aggregates [9]. The amyloid β (Aβ) peptide, a proteolytic cleavage product of the 

amyloid precursor protein (APP), is found in extracellular aggregates known as amyloid 

plaques [10]. The microtubule-associated protein, tau, is found in intracellular aggregates 

called neurofibrillary tangles [11]. Amyloid plaques and neurofibrillary tangles are considered 

the pathological hallmarks of Alzheimer’s disease [12](Figure 1.1).  

The normal physiological function of APP is still not fully understood, however it is thought to 

relate to cell-cell interactions and cell-substrate adhesion [13, 14]. APP is required for 

migration of neuronal precursor cells in the developing brain as well as neuronal cell migration 

in the mature brain [14, 15]. It plays a part in neuronal calcium homeostasis which is essential 

for synaptic transmission [14]. Mutations in APP and in presenilins involved in the cleavage of 

APP are linked to familial Alzheimer’s disease, implicating them in the pathogenesis of disease 

[16]. Aβ is generated by the sequential cleavage of APP by β-secretase and γ-secretase [17]. 

The size of Aβ can be 39-43 residues in length depending on the γ-secretase cleavage site. The 

longer moieties are more amyloidogenic, with Aβ1-40 and Aβ1-42 being the focus of most 

research efforts, as these peptides are found at high levels in amyloid plaques [18]. Aβ1-40 is 

thought to be less aggregation prone and less toxic than Aβ1-42, but is more prevalent than Aβ1-

42 [19]. The α-secretase mediated cleavage of APP followed by γ-secretase cleavage yields non-

amyloidogenic peptide products [17].   
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Tau is a neuronal microtubule-associated protein mainly found in axons. It interacts with 

tubulin and stimulates its assembly into microtubules stabilising their structure [20]. Tau 

modulates microtubule-dependent axonal anterograde and retrograde transport of organelles 

and biomolecules [21]. It is also involved in programmed apoptosis as tau phosphorylation 

stabilises β-catenin to halt apoptotic death [22]. Hyperphosphorylation of Tau has been 

implicated in the pathogenesis of Alzheimer’s disease, both due to loss of normal physiological 

function and enhanced aggregation propensity into neurofibrillary tangles [20]. Despite the 

prominent role of Tau in the pathogenesis of Alzheimer’s disease, research efforts have mainly 

focused on Aβ. However, it is becoming increasingly clear that Alzheimer’s disease therapies 

will have to recognise both Tau and Aβ as molecular players driving Alzheimer’s disease [20]. 

Although there have been numerous clinical trials testing drugs that either modify the disease 

or relieve symptoms, there are few current U.S. Food and Drug Administration (FDA) approved 

therapies. Approved therapies currently include acetylcholinesterase inhibitors and N-methyl-

D-aspartic acid (NMDA) receptor antagonists [6].  However, these current therapies do not 

target the underlying pathogenesis of Alzheimer’s disease, but limit disease progression after 

neuronal damage has occurred [6]. Therapeutic strategies currently in development include 

those that modulate neurotransmission; alter Tau post-translational modifications and levels 

as well as APP processing and Aβ levels; target intracellular signalling cascades, oxidative stress 

and mitochondrial damage; and modulate calcium homeostasis and inflammation (reviewed in 

[6]). 

1.1.2 Parkinson’s disease 

Parkinson’s disease is the second most common neurodegenerative disease after Alzheimer’s 

disease, affecting 1 % of the population over 65 and 5 % of the population over the age of 85 

[23, 24]. Parkinson’s disease is a chronic, slowly progressive disorder with an average life 

expectancy of about 15 years after diagnosis; however some patients live 20 years or longer 

post-diagnosis [25].  

Parkinsonism is clinically described as a syndrome comprising combinations of motor problems 

such as bradykinesia, resting tremor, rigidity, postural instability and loss of postural reflexes 

[26].  Parkinson’s disease is the major cause of parkinsonism, and it begins with parkinsonism 

usually affecting one side of the body before inevitably spreading to the other side [26]. 

Secondary symptoms include anxiety, depression, confusion, memory loss and dementia [26].  

Mutations in SNCA, the gene encoding α-synuclein, are strongly associated with familial 

Parkinson’s disease, whereas sporadic Parkinson’s disease is associated with both single 
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nucleotide polymorphisms at the SNCA locus as well as mutations not associated with familial 

Parkinson’s disease historically [25]. α-synuclein is a small, 140 residue protein, widely 

expressed throughout the nervous system and particularly enriched at presynaptic nerve 

terminals [27]. Although the precise function of α-synuclein is unknown, it is thought to be 

involved in synaptic vesicle trafficking, in particular the fast kinetics of synaptic vesicle 

endocytosis [28]. α-synuclein is thought to promote Parkinson’s disease pathogenesis via gain-

of-function mechanisms; through dominantly inherited mutations or via increased expression 

due to gene-multiplication or gene-promoter polymorphisms [25]. Mutations in the LRRK2 

gene encoding the leucine-rich repeat kinase 2 (LRRK2) protein are also associated with 

Parkinson’s disease. LRRK2 is widely expressed in both neuronal and non-neuronal tissues [25]. 

GBA, the gene encoding glucocerebrosidase, a lysosomal hydrolase, is mutated in patients with 

Gaucher’s disease. There’s a strong association between Gaucher’s disease and Parkinson’s 

disease and GBA mutations are commonly found in patients with Parkinson’s disease [25]. The 

relationship between Gaucher’s disease and Parkinson’s disease is discussed in Section 

1.5.4.2.4.  

A pathological loss in dopaminergic neurons within the substantia nigra pars compacta and the 

resultant dysfunction of the basal ganglia (responsible for the initiation and execution of 

movements) is associated with Parkinson’s disease [29]. Neuronal cell loss is accompanied with 

the accumulation of intracellular, cytoplasmic, protein-rich inclusions called Lewy bodies which 

contain numerous proteins, including the fibrillar form of α-synuclein [30](Figure 1.1). Clinical 

diagnosis of Parkinson’s disease relies on the identification of motor features associated with 

the disease as outlined above. However, non-motor symptoms such as a diminished sense of 

smell, disrupted sleep and constipation are thought to precede the diagnostic motor 

symptoms by as much as 20 years [31]. Motor symptoms of Parkinson’s disease are 

manageable with dopamine replacement therapy such as levodopa which has been widely 

used since the late 1960’s [32].  Although the therapies currently available delay disability and 

extend life expectancy, none of them are capable of significantly altering the 

neurodegenerative process and therefore targeted disease altering therapies are urgently 

needed [25].  



23 

 

 

Figure 1.1: Amyloid deposits in neurodegenerative diseases. Post-mortem neuropathological analysis 

of patients suffering from Alzheimer’s disease (left), Parkinson’s disease (centre) and Huntington’s 

disease (right) reveals amyloid deposits. Extracellular amyloid plaques (left, white arrows) and 

intracytoplasmic neurofibrillary tangles (left, yellow arrows) are the pathological hallmarks of 

Alzheimer’s disease. Lewy bodies (centre, white arrows) are observed in the neurons of Parkinson’s 

disease patients. Intranuclear inclusions (right, white arrows) are observed in Huntington’s disease 

patients. Adapted from [33]. 

1.1.3 Type II diabetes mellitus 

Type II diabetes is  one the most common metabolic diseases, with 346 million diabetic people 

worldwide at present, and with a doubling of diabetes-related deaths from 2009 and 2030 

predicted [34]. Secondary complications such as heart attacks, strokes, blindness and renal 

failure are attributed to type II diabetes [35]. The increasing prevalence of type II diabetes in 

modern society combined with the debilitating secondary complications demonstrates an 

urgent need for investigation into the underlying mechanisms of this devastating disease. 

The amyloidogenic protein amylin, also referred to as islet amyloid polypeptide (IAPP), is 

strongly associated with type II diabetes [36, 37]. IAPP is expressed exclusively in the 

pancreatic islet β-cells, the same cells responsible for insulin production [38]. IAPP and insulin 

are under the same regulatory elements and are co-expressed and co-secreted at a 20 to 1 

molar ratio of insulin to amylin [39, 40]. Due to their co-regulation, an increased insulin 

requirement which occurs in states of insulin resistance, will inevitably lead to increased 

production of both IAPP and insulin. As high protein concentrations can induce aggregation of 

amyloidogenic proteins, resulting in amyloid fibril formation, insulin resistance is thought to 

promote islet amyloidosis leading to apoptotic death of β-cells [41].  Whether islet amyloid 

deposition is a cause or consequence of type II diabetes has long been debated, however 

evidence from in vivo experiments using transgenic mice with the human IAPP gene 

incorporated into their chromosomal DNA indicates that IAPP is an important pathogenic 

factor in the development of type II diabetes [41, 42]. 

There are a wide variety of U.S Food and Drug Administration (FDA) approved diabetes 

therapies, however they have limited efficacy, undesirable side-effects and are associated with 
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extortionate costs [43]. Although there are several classes of new drugs in development, these 

approaches involve lowering blood glucose, enhancing insulin sensitivity and insulin release 

and do not target amyloid fibril formation [43]. Developing therapies that target amyloid fibril 

formation could circumvent β-cell loss altogether and could thus prove to be more effective in 

halting disease progression [44].  

1.1.4 Dialysis related amyloidosis 

Another well-studied amyloid disease is the chronic systemic disease, dialysis related 

amyloidosis (DRA). β2m is the all β-sheet protein that self-associates to form the amyloid fibrils 

that are found in DRA [45]. β2m forms the non-covalently bound light chain of the major 

histocompatibility complex I (MHC I) which is expressed on the surface of all nucleated cells 

[46]. The role of MHC I is to present antigenic peptides to cytotoxic T cells. These antigenic 

peptides are typically 8 – 10 residues long and generated from a cytosolic pool of proteins by 

proteasomal proteolysis [47]. These peptides are trafficked to the endoplasmic reticulum 

where they associate non-covalently with the heavy chain (α-chain) and β2m, thus forming the 

fully assembled MHC I complex which is transported to the cell surface [46]. 

Significant quantities (2.4 ± 0.7 mgkg-1day-1) of β2m are synthesised in vivo, and upon 

dissociation from the MHC I complex, β2m is dispersed in the extracellular space prior to 

transport to the kidneys via the serum [48]. In healthy individuals, the kidney eliminates β2m 

from the vasculature. This is achieved by glomerular filtration, followed by proximal tubular 

resorption and proteolytic cleavage [49]. However, efficient clearance of β2m from the blood is 

not achieved in disease states where the kidney function is reduced. This is because dialysis 

therapy, which is designed to function in the place of the kidney, does not effectively eliminate 

β2m [50].  This results in an increase of serum β2m concentration from 25 – 60 fold above 

normal levels (1.2 ± 0.6 mgl-1), depending on the residual kidney function [50]. Different types 

of dialysis procedures are able to reduce serum β2m concentrations to different extents; 

however none of them are able to efficiently remove all β2m and thus serum β2m 

concentrations remain at least 10-fold greater than in healthy individuals [51]. 

Elevated β2m concentration over many years of renal insufficiency is thought to result in the 

self-association of β2m into amyloid fibrils, which deposit mainly in osteoarticular tissues due 

to their affinity for collagen [52, 53](Figure 1.2 and Figure 1.3). The major component of DRA 

amyloid deposits is full-length β2m, however truncated and modified versions of β2m have 

been observed in ex vivo amyloid fibrils. These include, amongst others, truncation of the N-

terminal six residues to generate highly amyloidogenic ΔN6 β2m and modification of β2m with 
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advanced-glycation end-products (AGE) (reviewed in [54]). Other components of DRA deposits 

include glycosaminoglycans, proteoglycans, collagen, apoliporotein E, serum amyloid protein 

(SAP) and Cu2+ ions; these are thought to help stabilise fibril deposits and be involved in 

disease pathogenesis (reviewed in [54]). 

 Clinical symptoms usually present after 5 years of dialysis therapy; beginning with carpal 

tunnel syndrome and later progressing to chronic and destructive arthropathy, which can 

result in bone lesions and fractures as well as periarthritis in multiple joints including knee, hip, 

shoulder and ankle [55]. Currently treatment of DRA mainly focuses on the alleviation of 

symptoms such as chronic pain and inflammation [49]. Symptoms can also be alleviated by 

surgery to reduce fibril bulk thereby reducing nerve compression [54]. Kidney transplantation 

is the only curative procedure which prevents further fibril deposition but does not diminish 

existing fibril deposits [56]. Transplantation, however, is not always possible for all DRA 

patients due to limited availability of kidneys for transplant and the advanced age of patients 

[54]. Advances in dialysis membranes and filters, and incorporation of β2m adsorption columns 

in series with dialysis membranes to reduce circulating levels of β2m, may have some benefit in 

preventing DRA or alleviating symptoms, however the long term impact of these is currently 

unknown [57].  
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Figure 1.2: β2m deposits in the joints in DRA. Scintograph of patient suffering from DRA using a 
111

In-

β2m tracer. Accumulation of β2m is observed in the wrists and elbows (left), shoulders (top right) and 

knees (bottom right).  Accumulation in the liver (top right) results from uptake by the hepatic reticulo-

endothelial system and does not indicate fibril deposition. Figure from [53].  
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Figure 1.3: Model for the pathogenesis of DRA. (1) β2m dissociates from the MHC I complex found on 

the surface of nucleated cells. (2) β2m is transported in the vasculature to the kidneys. (3) In healthy 

individuals, β2m is eliminated by glomerular filtration followed by proteolytic cleavage in the proximal 

tubules. Other waste products are also eliminated by the kidneys. (4) However, in patients with renal 

failure, dialysis replaces kidney function. (5) Waste products are removed by dialysis. (6) β2m, however, 

is not removed by dialysis and plasma concentration increases 25-60 fold. (7) β2m aggregates into 

amyloid fibrils. (8). Amyloid fibrils deposit in osteoarticular tissues. Figure adapted from [54].  
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1.2 Amyloid as a functional element 

Although originally associated with disease, the amyloid structure has been employed by a 

range of organisms for functional roles. For example, by bacteria for protective and invasive 

purposes, by yeast to communicate epigenetic information and by mammals to control 

melanin biosynthesis [58]. Indeed, the amyloid fold is thought to have existed for as long as 

proteins have [59]. It therefore appears that organisms have evolved to exploit the canonical 

amyloid fold which confers proteolytic and detergent resistance, mechanical strength, self-

replicative properties and molecular memory [58, 60]. 

1.2.1 Exploitation of the mechanical strength of amyloid fibrils  

Amyloid fibrils have a high mechanical strength, with a yield-strength comparable to steel [61]. 

This mechanical strength has been exploited by bacteria such as Escherichia coli and 

Salmonella spp., via the formation of extracellular amyloid fibres known as curli [62, 63]. 

Amyloid formation is carefully controlled by two operons, the csgBAC and csgDEFG operons 

encoding 7 Csg proteins [64, 65]. CsgA, the major subunit of curli fibres is secreted to the cell 

surface before amyloid formation is catalysed by the nucleator, Csg B; thereby restricting 

amyloid formation to the extracellular milieu and preventing potential toxicity associated with 

both the intermediates formed during amyloid formation and the mature fibres [60, 65]. CsgG 

forms the outer membrane pore that facilitates secretion of CsgA and CsgB whereas CsgE and 

CsgF are chaperones that assist in secretion and attachment of curli fibres to the cell surface 

[65-68].  The role of CsgC is still unclear, however it is thought to regulate subunit secretion 

[65]. CsgD is a transcriptional regulator that positively regulates curli production [64]. Careful 

regulation of amyloid formation therefore results in the production of curli fibres at the cell 

surface which are involved in biofilm formation, host-cell adhesion and pathogenesis [58, 65].  

1.2.2  Amyloid fibrils as self-replicative transmissible elements 

Prions were initially identified as the causative agent of transmissible spongiform 

encephalopathies (TSEs) such as Creutzfeld-Jacob disease and kuru [69, 70]. Prion proteins 

usually exist in a soluble conformation but are capable of refolding and assembling into highly 

ordered, self-replicating prion polymers [71]. Although associated with disease in mammals, 

several amyloid-based prions with functional properties have been identified in unicellular 

organisms such as those formed by the proteins Sup35p and Ure2p in Saccharomyces 

cerevisiae [72-75]. Like their mammalian counterparts, prion proteins in lower eukaryotes are 

also capable of forming insoluble, self-perpetuating amyloid-like polymers both in vitro and in 

vivo [76]. Both Sup35p and Ure2p reversibly form cytoplasmic amyloid, conferring a particular 
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phenotype which is passed either vertically from mother to daughter cell during cell division or 

horizontally during mating [60, 71].  

Soluble Sup35p is a translational termination factor that ensures termination of protein 

translation at nonsense (stop) codons [73]. Aggregated Sup35p, however, prevents translation 

termination, allowing stop codon read-through. This results in the extension of the C-termini of 

proteins and thus creates phenotypic diversity [73]. Clues to the biological importance of 

Sup35p, and its associated phenotype, are provided by its conservation across a diverse array 

of Saccharomyces spp. and the positive selection of the Sup35 prion domain [77]. Yeast 

populations with the aggregated form of Sup35p carry certain growth advantages [73]. Ure2p 

is another yeast prion protein, found in Saccharomyces cerevisiae. Soluble Ure2p controls 

nitrogen catabolism through its repressive action on the transcription factor, Gln3. Gln3 

regulates genes required for the uptake of poor nitrogen sources. Aggregated Ure2p is unable 

to repress the activation of Gln3, thereby making it constitutively active and allowing the 

organism to grow in nitrogen poor conditions [78]. Like Sup35p, Ure2p also confers growth 

advantages which are epigenetically heritable [60]. 

1.2.3 Functional amyloid fibrils in mammalian systems  

Examples of functional amyloid have also been identified in mammalian systems [79]. For 

example, amyloid formation plays a functional role in the biosynthesis of melanin in lysosome 

related organelles called melanosomes, in melanocytes found in skin [80]. The protein Pmel17 

forms the amyloid fibres found in melanosomes [81]. Full-length Pmel17 is a transmembrane 

protein which is proteolytically degraded into two subunits, a transmembrane fragment (Mβ) 

and a luminal fragment (Mα) [82]. Mα rapidly self-assembles into amyloid fibres which catalyse 

melanin formation by providing a scaffold. The scaffold acts as a template for the 

polymerisation of highly reactive melanin precursors [81]. Mα amyloid fibres, by sequestering 

toxic melanin precursors, are thought to reduce the toxicity associated with melanin synthesis 

[60, 81]. Mα amyloid formation is carefully controlled by the requirement of the cleavage of 

the full length protein prior to amyloid formation in the melanosome thus protecting cellular 

compartments such as the ER and Golgi  [60, 81]. This, along with the rapid rate of fibril 

formation is thought to minimise toxicity associated with amyloidogenesis [81]. 

Another example of functional amyloid in mammals is as a natural store for peptide hormones 

in pituitary secretory granules [83]. In a particular study, out of a total of 42 tested, 31 protein 

and peptide hormones found in secretory granules of the endocrine system were shown to 

form amyloid fibrils in vitro [83]. These in vitro-formed amyloid fibrils were shown to release 

functional monomer when the pH was increased from secretory granule pH to that 
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encountered upon secretion [83]. Furthermore, secretory granules containing amyloid-like 

material were identified in a mouse pituitary tumour neuroendocrine cell line as well as 

primary mouse and rat pituitary tissue. The amyloid-like material was shown to contain 

hormones such as adrenocorticotropic hormone, β-endorphin, prolactin and growth hormone 

[83]. Amyloid formation is thus proposed as a method of sorting protein and peptide 

hormones into secretory granule cores, and concentrating hormones to the highest density 

possible thus separating them from non-aggregation prone secretory proteins [83]. Toxicity 

associated with such a storage tactic is thought to be contained by storage in membrane 

bound granules and via careful regulation of amyloid formation [83]. 
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1.3 Amyloid 

The term ‘amyloid’ was first coined by Rudolph Virkchow in 1854 to describe the deposits in 

human tissue of protein that had starch-like tinctorial properties (reviewed in [84]). The 

definition of amyloid has since been adapted to describe highly ordered, insoluble, protein 

assemblies which are β-sheet rich and are characterised by their specific binding to dyes such 

as Congo Red and Thioflavin T as well as their characteristic X-ray diffraction patterns [1, 84-

88]. Rather than being a rare phenomenon associated with a few diseases, the amyloid state is 

now recognised as being a well-defined structural conformation and is an alternative to the 

native state which can be adopted, in principle, by all polypeptide sequences [1, 79, 89, 90].  

1.3.1 Structure of amyloid fibrils 

Amyloid fibrils formed from different amino acid sequences share a striking resemblance at a 

nanometre scale [1, 88]. When observed by transmission electron microscopy (TEM) or atomic 

force microscopy (AFM), amyloid fibrils appear as long, unbranched, polymeric assemblies 

often a few microns in length [1, 79]. Fibrils usually consist of a number (2-6) of 

protofilaments, individually about 2-5 nm in diameter, which either twist together to form 

rope-like fibres typically 7-13 nm wide; or associate laterally to form long ribbons 

approximately 2-5 nm thick and up to 30 nm wide [1, 91-94] (Figure 1.4).  

There are subtle differences in fibril structures formed from different precursor proteins and 

peptides due to the influence of side chains [95, 96]. Nevertheless, the core structure is 

remarkably similar in all fibrils, consisting of parallel or anti-parallel β sheets propagating along 

the fibril with β-strands perpendicular to the fibril axis. This gives rise to a cross-β arrangement 

with a distinctive and characteristic ‘cross-β’ X-ray diffraction pattern [88, 97] (Figure 1.5). This 

pattern shows an intense reflection at 4.7 - 4.8 Å in the meridional direction and a broader 

reflection at 8 - 10 Å in the equatorial direction indicating a spacing of 4.7 – 4.8 Å between β-

strands within β-sheets and 8 - 10 Å between β-sheets [88, 97]. 
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Figure 1.4: Electron micrographs showing different fibril morphologies. Negatively stained amyloid 

fibrils assembled from amyloidogenic peptides display different morphologies such as twisted ribbons, 

tapes, robes and tubes when analysed by electron microscopy. Adapted from [98]. 
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Figure 1.5: Amyloid fibrils have a cross-β architecture. Aligned islet amyloid polypeptide (IAPP) fibrils 

have been shown to display a characteristic cross-β diffraction pattern (left) with reflections (single 

headed white arrows) at 4.7 Å in the meridional direction and 10 Å in the equatorial direction [99]. The 

direction of the fibril axis is shown by single headed black arrows. A representation of the generic cross-

β structure inferred from the X-ray diffraction pattern is shown (right) with the spacing between β-

strands determined by the meridional reflections and that between β-sheets determined by equatorial 

reflections. Adapted from [99] and [100].  

A detailed view of the molecular structure of amyloid fibrils has been made possible by 

developments in cryo-electron microscopy and solid-state nuclear magnetic resonance 

(ssNMR) spectroscopy [79, 101] (Figure 1.6). X-ray microcrystallography of amyloid fibril 

segments formed from small peptides provides further evidence for a common core structure, 

but also demonstrates how side-chains interlock between β-sheets [95]. This compatibility in 

side-chain interactions within β-sheets has also been shown by high resolution ssNMR studies 

as well as by X-ray fibre diffraction [102-107]. A combination of experimental techniques 

spanning five orders of magnitude in length was used to demonstrate at a molecular level the 

hierarchical assembly of a small peptide into mature polymorphic fibrils via protofilaments and 

filaments [100]. These studies support earlier work demonstrating a common core structure 

which can be attributed to the polypeptide backbone as well as explain the packing of side-

chains and the basis of fibril polymorphism. An understanding of amyloid fibrils at the 

molecular level, and the species formed en route to mature fibrils, will undoubtedly aid the 

development of effective compounds that impede or accelerate fibril formation which could 

inform future targeted therapies. 
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Figure 1.6: Amyloid fibril structure at atomic resolution. The structure of a polymorph of a mature fibril 

from a transthyretin fragment has been determined at atomic resolution [100]. Transmission electron 

microscopy (TEM) imaging (top left) in combination with cryo-electron microscopy allowed visualisation 

of fibril structure by cryo-electron microscopy reconstruction (top right). Cryo-electron microscopy 

imaging in combination with ssNMR analysis allowed the determination of an atomic level structure 

(bottom), demonstrating the hierarchical organisation of a mature fibril. Three individual filaments twist 

together to form the mature fibril. The filaments are composed of pairs of individual protofilaments 

which in turn are made up of pairs of β-sheets. β-sheets are shown in a ribbon representation and 

oxygen, carbon and nitrogen atoms are shown in red, grey and blue respectively. Figure adapted from 

[100]. 
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1.3.2 Amyloid fibril formation pathway 

Characterisation of the fibril formation process is challenging due to the heterogeneous nature 

of intermediate species formed en route to mature fibril formation, and the existence of 

polymorphisms in amyloid fibrils formed from the same starting protein [96, 108]. There is a 

potential discrepancy between in vitro studies performed on purified protein solutions, which 

are achievable on the timescale of days, compared to the crowded microenvironment in which 

fibrillation occurs in vivo over the course of decades [108]. Nevertheless, advances have been 

made in understanding the oligomerisation process with the aid of in vitro macroscopic 

techniques such as the use of amyloid-dyes for example, Congo Red and Thioflavin T, to follow 

the kinetics of fibril formation [86, 87]. As amyloid structures typically have a high β-sheet 

content, the use of spectroscopic techniques such as Circular Dichroism (CD) and Fourier 

Transform Infrared Spectroscopy (FTIR) has been exploited to monitor progression of fibril 

formation over time [86]. Despite the limited resolution of these techniques, a picture of the 

fibril formation pathway is beginning to form and is continuously being refined by the 

development of single molecule methods, advances in theoretical studies and the 

development of imaging techniques in living systems [79, 108-113]. 

Amyloid fibril growth is a hierarchical process, starting with monomers which are unfolded or 

have aggregation prone segments exposed [114, 115]. These monomers coalesce in solution 

resulting in the formation of short-lived, unstable, globular or tubular entities referred to as 

oligomers [115-117]. Oligomers are heterogeneous in size and conformational properties and 

have been described as frequently associating into beaded chains, curvy protofibrils, large 

enclosed rings and/or ribbons, collectively termed protofibrils [115, 117-120]. 

The oligomerisation process involves the formation of thermodynamically stable intermediates 

en route to mature fibril formation, which have been visualised by transmission electron 

microscopy and atomic force microscopy [121, 122]. Fibril formation proceeds via a rate-

dependent formation of a nucleus, with the lag-phase thought to involve the conversion of 

monomers into a nucleus, which is followed by a rapid elongation phase as individual 

monomers add to fibril ends [109, 110, 123]. Monomers adopt the cross-β conformation upon 

addition to fibril ends, and fibrils thus function as templates [114]. Indeed, the addition of pre-

formed fibrils as seeds significantly reduces and ultimately eliminates the lag phase [124]. 

When the amount of protein is limited, as is the case of in vitro fibril kinetics studies, the 

growth phase is followed by a plateau phase where the rate of reaction diminishes due to the 

depletion of monomer species (Figure 1.7).  
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Some protofibrils can be off-pathway intermediates, whereas others which are on-pathway 

intermediates are precursors of longer ribbons or protofilaments that ultimately assemble into 

mature fibrils [120]. Oligomeric species are thought to contain more exposed hydrophobic 

clusters than the native monomers or mature fibrils [117, 125]. A11 is a conformation-specific 

antibody which binds to a shared epitope found on soluble oligomers independent of protein 

sequence [18]. A11 does not bind to monomer or fibrils. OC is another antibody which also 

binds in a sequence-independent fashion; however it recognises a conformation found on both 

fibrils and soluble oligomers [126]. These oligomers are characterised as fibrillar oligomers as 

they are distinct from the pre-fibrillar oligomers recognised by A11. The aggregation pathway 

can therefore be simplified using conformation-dependent antibodies [127] (Figure 1.7). 

Monomer can follow one of two pathways depending on the conformation it adopts. One 

pathway involves the formation of pre-fibrillar oligomers recognised by A11 but not by OC. 

These pre-fibrillar oligomers may undergo a concerted conformation change ‘en bloc’ to form 

fibrils [127]. An alternate pathway involves the aggregation of amyloidogenic monomer to 

fibrillar oligomers, recognised by OC but not A11, which may represent nuclei or seeds that 

elongate by monomer addition to their ends [127]. Pre-fibrillar oligomers may also form off-

pathway intermediates that do not mature into fibrils. The simplified model (Figure 1.7) 

describes two of an infinite number of possible pathways of amyloid formation.  
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Figure 1.7: Schematic representation of two possible amyloid formation pathways: Monomer can 

either coalesce in solution to form fibrillar oligomers (OC-positive, A11-negative), or form pre-fibrillar 

oligomers (A11-positive, OC-negative). Fibrillar oligomers mature into amyloid fibrils by monomer 

addition (top pathway). Pre-fibrillar oligomers may undergo a concerted conformation change to form 

mature fibrils (bottom pathway) or form off-pathway intermediates (not shown in this schematic).  

Figure adapted from [127].  
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1.4 Association of amyloid with cell death and disease progression 

The close association between the appearance of amyloid deposits and the beginning of 

pathological events in Alzheimer’s disease has been established for many years [12]. The 

amyloid cascade hypothesis, put forward over 20 years ago, was based on neuropathological, 

genetic and biophysical information and implicates the deposition of Aβ as the primary insult 

driving pathogenesis in Alzheimer’s disease [12]. This hypothesis has evolved over the years to 

account for the role of soluble Aβ species due to the lack of quantitative correlation between 

the number of insoluble amyloid deposits and the extent of cognitive decline [128]. The 

hypothesis has also been generalised over the years to include other amyloidoses as it has 

become clear that they are all characterised by amyloid protein aggregates, although of 

varying composition [129](Figure 1.1).  Despite this long standing association, the specific 

mechanisms underlying pathogenesis remain unclear [79].  

Originally, the observation of fibrillar deposits in the organs of patients suffering from 

amyloidosis led to the postulation that these deposits where the causative agents of disease 

[12]. Further evidence for this postulation came from the toxicity of amyloid fibrils assembled 

from Aβ1-42, to cultured neuronal cells [130]. The incorporation of animal models provided 

additional proof as the injection of amyloid fibrils assembled from Aβ1-40, into the cerebral 

cortex of aged rhesus monkeys led to microglia activation and neuronal loss [131]. In addition, 

amyloid fibrils generated from IAPP, implicated in type II diabetes, were also found to be toxic, 

in this case to insulin-producing beta-cells of the adult pancreas of rats and humans [132]. This 

combined with the observed neurotoxicity of Aβ amyloid fibrils, suggested a common cytotoxic 

effect of amyloid fibrils as a contributing factor to the pathogenesis of amyloid diseases [133]. 

The observation that the severity of cognitive decline in Alzheimer’s disease correlated better 

with soluble Aβ compared to insoluble Aβ plaques (containing fibrillar Aβ), drew focus to the 

role of soluble low-molecular weight species in the pathogenesis of disease [134-137]. 

Transgenic mice models showing cognitive decline as well as impairments in cell function and 

synaptic plasticity prior to the accumulation of significant detectable quantities of amyloid 

plaques provided further support to the role of low-molecular weight species in disease 

pathogenesis [138]. The presence of amyloid plaques throughout the cortex of many healthy 

70 year-olds unaccompanied by cognitive decline, further detracted the field from amyloid 

plaques being central to disease progression [139]. Extensive extracellular deposition of 

insoluble amyloid material, through its sheer bulk is likely to cause organ failure by disrupting 

tissue architecture, especially in systemic diseases where kilograms of amyloid deposits can 

accumulate in vital organs such as the liver and kidney [1]. However, in non-systemic 
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conditions such as neurodegenerative diseases and organ-specific diseases like type II 

diabetes, the soluble low-molecular weight species are thought to play a greater role in 

disease progression [79, 120, 140-142]. 

1.4.1 The role of oligomers in cell death and disease progression 

The lack of correlation between fibrillar deposits and disease severity, sometimes even 

observed as an anti-correlation, led to the investigation of pre-fibrillar aggregates [135, 143-

145]. Due to difficulties in extraction of non-fibrillar aggregates from the brains of patients 

with Alzheimer’s disease, the first non-fbrillar Aβ aggregates were prepared from synthetic Aβ 

in vitro [146-148]. As discussed in section 1.3.2, oligomerisation is a heterogeneous process 

and a variety of pre-fibrillar aggregates, collectively referred to as oligomers have been 

described. Oligomers have been observed and described for a variety of disease-associated 

proteins such as α-synuclein, huntingtin and IAPP as well as for fibril forming proteins not 

associated with disease [141, 149-152].  

Oligomer extraction methods have evolved over the years and this has enabled the purification 

of oligomers isolated from cell culture, brains of animal models and from diseased human 

brains [153-160]. It is important to note that the extraction and analysis methods used to 

study these oligomers utilise techniques that dissociate, or at least destabilise fibrillar proteins 

such as homogenisation and boiling as well as addition of reagents such as sodium dodecyl 

sulphate (SDS), β-mercaptoethanol and urea; thus making the occurrence of oligomers in the 

tissue of interest potentially unclear [129, 161].  However, bearing this limitation in mind, 

several reports have implicated oligomers in disease pathogenesis.  

Oligomeric Aβ species have demonstrated toxicity to cultured neurons, inhibited hippocampal 

long-term potentiation (LTP), impaired synaptic function as well as disrupted cognition and 

learned behaviour in rats [120, 140, 157, 158, 162-165]. Oligomeric α-synuclein species also 

demonstrate toxicity via oxidative stress, Golgi fragmentation, synaptic loss and inhibition of 

proteasomal activity [166-169]. Toxicity has also been associated with oligomeric assemblies 

from other proteins such as huntingtin, IAPP, transthyretin, and lysozyme as well as non-

amyloidosis associated proteins such as stefin B, hypF-N and p53 [141, 170-175]. The 

remarkable observation of toxicity associated with oligomers prepared from proteins that are 

not associated with amyloidosis implies an inherent toxicity of oligomeric species [142]. 

Interestingly, the conformation-specific, sequence-independent antibody, A11, binds to 

oligomers generated from amyloidogenic proteins and peptides such as Aβ1-42, Aβ1-40, α-

synuclein, IAPP, polyglutamine and lysozyme and protects against their observed cytotoxicity; 
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providing further support for both the role of oligomeric species in disease pathogenesis and 

the inherent toxicity associated with oligomers [18] (Figure 1.8).   

1.4.2 The role of amyloid fibrils in cell death and disease progression 

Following the original formulation of the amyloid cascade hypothesis, evidence suggesting 

toxicity associated with the Aβ fibril began to appear, as discussed in section 1.4. Due to the 

lack of established characterisation methods, many of these early studies do not contain 

biophysical evidence of the presence of fibrils and the absence of oligomers in amyloid 

preparations; and therefore strictly speaking, do not exclude oligomer toxicity [176]. However, 

more recent studies with biophysical characterisation of amyloid aggregates show that fibrils 

do play a role in disease pathogenesis.  

Fibril-associated toxicity has been reported for fibrils assembled from amyloid disease 

associated proteins or peptides such as Aβ, lysozyme, recombinant mammalian prion protein 

(rPRP) and IAPP as well as from proteins not associated with disease such as the yeast prion 

proteins Sup35 and Ure2p [173, 177-186]. In some instances toxicity has been associated with 

both oligomeric species and fibrils by side by side comparison of both entities [173, 179, 182, 

185, 186]. Interestingly, oligomer and fibril have been shown to initiate cell death via distinct 

pathways. For example, oligomers and fibrils assembled from Aβ1-42 were both shown to 

initiate cell death via apoptosis, however fibrils induced apoptosis via a mechanism involving 

caspase 8 activation and oligomers via caspase 9 activation [179]. Studies on lysozyme amyloid 

oligomers and fibrils demonstrated a detrimental effect on cell viability associated with both 

species. In this instance, oligomers were shown to induce an apoptosis-like death in contrast to 

the necrosis-like death induced by fibrils [173]. These studies proposed that the widespread 

polymorphism observed in amyloid species, is indicative of a continuum of cross-β-sheet 

containing amyloid structures as perpetuators of disease progression, as opposed to a single 

uniform oligomer or fibril species [173] (Figure 1.8). 

One observation that challenged the original amyloid cascade hypothesis was that the decline 

in cognition, cell function and synaptic plasticity was independent of the accumulation of 

significant detectable quantities of amyloid plaques [138]. This was supported by the 

observation of morphological abnormalities and alterations in axonal trafficking preceding 

plaque detection [187]. Developments in temporally resolved longitudinal in vivo multiphoton 

microscopy in combination with the availability of sensitive in vivo amyloid dyes have provided 

a different perspective. Although collectively, plaques take months to accumulate in 

Alzheimer’s disease mouse models; individually, each plaque was shown to represent an acute 
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event and formed extraordinarily rapidly. Plaque formation preceded microglia recruitment 

and activation as well as the appearance of dysmorphic neurites. The authors propose that 

plaques act as critical mediators of neuritic pathology and the lengthy, sometimes decades-

long degenerative process of Alzheimer’s disease is marked by infinite acute changes in the 

cortex [188]. 

 Amyloid polymorphism is a widely accepted phenomenon and there are several examples of 

fibrils formed from the same starting peptide or protein with different stabilities, 

morphologies and/or molecular structure [96, 117]. In some cases, these polymorphisms carry 

different biological activities. One example of this is the polymorphism observed in fibrils 

assembled from Aβ1-40, where differences in both morphology and molecular structure are 

apparent. These differences are associated with differences in their toxicities in neuronal cell 

cultures [177]. Amyloid fibrils from lysozyme that differ in molecular structure, stability and 

size of the cross-β core also demonstrate differences in the degree of cytotoxicity to neuronal 

cultures [180]. Another example is the variation in fibril morphology observed in fibrils 

assembled from β2m [189]. Depending on the assembly conditions, β2m has been shown to 

assemble via competing pathways into rigid amyloid fibrils or semi-flexible worm-like fibrils. 

These fibrils have also been shown to differ in their biological activity [190]. These studies 

demonstrate that cytotoxic potential is governed by molecular structure and stability. 

Indeed, the stability of amyloid fibrils and in particular, their disassembly process is an 

important factor [101, 161].  Fibrils have been shown to disaggregate and release oligomeric 

species and have thus been proposed to act as a reservoir of cytotoxic species [117, 166, 191, 

192]. For example, natural lipids have been shown to destabilise and rapidly disaggregate 

mature Aβ1-42 fibrils, releasing oligomers which demonstrate potent toxicity to primary 

neurons, and memory impairment in mouse models [191]. This phenomenon is not exclusive 

to Aβ fibrils, as α-synuclein fibrils have also been shown to disaggregate into stable oligomers 

with toxic potential [166]. The mechanical stability of amyloid fibrils may also play an 

important role in pathogenesis. Indeed, previous work in our laboratory has shown that 

amyloid fibrils assembled from β2m disrupt artificial lipid membranes and also inhibit the 

cellular reduction of the tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), a substrate commonly used to assay cell viability. Interestingly, mechanical 

fragmentation of amyloid fibrils enhanced their ability to disrupt lipid membranes and inhibit 

MTT reduction, thus suggesting that particle size plays an important role in determining 

biological activity [190]. 
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In light of this accumulating evidence, the role of amyloid fibrils in disease pathogenesis is 

being reappraised [176]. It is important to appreciate the limitation of the correlative studies 

conducted so far. These studies reduce a complex disease process which develops over years, 

perhaps decades, to a single, measurable phenotype; for example cognitive decline in 

Alzheimer’s results from impairment in long term potentiation [129]. Although this 

oversimplification is essential to draw conclusions; it is worthwhile to remember that amyloid 

diseases probably result from an amalgamation of biochemical, cell biological and systemic 

events, each of which may be aggravated by one or more aggregated species [129] (Figure 

1.8). 

 

Figure 1.8: Model of pathogenicity: A number of factors have been proposed to trigger protein 

aggregation into amyloid fibrils [129]. A large body of evidence supports the role of oligomers in disease 

progression as discussed in section 1.4.1. Accumulating evidence also points to a role of fibrils in 

pathogenicity either directly or indirectly as discussed in section 1.4.2. It is therefore possible that the 

perpetuator of disease pathogenesis is not a single uniform species, but rather a continuum of species.  
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1.5 Mechanisms and consequences of cell death and disruption of 

cellular functions 

The underlying mechanism of cell disruption in the pathogenesis of amyloid diseases is poorly 

understood. In light of the intense research focused on this, several models have been 

proposed. These models along with the evidence that led to their proposal will be discussed. 

1.5.1 Disruption due to aberrant interactions via hydrophobic surfaces 

A prominent hypothesis is one that focuses on the misfolded nature of aggregates, in 

particular the heterogeneous, soluble, oligomers. These misfolded aggregates expose on their 

surfaces a variety of groups and hydrophobic patches that would normally be either buried in 

globular proteins or dispersed in intrinsically disordered proteins and peptides [1, 125, 193, 

194].  It is possible that these aggregates mediate aberrant interactions with other cellular 

components thus causing cell disruption via abnormal exposure of hydrophobic surfaces and 

reactive groups [141, 193-195]. Indeed, a study using 1-anilinonapthalene 8-sulphonate (ANS), 

a dye widely used to measure exposed hydrophobic patches, showed an increase in exposure 

during the course of fibril formation of three different amyloid systems. Interestingly, the 

increase in hydrophobic exposure was shown to correlate with cell death, measured by the 

incorporation of propidium iodide in the neuronal cell line, SH-SY5Y; thus suggesting that the 

exposure of hydrophobic surfaces during amyloid aggregation is a generic toxic feature of 

amyloid proteins [194]. The role of hydrophobic interactions is further supported by studies on 

oligomer toxicity. Interestingly, when polymorphic oligomers are compared, where the 

fundamental differences lie in the degree of hydrophobic packing and exposure; toxicity was 

associated with the oligomer species which had a greater exposure of hydrophobic surfaces 

and a lower degree of hydrophobic packing [141, 195]. 

Exposed hydrophobic surfaces have been proposed to mediate aberrant interactions and 

studies have been conducted to identify these interaction partners with the aim of 

understanding the mechanisms of toxicity [193, 196]. A large number of proteins (324 out of 

8100 tested) were identified to interact with oligomeric Aβ in an in vitro protein array based 

study, where the most highly impacted cellular system identified was the protein translation 

machinery [196]. Another study revealed a much larger set of proteins, approximately 2000, as 

interaction partners for amyloid-like aggregates formed from model proteins designed de novo 

and expressed in the cytosol [193]. The de novo design allowed for complete removal of bias 

from naturally occurring proteins and thus allowed investigation of interaction partners based 

on the amyloid conformation in human cells transfected with the de novo model amyloid 

construct. Co-aggregating proteins identified were found to occupy essential ‘hub’ positions in 
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cellular protein networks with important roles in protein quality control, chromatin 

organisation, transcription, translation and maintenance of cell architecture [193]. The authors 

propose that these aberrant interactions with amyloid aggregates can impair the normal 

functioning of the identified essential proteins by sequestering them, thereby causing the 

collapse of cellular functions and inevitably resulting in multifactorial toxicity [193].  

1.5.2 Disruption via saturation of the central protein quality control and clearance 

systems 

Protein homeostasis, also known as proteostasis, refers to the tight regulation that ensures 

that each protein in the cellular proteome is properly synthesised, folded, sub-

compartmentalised and degraded [197, 198]. Proteostasis is maintained by a network of 

cellular systems and components, collectively referred to as the proteostasis network [197, 

199]. The ubiquitin-proteasome system (UPS) is one pathway of the proteostasis network [197, 

199]. Molecular chaperones play multiple key roles in the proteostasis network due to their 

ability to recognise misfolded proteins [199]. The capacity to maintain proteostasis is found to 

decline with age as well as in various neurodegenerative conditions [197]. The role of two 

aspects of the proteostasis network, the UPS and molecular chaperones will be discussed here; 

however many branches of the proteostasis network are thought to be affected in aging and 

disease and is the focus of intense research [197]. Molecules that regulate the network as a 

whole (proteostasis regulators) as well as those that control individual protein fates such as 

pharmacological chaperones and kinetic stabilisers are currently under development as 

therapeutic agents [197]. 

The normal role of the UPS is cellular quality control by degrading misfolded, unassembled or 

damaged proteins that could otherwise form potentially toxic aggregates [200]. Proteins 

tagged for degradation display poly-ubiquitin chains and are rapidly degraded by cellular 

proteasomes. The presence of elevated ubiquitin conjugates in the intracellular deposits of 

protein aggregates within diseased neurons in most sporadic and inherited neurodegenerative 

diseases has led to a long established link between UPS dysfunction and pathogenesis [201]. 

Indeed, mutations in genes encoding components of the UPS pathway such as parkin and 

ubiquitin carboxy-terminal hydrolase L1 (UCHL1) are associated with Parkinson’s disease [202]. 

Importantly, protein aggregation of a pathogenic variant of huntingtin was shown to 

completely inhibit the UPS [201]. The injection of proteasome inhibitors into adult rats was 

shown to cause parkinsonian features, including Lewy body aggregates [203]. This suggests 

that protein aggregates are simultaneously inhibitors of the UPS as well as products that result 
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from its inhibition and this positive feedback mechanism may rationalise the neuronal loss 

characteristic of neurodegenerative diseases [201].  

Despite the amino acid sequence containing all the necessary information required to facilitate 

proper folding into a functional three-dimensional structure, the highly crowded 

macromolecular environment in vivo promotes misfolding and aggregation [204, 205]. This has 

led to the evolution of highly conserved molecular chaperones [206]. Molecular chaperones 

function by preventing inappropriate interactions both within and between non-native 

polypeptides; as well as by increasing the efficiency of de novo protein folding; and refolding of 

existing proteins that have misfolded [207]. They were first discovered due to their increased 

synthesis in response to mild elevations in temperature, and were therefore named heat shock 

proteins (Hsps). Hsps are rapidly produced in response to stress such as elevated temperature, 

ischemia, oxidation; but a subset are constitutively expressed and are involved in 

conformational maintenance [207, 208]. Primary or secondary impairments in molecular 

chaperone function have been associated with a host of age-related pathologies [198].  

Changes in chaperone content are indicative of the cellular attempt to overcome a pathogenic 

condition and preserve proteostasis [198]. For example, a stress inducible small Hsp, Hsp27, 

was detected at high levels in degenerating areas of brains from patients with Alzheimer’s 

disease [209]. In addition, aging is associated with impairment in stress-induced synthesis of 

molecular chaperones [210-212]. Interestingly, in a study using Caenorhabditis elegans 

polyglutamine aggregation models, polyglutamine aggregates were shown to globally stress 

the cellular folding capacity by overwhelming it; resulting in the aggregation of several 

unrelated metastable proteins; which in turn further aggravated the aggregation of 

polyglutamine proteins [213]. This has led to the concept of protein ‘metastasis’ which 

describes a condition when initial aggregation events elicit a cascade of pathological events 

[79]. And finally, multiple lines of evidence demonstrate that pharmacological or genetic 

enhancement of molecular chaperones is protective in amyloid disease models [214-218]. 

1.5.3 Disruption via membrane permeation 

Cellular membranes, in particular the plasma membrane, have been implicated as a target for 

amyloid cell disruption [117, 219, 220]. Amyloidogenic proteins and peptides, either as 

monomers or higher order aggregates have been shown to interact with membranes [184, 

221-223]. The presence of lipids has been shown to modulate the fibril formation process. 

Fibril growth from α-synuclein, IAPP and Aβ is accelerated in a membrane environment when 

compared to growth in solution [221-223].  
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Amyloid aggregates have also been shown to permeabilise membranes and this has been 

proposed as a mechanism of cell disruption [117]. It is important to note that the ability of 

amyloid proteins to fibrillate on, interact with and to permeabilise cell membranes critically 

depends on the biophysical features of the membrane such as curvature, compactness, rigidity 

and charge density [117]. Various models have been put forward to explain membrane 

destabilisation and cell toxicity (Figure 1.9) [219, 220]. These include carpeting effects, 

detergent effects, pore formation, raft-like insertion and fibrillogenesis on the membrane 

[219, 220, 224].     

The carpeting model suggests that the carpeting of the peptide on one edge of membrane 

applies asymmetric pressure between membrane leaflets resulting in the leakage of small 

molecules [225]. Evidence for this model comes from in vitro experiments showing dye leakage 

from model liposomes after incubation with human IAPP [226]. Incubation with non-

amyloidogenic rat IAPP also resulted in membrane disruption leading to leakage and therefore 

this model is unlikely to explain the membrane perturbations associated with amyloid 

structures [184, 226]. Fibril formation of IAPP on the membrane, however, has been shown to 

damage membranes leading to their leakage; and the amyloid fibril formation process has 

been shown to be crucial to this disruption as manipulations that retard or accelerate fibril 

formation, retard or accelerate membrane disruption respectively [184].  

The raft-like insertion model describes the extensive insertion of amyloid in the membrane 

resulting in a ‘protein raft’ inside the membrane [219]. Studies on a yeast toxic mutant of HET-

s support the raft-like insertion model as amyloid aggregation was shown to result in a large 

insertion of amyloid in the membrane to form a ‘protein raft’ [227]. Whether amyloid 

aggregation occurs prior to membrane interaction, or as a result of membrane interaction as in 

the case of Aβ; both result in a raft-like insertion of amyloid material which leads to membrane 

destabilisation [219, 227, 228]. 

Amyloid species are also proposed to have detergent like effects which may rationalise the 

potential to disrupt membranes. The model based on detergent-like effects is based on an 

initial electrostatic interaction allowing the peptide or aggregate to bind the charged 

phospholipid head group or membrane surface receptors and thus permitting the peptide or 

aggregate to orientate its hydrophobic residues in proximity to the hydrophobic core of the 

membrane [229]. This results in disruption of the bilayer curvature and thus leads to 

membrane disintegration. Human IAPP has been shown to extract lipids from cellular 

membranes in such a fashion [230]. β2m fibrils have also been shown to interact with and 
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distort artificial lipid membranes. Distortion, mainly by fibril ends, was shown to coincide with 

the extraction of lipids from the membranes into tiny lipid vesicles [231].   

Ca2+ is a universal intracellular messenger, and cytosolic Ca2+ regulates a multitude of cellular 

functions and reactions [232]. Disruptions to cytosolic Ca2+ concentrations could lead to 

apoptosis through caspase activation and cytochrome-c release [233]. Disruption of Ca2+ 

homeostasis following the formation of stable pores or ion channels in the membrane is 

perhaps the model with the most supporting evidence [219].  This model is based on 

observations of a certain type of annular amyloid oligomeric species which has a central cavity 

and resembles a pore or channel within model liposomes [224]. Remarkably, this type of 

oligomer has been observed in amyloid aggregates from disease associated amyloid proteins 

or peptides such as Aβ, α-synuclein and huntingtin amongst others [121, 224, 234-236]. 

Furthermore, a large body of evidence supporting pore or channel formation has been 

associated with Aβ, α-synuclein and polyglutamine proteins and implicates a disruption in Ca2+ 

homeostasis as the main mechanism of toxicity [224, 237-239].  

Cell disruption due to membrane permeation need not be exclusively via one of the above 

proposed models [220]. It is possible that a combination of these proposed models are 

responsible for pathogenesis [219, 220]. Indeed, the biophysical properties of the membrane 

in question as well as the structure of the amyloid species will ultimately determine the nature 

of disruption [117].  

 

Figure 1.9: Schematic description of the proposed models of interactions resulting in membrane 

destabilisation and disruption. Pore formation may lead to the leakage of ions and small molecules 

depicted by pink spheres.  
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1.5.4 Disruption via organelle dysfunction 

Increasing evidence points towards intracellular damage by amyloid aggregates. Extracellular 

amyloid aggregates either occurring in vivo or applied exogenously in vitro utilise the endocytic 

pathway to access intracellular compartments as demonstrated for Aβ, α-synuclein, 

polyglutamine and β2m [240-248]. Once in the intracellular milieu, amyloid aggregates have 

been reported to induce ER stress, inhibit proteasomes, cause autophagic dysfunction and 

Golgi fragmentation [167, 201, 249-256]. Oxidative stress and mitochondrial damage have also 

been implicated [251, 257-259]. Lysosomal damage either via perturbation of the lysosomal 

membrane or accumulation of amyloid aggregates in the lysosome has also been reported 

[242, 245, 260-265]. The role of mitochondrial damage in amyloid disease will be briefly 

discussed. The role of lysosomes in amyloid disease including lysosomal membrane damage, 

lysosomal dysfunction and autophagy impairment will be discussed in more detail due to its 

prominence in this project.  

1.5.4.1 Mitochondrial dysfunction in amyloid disease 

The complex biosynthesis of mitochondria combined with their vital function of energy 

production contributes to their vulnerability to damage accumulation over their life cycles 

[266]. Neurons are particularly susceptible to mitochondrial damage as they require high levels 

of ATP to fuel transport of macromolecules and organelles across a range of distances along 

axons, and maintain ionic gradients, Ca2+ homeostasis and membrane potentials [266]. Due to 

their complex morphology and high energetic demand, mitochondria have to be transported 

away from the cell body (where most mitochondrial biogenesis occurs) along axons to regions 

with high energy and Ca2+ buffering requirements  thus extending their life-span when 

compared to other post-mitotic cells [267-270]. This longer life-span results in accumulation of 

damage [266]. Most newly synthesised mitochondrial proteins are imported in to the 

mitochondria at the cell body  and therefore the older mitochondria at the cell periphery may 

be less efficient at coping with misfolded proteins or Ca2+ overload [271, 272]. Removal of 

damaged mitochondria from the cell periphery by mitophagy can be an energetically 

demanding task in neurons as autophagosomes from the axons would need to travel the 

length of the axon to fuse with lysosomes at the cell body [273]. Therefore, although neurons 

share the same mitochondrial quality control (QC) systems as other cells they are faced with 

more arduous challenges [266]. Any mutations or accumulation of aggregates that affect 

mitochondrial QC capacity will thus preferentially affect neurons  and are implicated in 

neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease [251, 266, 

274-276]. One example is the association of mutations in PINK1 and parkin with Parkinson’s 
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disease. Mounting evidence points to the concerted involvement of PINK1 and parkin in 

mitophagy thus validating the role of mitochondria in disease pathogenesis [276, 277].  Mutant 

PINK1 and parkin disrupt mitophagy at several different steps [277].  

1.5.4.2 Role of lysosomes in amyloid disease 

Increasing evidence points towards lysosomal and autophagy dysfunction as one of the 

underlying mechanisms in amyloidoses such as Alzheimer’s, Parkinson’s and Huntington’s 

diseases [278]. Amyloid aggregates accumulate in the endolysosomal system, making it the 

focus of many studies [242, 261, 263, 265].  

1.5.4.2.1 Lysosomal membrane damage 

Lysosomes, first described by Christian de Duve in 1955, are membrane-bound acidic 

organelles that house approximately 60 different lysosomal hydrolases responsible for the 

degradation and recycling of cellular waste [278, 279]. Lysosomes, however, are much more 

than just a cell waste disposal system, they are central organelles involved in secretion, plasma 

membrane repair, signalling, energy metabolism, antigen presentation, cholesterol 

homeostasis, cell death and autophagy pathways [278, 280]. Extracellular material targeted for 

degradation reaches the lysosome mainly via the endocytic pathway whereas intracellular 

material is targeted via autophagy [280, 281].  

The acidic milieu of lysosomes is crucial for their function and is maintained by a vacuolar 

ATPase [282]. It is also crucial for the lysosomal membrane to remain intact, both to maintain 

an acidic lysosomal lumen and to protect the cell from the hydrolytic contents of the lysosome 

[283]. Lysosomal membrane permeabilisation (LMP) refers to the activation of controlled cell 

death via leakage of lysosomal proteases from the lysosomal lumen [283]. The lysosomal 

proteases that remain active at neutral pH such as cathepsins B, D and L have been implicated 

in activating cell death via caspase or mitochondria-dependent pathways [283]. 

Accumulating evidence supports lysosomal membrane damage as one of the main causes of 

cytotoxicity associated with amyloid aggregates. In Alzheimer’s disease, Aβ1-42 has been 

reported to insert tightly into the lysosomal membrane and this has been suggested to cause 

lysosomal membrane instability leading to LMP [264]. Others have found that the 

accumulation of Aβ1-42 aggregates in the lysosome results in the rapid generation of free 

radicals which disrupt the lysosomal proton gradient resulting in cell death [263]. Enzyme 

leakage following damage to lysosomes culminating in cell death has also been described for 

exogenously applied Aβ42 oligomers [242]. Mouse models of Alzheimer’s disease containing 

the aggressive Osaka mutation show lysosomal leakage in combination with ER stress and 
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mitochondrial dysfunction [251]. Lysosomal membrane rupture is also observed in studies 

involving α-synuclein. This rupture is particle size dependent such that α-synuclein oligomers 

are more efficient at causing damage than larger α-synuclein fibrillar assemblies [245].  

1.5.4.2.2 Disruption of lysosomal function 

Undoubtedly, damage to the lysosomal membrane mediated by amyloid aggregates would 

result in disruption to lysosomal function. Further evidence supporting the role of the 

lysosome in amyloid cytotoxicity comes from elegant studies looking at the effect of enhancing 

or disrupting lysosomal function [284, 285]. Interestingly, inhibition of lysosomal function in 

the absence of amyloid aggregates results in the same phenotype as observed in amyloid 

disease [284]. For example, inhibition of lysosomal proteolysis either by cathepsins or 

suppression of lysosomal acidification, retarded transport of late endosomes, lysosomes and 

autolysosomes along axons and resulted in their accumulation on dystrophic axonal swellings, 

as observed in Alzheimer’s disease. These swellings resembled, in morphology and 

composition, those observed in mouse models of Amyloid disease [284]. Scyllo-Inositol inhibits 

accumulation of Aβ and Huntingtin aggregates by promoting proteasomal and lysosomal 

degradation, and thus inhibits toxicity [285, 286].  

Further evidence is provided by fibroblasts from patients suffering from Kufor-Rakeb 

Syndrome. This disease is characterised by juvenile-onset Parkinsonism and dementia. These 

patients carry a mutation in PARK9 which results in a reduced ability to maintain Zn2+ 

homeostasis resulting in lysosomal dysfunction [287]. This disruption leads to accumulation of 

α-synuclein and inhibition of glucocerebrosidase, which is reminiscent of the pathogenic 

association observed between Parkinson’s disease and Gaucher’s disease [287, 288]. And 

lastly, disruption of lysosomal function is also observed in non-neurodegenerative diseases. 

Human-IAPP disrupts lysosome-dependent degradation which in turn impairs autophagy in 

mouse models of type II diabetes [289].  

1.5.4.2.3 Autophagy dysfunction 

As alluded to in section 1.5.4.1 above, neurons are particularly sensitive to accumulation of 

damaged organelles due to their unusual morphology and high energy demands. It is 

unsurprising therefore, that autophagy plays a crucial role in neurons and autophagic 

dysfunction is reported across a host of neurodegenerative diseases. Gathering evidence 

points to lysosomal and autophagy dysfunction as the central underlying mechanisms in 

common neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s 

disease [278]. Autophagy is a complex process requiring several different steps and the 



51 

 

involvement of many molecular players. Understanding the reasons behind autophagic failure 

in neurodegenerative diseases thus requires identification of the pathway(s) affected in each 

disease [255]. Differences in pathways involved may explain differences in disease pathology 

and progression. Identification of these differences is therefore crucial to developing targeted 

therapies [255]. 

Altered autophagy is a common theme in neurodegenerative diseases and the first clue to this 

alteration is the accumulation of autophagosomes in diseased neurons in Alzheimer’s, 

Parkinson’s and Huntington’s diseases [255, 261, 290, 291]. However, accumulation of 

autophagosomes does not necessarily signify increased degradation through autophagy, as 

cells could accumulate autophagosomes when autophagy is upregulated (due to increased 

autophagosome formation) or when clearance of autophagosomes is disrupted [255, 292, 

293]. Disrupted autophagic clearance via autophagosome accumulation uncoupled with 

increased autophagic flux, has been reported for an increasing number of neurodegenerative 

diseases [255]. This perturbation could be due to disrupted autophagosome trafficking, 

decreased fusion with endosomes/lysosomes or decreased proteolysis inside lysosomes [255]. 

Decreased proteolysis could be attributed to altered lysosomal pH, accumulation of 

undigested by-products or impaired activity and/or expression of lysosomal hydrolases; thus 

drawing striking parallels between amyloid diseases and the neurodegenerative symptoms 

observed in lysosomal storage disorders [255, 294].  

There are different types of autophagy and three of the main sub-types are macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA). The main difference between 

them is the method of delivery of cargo to the lysosome [295, 296]. In the case of 

microautophagy and macroautophagy, whole areas of the cytosol are directly engulfed either 

by invagination at the lysosomal membrane (microautophagy) or by formation of a membrane 

that seals around the cargo to form an autophagosome (macroautophagy) [255]. CMA involves 

selective recognition of cargo and direct delivery to the lysosome by specific cytosolic 

chaperones [297]. All three pathways function simultaneously alongside other proteolytic 

mechanisms in a co-ordinated manner, for example, macroautophagy is upregulated during 

blockage of both UPS and CMA [298, 299]. Mutated pathogenic variants of α-synuclein bind 

tightly to the CMA translocation complex but are not delivered to the lysosome; thus 

interfering with the CMA translocation complex by sequestering it and preventing degradation 

of other CMA substrates [300]. Mutated forms of Tau, but not wild-type Tau, are targeted to 

the lysosomes via CMA where they are abnormally cleaved into amyloidogenic peptides; some 
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of these peptides form oligomeric structures at the lysosomal membrane which interfere with 

normal CMA functioning [301].  

Connections between macroautophagy and non-autophagic lysosomal pathways such as 

endocytosis also exist. ESCRT-III dysfunction in the late endosomal membrane disrupts the 

formation of multi-vesicular bodies (MVBs), which reduces autophagic flux and results in 

autophagosome accumulation in models of frontotemporal dementia [302]. Disruption of 

endosome biogenesis causing autophagic failure leads to accumulation of poly-ubiquitinated 

amyloid proteins such as Huntingtin and TDP-43 [303].  

In summary, identification of the nature of the autophagic defect and the cellular response to 

that defect will inform targeted therapies [255]. An ideal approach would involve enhancing 

autophagosome clearance by upregulating the lysosome, as demonstrated by upregulating 

lysosomal biogenesis via overexpression of the transcription factor EB (TFEB) [255, 304]. 

1.5.4.2.4 Parallels between lysosomal storage diseases and amyloid disease 

Lysosomal storage diseases (LSDs) are a group of over 40 metabolic disorders attributed to 

mutations in lysosomal proteins such as hydrolases and integral membrane proteins as well as 

proteins involved in modification and trafficking of lysosomal proteins  [305, 306]. Over 65 % of 

LSDs have defects in the central nervous system (CNS) leading to progressive cognitive and 

motor decline [305]. LSDs exist in infantile, juvenile and adult forms [307].  

Over the years, an increased interest in the involvement of autophagy in LSD pathogenesis has 

developed. Indeed, in mouse models of two LSDs (Multiple Sulfatase Deficiency and 

Mucopolysaccharidosis type IIIA) striking parallels with Alzheimer’s disease are drawn such as 

an accumulation of autophagosomes [294], reduced degradation of endogenous and 

exogenous autophagic substrates [308] and defective organelle turnover [306]. Also, 

autophagic impairment leading to pathological protein aggregate accumulation was detected 

in LSD neurons [309]. In combination, these observations show similarities between LSDs and 

amyloid diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease [306]. The 

similarities between LSDs and neurodegenerative diseases not only suggest a potential central 

role of lysosomes in amyloid disease, but in some cases are informative of the pathogenesis of 

the amyloid disease. In particular, the similarities between Parkinson’s and Gaucher’s diseases, 

as well as Niemann-Pick Type C and Alzheimer’s will be briefly discussed. 
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Parkinson’s and Gaucher’s diseases 

Gaucher’s disease is an autosomal recessive disorder that results from loss-of-function 

mutations in GBA1, the gene encoding glucocerebrosidase, a lysosomal enzyme that cleaves 

the β-glucosyl linkage of glucoceramide [288]. Gaucher’s disease has three subtypes which are 

based on the aggressiveness of the disease and neurological involvement [310]. Gathering 

clinical, pathological and genetic evidence points to an association between Gaucher’s and 

Parkinson’s diseases [311].  

The clinical presentation of parkinsonism in type 1 Gaucher’s disease patients, further 

supported by genetic evidence, suggests a strong link [312-314]. α-synuclein aggregation was 

implicated in the pathogenesis of Gaucher’s disease upon discovery of α-synuclein positive 

Lewy bodies in the brains of Gaucher’s disease patients [315]. The discovery that parkinsonism 

patients had an increased incidence of GBA1 mutations from genetic studies in large patient 

cohorts makes GBA1 the most common genetic risk factor for Parkinson’s disease known to 

date [288, 316]. And finally, accumulation of toxic α-synuclein species has been shown to 

deplete lysosomal glucocerebrosidase, leading to accumulation of glucocerebroside which in 

turns stabilises α-synuclein aggregates. This self-propagating positive feedback loop has been 

proposed as a mechanism that connects the two diseases [288]. 

Niemann-Pick type C and Alzheimer’s diseases 

Niemann-Pick type C is also an autosomal recessive disorder, involving disruption in 

cholesterol trafficking within the endolysosomal pathway [317]. Although fundamentally 

different from Alzheimer’s disease, Niemann-Pick type C disease draws some interesting 

parallels with it. Endosomal abnormalities reminiscent of those observed at the earliest stage 

in Alzheimer’s disease are observed in neuronal populations in Niemann-Pick type C disease 

[317]. Strikingly, this is also combined with endosomal accumulation of APP and Aβ peptides 

[317-319]. Also of remarkable interest, is the observation of neurofibrillary tangles in the 

brains of NPC patients in the absence of mutations in tau or abnormal Aβ deposition [320, 

321]. Cholesterol is another common theme between the two diseases, cholesterol trafficking 

disruption being the primary pathogenic cause in Niemann-Pick type C disease and elevated 

cholesterol being a risk factor in Alzheimer’s disease [317, 322]. 

 

  



54 

 

1.6 Aims 

The first aim of the thesis was to analyse the effect of β2m amyloid fibrils on lysosomal 

function, with particular focus on lysosomal proteolysis. This was based on the large body of 

literature implicating lysosomes as key cellular targets of amyloid pathogenesis (discussed in 

1.5.4.2) as well as emerging evidence from our laboratory.  The second aim was to analyse the 

effect on membrane trafficking. The precedence for this comes from genome wide association 

studies implicating endocytic trafficking and observations of impaired endolysosomal 

trafficking [323, 324]. The third aim was to investigate the role of the molecular chaperone, 

Hsp70, in fibril-mediated cell disruption based on the increased incidence of amyloid disease 

with diminished proteostasis (discussed in 1.5.2).   

1.7 Objectives 

1.7.1 Chapter 3 objectives 

The objective of this chapter was to validate the use of β2m as a model to study amyloid-cell 

interactions. β2m amyloid fibrils were generated and subsequently characterised based on 

their biophysical, tinctorial and immunological characteristics. In addition, the effect of β2m 

fibrils on the cell viability assay, the MTT assay was analysed.  

1.7.2 Chapter 4 objectives 

Building on previous work in the laboratory which shows that fragmentation of β2m fibrils 

enhances their internalisation and trafficking to the lysosome, the objective of chapter 4 was 

to investigate the effect of fragmented β2m fibrils on lysosomal function. This included analysis 

of lysosomal proteolysis and autophagy, as well as the activity of the lysosomal hydrolases β-

glucocerebrosidase and β-galactosidase.  

1.7.3 Chapter 5 objectives 

The objective of chapter 5 was to investigate the effect of fragmented β2m fibrils on 

membrane trafficking. This was based on literature precedence as well as observations from 

experiments described in chapters 3 and 4. Investigation of membrane trafficking involved the 

analysis of the localisation of the lysosomal membrane proteins, LAMP-1 and CD63, and 

analysis of fluid-phase endocytosis.  

1.7.4 Chapter 6 objectives 

The objective of chapter 6 was to investigate the role of Hsp70 in fibril-mediated cellular 

disruption. Building on observations in chapters 3, 4, and 5, this involved analysis of the effect 

of Hsp70 on cellular reduction, lysosomal proteolysis and LAMP-1 trafficking in fibril-treated 

cells.   
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2 Materials and methods 

All materials used were from Sigma-Aldrich unless otherwise stated in the text. 

2.1 Expression and purification of β2m 

2.1.1 Expression of β2m 

β2m was expressed in BL21 (DE3) pLysS cells  transformed with the designated pINK plasmid 

containing the gene for human β2m [325]. 10 µl of a glycerol stock of BL21 (DE3) pLysS cells 

transformed with pINK was streaked out onto a fresh Lysogeny Broth (LB)-agar plate 

containing 100 µg/ml carbenicillin (Melford). The LB-agar plate was incubated at 37 ⁰C for 16 

h. A single colony was picked and used to inoculate a starter culture of 100 ml LB containing 

100 µg/ml carbenicillin. The starter culture was incubated in an orbital shaker (Stuart S150) at 

37 ⁰C for 16 h whilst shaking at 200 rpm. 

11 l of pre-warmed LB were inoculated with the starter culture (5 ml of starter culture per litre 

of LB containing 100 µg/ml carbenicillin). The bacterial cultures were incubated at 37⁰C whilst 

shaking at 200 rpm. The OD600 was monitored regularly and when an OD of 0.6 was reached, 

the cultures were induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) at a 

final concentration of 1 mM. The bacterial cultures were incubated at 37⁰C whilst shaking at 

200 rpm for 16 h, after which the cells were harvested using a continual action centrifuge 

(Heraeus Contifuge Stratos # 3049 with a continuous flow rotor) at 15,000 rpm. The 

supernatant was discarded and the pellet was resuspended as described below. 

2.1.2 Inclusion body isolation 

The cell pellet was resuspended in 100 ml lysis buffer (25 mM Tris.HCl pH 8.0 containing 100 

µg/ml lysozyme, 50 µg/ml PMSF, 20 µg/ml DNaseA and 1 mM EDTA) by stirring at room 

temperature for 30 min. The cells were homogenised by passing through a small blunt needle 

and then further lysed using a cell disrupter (Constant Systems Cell Disrupter). Cell lysates 

were centrifuged for 30 min at 4 °C (Beckman Coulter, JLA 16.250 rotor, 15,000 rpm). The cell 

pellet containing the protein as inclusion bodies was washed five times with 100 ml wash 

buffer (25 mM Tris.HCl pH 8.0).  The pellet was then solubilised in 200 ml solubilisation buffer 

(25 mM Tris.HCl pH 8.0 containing 8 M urea) by stirring at 25 °C for 16 h. 

2.1.3 Refolding by dialysis 

Solubilised protein was then dialysed six times against 5 l of 25 mM Tris.HCl pH 8.0 using 3500 

molecular weight cut off (MWCO) dialysis tubing at 4 °C. The dialysed protein was centrifuged 

for 1 h at 4 °C (Beckman Coulter, JLA 16.250 rotor, 15,000 rpm) to remove any precipitate. 



56 

 

2.1.4 Anion exchange chromatography 

The refolded protein was further purified by anion exchange chromatography using a XK50 

column (GE Healthcare) containing 200 ml (bed volume) fast-flow Q-Sepharose (GE 

Healthcare) previously equilibrated with 25 mM Tris.HCl pH 8.0 and connected to an AKTA 

prime chromatography system (GE Healthcare). The resolubilised protein was loaded onto the 

column, and washed with five column volumes of 25 mM Tris.HCl pH 8.0. The protein was 

eluted with a linear gradient of 0-400 mM NaCl in 25 mM Tris.HCl pH 8.0 over 1 l. The fractions 

containing β2m, as judged by the elution profile and sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) analysis, were pooled and dialysed five times against 5 l of 18 

MΩ purite water before lyophilising for storage at -20⁰C. 

2.1.5 Size exclusion chromatography 

The protein was further purified by size exclusion chromatography using a Superdex 75 HiLoad 

26/60 size exclusion column (GE Healthcare) mounted on an AKTA prime chromatography 

system (GE Healthcare). The lyophilised protein was dissolved in 20 ml of 10 mM sodium 

phosphate buffer pH 7.2 and filtered using a 0.2 µm filter (Sartorius). The protein was loaded 

onto the column (5 ml of ~10 mg/ml per run) and the following program (Table 2.1) on the 

AKTA prime system was used to purify the protein. 

Breakpoint 

(ml) 

% B Flow 

rate 

Fraction 

size 

Buffer 

valve 

position 

Inject 

valve 

position 

Set 

peak 

collect 

Auto 

zero 

Event 

mark 

0 0 2ml/min 0ml 1 Load No No No 

10 0 2ml/min 0ml 1 Inject No Yes Yes 

20 0 2ml/min 0ml 1 Load No No Yes 

110 0 2ml/min 3ml 1 Load No No Yes 

360 0 2ml/min 0ml 1 Load No No No 

Table 2.1: Details of the AKTA program used for size exclusion chromatography of β2m.  

The fractions corresponding to monomeric β2m as judged by SDS-PAGE analysis were pooled 

and dialysed five times against 5 l of 18 MΩ purite water before lyophilising for storage at -

20°C. The precise molecular weight of the protein was determined using electrospray 

ionisation mass spectrometry (ESI-MS) performed by James Ault (Astbury mass spectrometry 

facility manager).  
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2.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) 
Tris-tricine or Tris-glycine buffered SDS-PAGE gels were used to separate proteins according to 

their molecular weight. Two glass plates were assembled according to the manufacturer’s 

instructions using a 1.5 mm spacer (Bio-Rad for Tris-tricine gels and Hoefer for Tris-glycine 

gels). A two-layered gel system consisting of a stacking and resolving gel was made using the 

components in Table 2.2 or Table 2.3. 

Solution Component Resolving gel 

Volume to add (ml) 

Stacking gel 

Volume to add (ml) 

30% (w/v) Acrylamide: 0.8% (w/v) bis-acrylamide 7.5 0.83 

3 M Tris.HCl, 0.3% (w/v) SDS pH 8.45 5.0 1.55 

H2O 0.44 3.72 

Glycerol 2.0 - 

10% (w/v) ammonium persulphate 0.05 0.10 

Tetramethylethylenediamine (TEMED) 0.005 0.005 

Table 2.2: Components of a Tris-tricine buffered gel. 

Solution Component Resolving gel 

Volume to add (ml) 

Stacking gel 

Volume to add (ml) 

30% (w/v) Acrylamide: 0.8% (w/v) bis-acrylamide 3.33 0.83 

3 M Tris.HCl, 0.8% (w/v) SDS, pH 8.8 1.35 - 

1 M Tris.HCl, 0.8% (w/v) SDS, pH 6.8 - 0.63 

H2O 5.31 3.4 

10% (w/v) ammonium persulphate 0.05 0.10 

 TEMED 0.005 0.005 

Table 2.3: Components of a Tris-glycine buffered gel. 
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For Tris-tricine gels: 

The resolving gel mixture was made and rapidly poured to within 2 cm of the top of the glass 

plates. The stacking gel mixture was made and then poured on top of the resolving gel.  A 

comb was inserted to create wells for sample loading. The gels were left for a minimum of 1 h 

to set.  

Gel samples were diluted two-fold into 2X modified Laemmli buffer (100 mM Tris.HCl pH 6.8 

containing 20 % (v/v) glycerol, 4 % (w/v) SDS, 0.2 % (w/v) bromophenol blue and 100 mM 

dithiothreitol (DTT)) and incubated at 95 °C for 5 min before loading onto the gel. To obtain 

comparative loadings of bacterial cell lysates, 100 μl of the modified Laemmli buffer was added 

to the cell pellet (obtained from the volume of bacterial culture corresponding to 1.0 OD600 

units) and 15 μl was loaded per lane.  A lane containing 15 μl of protein marker (Invitrogen 

Mark 12) was included.  

The proteins were electrophoresed using a cathode buffer (200 mM Tris-HCl, 200 mM Tricine, 

0.2% (w/v) SDS pH 8.25) and an anode buffer (400 mM Tris-HCl pH 8.8).  A constant current of 

30 mA was applied until the samples entered the resolving gel, and then the current was 

adjusted to 60 mA until the dye front reached the bottom of the gel. Gels were stained, de-

stained and imaged as described below. 

For Tris-glycine gels: 

The resolving gel mixture was made and rapidly poured to within 2 cm of the top of the glass 

plates. A layer of water-saturated butan-1-ol was applied onto the surface of the first layer to 

exclude oxygen and to aid polymerisation. Once the resolving gel had set, the surface was 

rinsed with water before the stacking gel mixture was poured on top of it. A comb was 

inserted immediately after pouring the stacking gel. The stacking gel was allowed to set for 

approximately 45 min.  

Samples were prepared for loading as described above. A lane containing 15 µl protein marker 

(ColorPlus Prestained Protein Marker, New England Biolabs) or 5 µl protein marker (Precision 

Plus Dual Xtra Pre-stained Standards, Bio-Rad) was included. 

The gels were electrophoresed in running buffer (25 mM Tris-HCl, pH 8.0, 192 mM glycine, 0.1 

% (w/v) SDS) through the stacking gel at 15 mA and through the resolving gel at 25 mA. The 

gels were stained, de-stained and imaged as described below or western blotted (Section 0). 
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For both gel types: 

The gels were stained in 50% methanol (v/v), 10% acetic acid (v/v) and 0.25% (w/v) Coomassie 

Brilliant Blue for 1 h at room temperature whilst rocking. After staining, the gels were rinsed 

and destained in 50% methanol (v/v) and 10% acetic acid (v/v) for approximately 16 h or until 

the bands were clearly visible and the background stain diminished. The gels were 

photographed using the InGenius gel documentation system (Syngene). 

2.3 Statistical analysis 

Where appropriate, statistical analysis was performed using the two-tailed, independent, two-

sample t test between sample pairs. Where appropriate, p values of <0.05, <0.01 and <0.001 

are indicated by (*), (**) and (***) respectively. When p > 0.05, p values are not quoted and 

the lack of significant difference is indicated in the text.  

2.4 Generation and characterisation of β2m fibrils 

2.4.1 Production of β2m fibrils 

β2m fibrils were generated using an established protocol [190]. The lyophilised protein was 

dissolved in 10 mM sodium phosphate buffer pH 2.0 containing 50mM NaCl to a concentration 

of approximately 5 mg/ml. The protein solution was filtered using a 0.2μm filter (Sartorius).  10 

μl of the protein solution was unfolded in 20 mM sodium phosphate buffer pH 6.5 containing 6 

M guanidine.HCl and the OD280 was measured spectrophotometrically. The extinction 

coefficient of 20065M-1cm-1 was used to calculate the concentration of the protein solution 

[326].  The protein concentration was adjusted to 120 μM. Fibrils were generated by seeding 

with 0.1% (v/v) fragmented fibrils and quiescent incubation at room temperature for 72 h.    

2.4.2 Fragmentation of β2m fibrils 

Fragmented β2m fibrils were generated by stirring 500 µl of β2m fibrils in a 1.5 ml glass vial 

containing a 3 x 8 mm polytetrafluoroethylene-coated magnetic stirring bar, using a custom-

made precision stirrer (custom built by the workshop of the School of Physics and Astronomy, 

University of Leeds). 

2.4.3 Thioflavin T fluorescence 

The end point Thioflavin T (ThT) fluorescence of fibril samples was measured. Each sample 

(β2m monomer, unfragmented fibrils or fragmented fibrils) was diluted to a final monomer 

equivalent concentration of 1.2 µM in ThT buffer (0.5 M Tris.HCl pH 8.5 containing 10 µM ThT).  

Samples were excited at 440 nm and fluorescence was measured immediately after dilution 

for 60 s by recording emission at 480 nm (slit widths of 3 nm each, acquisition temperature of 
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37 °C). Fluorescence was measured on a fluorimeter (Quantamaster, Photon Technology 

International). An average fold increase in fluorescence of fibril samples over β2m monomer 

was calculated. 

2.4.4 Immunoblotting of fibril samples  

Fibril samples or controls (2 µl) were applied to nitrocellulose membrane (Hybond-Enhanced 

Chemiluminescence, GE Healthcare) and allowed to dry at room temperature. Controls 

included, Hsp70 as a negative control for anti-β2m, β2m monomer as a negative control for 

WO1 and A11 and as a positive control for anti-β2m, and Aβ1-40 oligomer (kind gift from Charles 

Glabe, University of California, Irvine) as a positive control for A11. The membranes were 

blocked with 10 % (w/v) skimmed milk powder (Marvel) in immunoblot buffer (Table 2.4) for 

16 h at 4 °C (β2m and A11 blots) or 1 h at 25 °C (WO1 blots). For WO1 blots, samples were 

incubated with primary antibody in immunoblot buffer containing 3 % (w/v) bovine serum 

albumin (BSA) for 16 h at 4 °C. For A11 and anti-β2m dot blots, samples were incubated with 

primary antibody in immunoblot buffer containing 5 % (w/v) skimmed milk powder for 1 h at 

25 °C. The membranes were washed three times in immunoblot buffer before incubation with 

horseradish peroxidase (HRP) conjugated secondary antibody, in the same buffers as the 

primary antibodies, for 1 h at 25 °C (Table 2.5). The membranes were washed three times with 

immunoblot blot buffer, before visualisation of antibody binding using Supersignal West Pico 

chemiluminescent substrate (Perbio) and medical imaging film (Fujifilm), developed on the 

Konica SRX-101A developer.  

Antibody Host, 

clonality 

Supplier/source Concentration 

used 

Immunoblot 

buffer 

Anti-β2m Rabbit,  

Polyclonal 

DakoCytomation 11 µg/ml PBS containing  0.2 

% (v/v) Tween 20 

Anti-

oligomer 

(A11) 

Rabbit, 

polyclonal 

Charles Glabe, 

University of California, 

Irvine [18] 

0.5 ng/ml PBS containing 

0.05 % (v/v) Tween 

20 

Anti-fibril 

(WO1) 

Mouse, 

monoclonal 

Ronald Wetzel, 

University of Pittsburgh 

[327] 

1 µg/ml PBS containing 0.2 

% (v/v) Tween 20 

Table 2.4: Primary antibodies used in the immunoblotting protocol.  
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Antibody Supplier Concentration used 

Anti-rabbit HRP BD Biosciences 0.4 µg/ml 

Anti-mouse HRP BD Biosciences 0.4 µg/ml 

Table 2.5: Secondary antibodies used in the immunoblotting protocol.  

2.4.5 Transmission electron microscopy 

20 µl of unfragmented or fragmented β2m fibril samples at a final monomer equivalent 

concentration of 12 µM was applied to  carbon coated copper grids and allowed to dry for 30 

s. Excess fibril sample was blotted using filter paper.  The grids were then stained with 20 µl of 

4% (w/v) uranyl acetate for 30 s. Excess uranyl acetate was blotted using filter paper. The fibril 

samples were imaged using a Phillips CM10 electron microscope (100 KeV).  

2.4.6 Fibril length determination by atomic force microscopy (AFM) 

Fibril length distribution was determined by Kevin Tipping, University of Leeds. Samples were 

prepared for tapping-mode AFM by dilution in 18 MΩ purite water to a final monomer 

equivalent concentration of 0.4 µM. Samples were diluted to ensure good sample dispersion 

and uniform distribution on the imaging surface. 20 µl of diluted sample was applied to a 

freshly cleaved mica surface and allowed to dry for 5 min at room temperature. Mica surfaces 

were then washed with 1 ml of 18 MΩ purite water and dried under a gentle stream of N2 gas.  

Samples were imaged using a Dimension 3100 scanning probe microscope (Veeco Instruments) 

and PPP-NCLR silicon cantilever probes (Nanosensors) with a nominal force constant of 48 

N/m. Typically, 10 µm2 images at a pixel ratio of 1024 x 1024 were collected for analysis. Image 

analysis was performed using scripts generated in Matlab (MathWorks) by Wei-Feng Xue 

(University of Kent) [328]. Fibrils were selected automatically using the script to avoid 

subjective bias in analysis.  
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2.5 Cell culture 
RAW 264.7 and SH-SY5Y cells were cultured in Dulbecco’s modified eagle’s medium (DMEM) 

with 10 % (v/v) foetal bovine serum (Biosera), 2 mM L-glutamine, 100 IU/ml1 penicillin and 100 

µg/ml streptomycin in 75 cm3 flasks (OrFlask, Orange Scientific). Cells were incubated at 37 °C, 

5 % CO2. SH-SY5Y cells were passaged using 1 % Trypsin-EDTA solution and RAW 264.7 cells 

with a cell scraper (Grenier Bio-one) when they reached 60–80 % confluency.  

2.5.1 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay  

Cells were plated out at 5,000 cells/well (RAW 264.7) or 10,000 cells/well (SH-SY5Y) in 96 well 

plates (RAW 264.7 in Corning Costar plates and SH-SY5Y in NUNC plates) and cultured for 16 h. 

Cells were then incubated with 1.2 µM (monomer equivalent) β2m fibril samples, or controls 

(1.2 µM β2m monomer, fibril growth buffer or 0.1 % (w/v) sodium azide) for 24 h.   20μl of 5 

mg/ml MTT solution was added to the cells and incubated for 1.5 h. The media was then 

discarded and the resulting formazan crystals were resuspended in dimethyl sulfoxide (DMSO). 

Absorbance was measured spectrophotometrically (PowerWave HT Microplate 

Spectrophotometer, BioTek) at 570 nm with absorbance due to background cell debris 

subtracted at 650 nm. Results were normalised to 0.1 % (w/v) sodium azide (0 %) and fibril 

growth buffer (100 %).   

2.5.2 Phase contrast microscopy of cells incubated with MTT 

RAW 264.7 cells were plated out at 500,000 cells/well and SH-SY5Y cells at 1,000,000 cells/well 

in 6 well plates (Corning Costar) and cultured for 16 h. Cells were incubated with 1.2 µM 

(monomer equivalent) β2m fibril samples or controls (1.2 µM β2m monomer or fibril growth 

buffer) for 24 h. Cells were then incubated with MTT at a final concentration of 0.5 mg/ml for 

1.5 h. The cell culture medium was replaced with PBS and cells were imaged with an inverted 

contrasting microscope (Leica DM IL connected to a Leica DC 300F camera, Leica 

Microsystems).     
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2.6 Western blotting analysis  

2.6.1 Preparation of cell lysates 

RAW 264.7 and SH-SY5Y cells were plated out at 500,000 cell/swell and 1,000,000 cells/well 

respectively in 6 well plates (Corning Costar) and cultured for 16 h. Cells were incubated with 

either fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM or 1.2 µM 

β2m monomer as a control for 2 h or 24 h. Cells were then washed three times with PBS, prior 

to lysis in lysis buffer (50 mM Tris.HCl pH 7.6 containing 150 mM NaCl, 1 % (v/v) nonidet P-40 

(NP-40) and EDTA-free complete protease inhibitor cocktail (Roche, as described in 

manufacturer’s instructions)) for 30 min on ice. Cell lysates were centrifuged at 500 g for 10 

min at 4 °C (Microcentrifuge 5415R, Eppendorf) and the supernatant was retained. Protein 

concentration in the supernatant was determined by an adapted version of the Lowry assay, 

the DC protein assay (Bio-Rad), as described in the manufacturer’s instructions. Protein 

concentration was assayed for all samples in the experiment at the same time. All sample 

concentrations were adjusted with lysis buffer to match the lowest sample concentration. All 

samples were further diluted in an equal volume of 2X modified Laemmli buffer (100 mM 

Tris.HCl pH 6.8 containing 20 % (v/v) glycerol, 4 % (w/v) SDS, 0.2 % (w/v) bromophenol blue 

and 100 mM dithiothreitol (DTT)) and incubated at 95 °C for 5 min. Samples were then 

resolved by SDS-PAGE and immunoblotted as described below.  

2.6.2 Immunoblotting 

Tris-glycine SDS-PAGE was carried out as described in section 2.2. 10 % Tris-glycine SDS-PAGE 

gels were transferred onto polyvinylidene fluoride (PVDF) membranes (GE Healthcare) using a 

trans-blot semi-dry electrophoretic Transfer cell (Bio-Rad) as described in the manufacturer’s 

instructions, with transfer buffer (15 mM Tris-HCl, 150 mM glycine, 0.02 % (w/v) SDS, 20 % 

(v/v) methanol) at 12 V for 1 h. Membranes were blocked with 5 % (w/v) skimmed milk 

powder (ovalbumin, LC3B and GAPDH blots) or 3 % (w/v) BSA (LAMP-1, CD63 and cathepsin D 

blots) for 16 h rocking at 4 °C. Membranes were incubated with primary antibody for the times 

specified (Table 2.6). Membranes were then washed three times for 5 min whilst rocking with 

PBS containing 0.2 % (v/v) Tween20. This was followed by incubation with secondary 

antibodies (Table 2.5) for 1 h whilst rocking at room temperature. Membranes were washed 

three times for 5 min whilst rocking with PBS containing 0.2 % (v/v) Tween 20. Excess buffer 

was blotted and membranes were developed by chemiluminescence detection using 

Supersignal West Pico chemiluminescent substrate (Perbio) and medical imaging film (Fujifilm), 

on a Konica SRX-101A developer.  
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Antibody Host,  

clone 

Supplier Incubation 

period 

Concentration 

used 

Ovalbumin-

HRP 

Rabbit, 

polyclonal 

GeneTex 16 h, 4 °C 1 in 2000 

Anti-LC3B Rabbit, 

polyclonal 

Abcam 16 h, 4 °C 0.5 µg/ml 

Anti-LAMP-1 Mouse,  

H4A3 

Santa Cruz 

Biotechnology 

16 h, 4 °C 0.4 µg/ml 

Anti-CD63 Rabbit, 

EPR5702 

Abcam 16 h, 4 °C 1 in 200 

Cathepsin D Mouse,  

CTD-19 

GeneTex 16 h, 4 °C 1 in 500 

GAPDH Mouse,  

6C5 

Abcam 1 h, 25 °C 0.4 µg/ml 

Table 2.6: Primary antibodies used for probing western blots. 

Antibody Supplier Incubation period  Concentration used 

Anti-mouse HRP BD Biosciences 1 h, 25 °C 0.4 µg/ml 

Anti-rabbit HRP DakoCytomation  1 h, 25 °C 0.4 µg/ml 

Table 2.7: Secondary antibodies used for probing western blots. 
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2.7 Assays on lysosomal function 

2.7.1 Analysis of lysosomal degradation of fluorescent protein substrates 

2.7.1.1 Preparation of fluorescent protein substrates 

β2m was fluorescently labelled as described below. Pumilio-GFP was a kind gift from Thomas 

Edwards (University of Leeds). Alexa Fluor® 647 ovalbumin was purchased from Molecular 

Probes.  

2.7.1.1.1 Labelling of β2m monomer with tetramethylrhodamine.  

A ten-fold molar excess of 5-(and-6)-carboxytetramethylrhodamine-succinimidyl ester (TMR, 

Molecular Probes) over β2m was dissolved in DMSO at a concentration of 1 mg/ml, and added 

drop wise to β2m (10 mg/ml in 1 M sodium bicarbonate buffer) whilst stirring in the dark for 1 

h. A PD10 desalting column (GE Healthcare) was equilibrated using 25 ml of 100 mM Tris.HCl 

pH 8.0. 2.5 ml of the TMR-β2m conjugate was loaded onto the column and eluted using 3.5 ml 

of 100 mM Tris.HCl pH 8.0. The eluted TMR-β2m conjugate was dialysed against 18 MΩ purite 

water, lyophilised and stored at -20 °C. β2m monomer was labelled with 2, 3, 4 or 5 TMR 

molecules per monomer with a ratio of ≈1:2:2:1 as determined by electrospray ionisation mass 

spectrometry performed by James Ault (University of Leeds, Astbury mass spectrometry 

facility manager).  

2.7.1.2 Analysis by flow cytometry 

RAW 264.7 and SH-SY5Y cells were plated out at 25,000 and 150,000 cells/well respectively in 

12 well plates (Corning Costar) and cultured for 16 h. Cells were incubated with either 

fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM, or controls (1.2 

µM β2m monomer and/or fibril growth buffer) for 24 h. Following fibril incubation, cells were 

pulsed with fluorescent protein substrate (Table 2.8) for 4 h (RAW 264.7 cells) or 6 h (SH-SY5Y 

cells). At the end of the pulse, cells were washed thoroughly and either analysed for cell-

associated fluorescence immediately (0 h chase) or cultured for a further 24 h in the absence 

of fluorescent protein substrate and then analysed (24 h chase). The cell population was gated 

to exclude dead cells and debris and 10,000 gated events were recorded. Because SH-SY5Y 

cells have a tendency to clump, SH-SY5Y cells were gated further to exclude cell clumps. 

Results were corrected for background fluorescence using cells incubated in the absence of 

fluorescent protein substrate. Results were normalised to 0 h chase (100 %) for each condition 

and the percentage remaining fluorescence of protein substrate was determined (background 

corrected fluorescence at 24 h chase/background corrected fluorescence at 0 h chase). Cells 

were analysed using a BD LSRFortessa analyser (Becton Dickinson).     
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Protein Fluorophore Concentration used Excitation 

laser 

β2m Tetramethylrhodamine 

(TMR) 

14 µg/ml (RAW 264.7) or 28 µg/ml 

(SH-SY5Y); 10 % labelled: 90 % 

unlabelled 

488 nm 

Pumilio-

GFP 

Green fluorescent protein 

GFP 

20 µg/ml 488 nm 

Ovalbumin Alexa Fluor® 647 15 µg/ml; 40 % labelled: 60 % 

unlabelled 

640 nm 

Table 2.8: Fluorescent protein substrates used for analysis of lysosomal degradation. 

2.7.1.2.1 In vitro measurement of GFP-fluorescence variation with pH 

Pumilio-GFP was diluted to a final concentration of 150 µg/ml into a citrate-phosphate buffer 

(50 mM citric acid, 50 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA) at pH 4.5, 5.5 or 7.4 

respectively. Diluted Pumilio-GFP was excited at a wavelength of 395 nm and emission spectra 

were collected on a fluorimeter (Quantamaster, Photon Technology International). Excitation 

and emission slit widths were set to 3 nm. Background correction was applied by subtracting 

the fluorescence spectra acquired from a citrate-phosphate buffer control. 

2.7.1.3 Analysis by live cell confocal microscopy 

RAW 264.7 and SH-SY5Y cells were seeded at 50,000 and 250,000 cells/well respectively in 3 

cm glass bottomed imaging dishes (Iwaki) and cultured for 16 h. Cells were incubated with β2m 

fibril samples at a final monomer equivalent concentration of 1.2 µM, or controls (1.2 µM β2m 

monomer or fibril growth buffer) for 24 h. Cells were then washed and pulsed with 15 µg/ml 

Alexa Fluor® 647 ovalbumin (40 % labelled, 60 % unlabelled) for 4 h (RAW 264.7) or 6 h (SH-

SY5Y). Following thorough washing, cells were either imaged by live cell confocal microscopy 

immediately (0 h chase) or cultured for a further 24 h and then imaged (24 h chase). Cells were 

stained with 50 nM (RAW 264.7) or 75 nM (SH-SY5Y) LysoTracker Green (Molecular Probes) 30 

min prior to imaging. Images were acquired on an inverted confocal microscope (Zeiss 

LSM700) with a heated stage (37 °C).   
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2.7.2 Analysis of lysosomal proteolysis using Magic Red™ 

2.7.2.1 Live cell confocal microscopy analysis of Magic Red™ cathepsin B substrate 

cleavage 

SH-SY5Y cells were plated at 1,000,000 cells/well in 3 cm imaging dishes (Iwaki) and were 

cultured for 16 h. Following thorough washing, cells were incubated with Magic Red™ 

cathepsin B substrate (ImmunoChemistry Technologies) according to the manufacturer’s 

protocol (Magic Red™ cathepsin B substrate was re-constituted in DMSO and diluted 260-fold 

into cell culture media before incubation with cells at 37 °C for 1 h). Cells were then washed 

and stained with 75 nM LysoTracker Green (Molecular Probes) 30 min prior to imaging, and 

Hoescht (Immunochemistry Technologies) immediately before imaging. Images were acquired 

on an inverted confocal microscope (Zeiss LSM700) with a heated stage (37 °C).   

2.7.2.2 Flow cytometric quantification of cathepsin B activity using Magic Red™ 

RAW 264.7 and SH-SY5Y cells were plated at 250,000 and 500,000 cells/well in 12 well plates 

(Corning Costar) and cultured for 16 h. Cells were incubated with either fragmented β2m fibrils 

at a final monomer equivalent concentration of 1.2 µM, or controls (1.2 µM β2m monomer or 

fibril growth buffer) for 24 h. Cells were washed and incubated in the presence or absence of 

Magic Red™ cathepsin B substrate as described in 2.7.2.1. Cells were washed prior to analysis 

for cell-associated fluorescence by flow cytometry. The cell population was gated to exclude 

dead cells and debris and 10,000 gated events were recorded. Because SH-SY5Y cells have a 

tendency to clump, SH-SY5Y cells were gated further to exclude cell clumps. Results were 

corrected for background fluorescence using cells incubated in the absence of Magic Red™ 

cathepsin B substrate. Results were normalised to controls incubated with fibril growth buffer 

(100 %). Cells were analysed using a BD LSRFortessa analyser (Becton Dickinson).  

2.7.3 Analysis of β-glucocerebrosidase and β-galactosidase activity 

SH-SY5Y cells were plated at 500,000 cells/well in 12 well plates (Corning Costar) and cultured 

for 16 h. Cells were incubated with either fragmented β2m fibrils at a final monomer 

equivalent concentration of 1.2 µM, or controls (1.2 µM β2m or fibril growth buffer) for 24 h. 

Cells were then washed and incubated with either 50 µg/ml 5-

(pentafluorobenzoylamino)fluorescein di-β-D-glucopyranoside (PFB-FDGlu, Molecular Probes) 

or 50 µM  fluorescein di-β-D-galactopyranoside (FDG, Molecular Probes) respectively for 1 h at 

37 °C. β-glucocerebrosidase cleaves the non-fluorescent substrate PFB-FDGlu to yield the 

green-fluorescent PFB-F dye. β-galactosidase cleaves the non-fluorescent substrate FDG to 

yield highly fluorescent fluorescein. For analysis of β-glucocerebrosidase activity, the inhibitor 
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conduritol B epoxide (CBE) was included as an additional control. Cells were pre-incubated 

with 1 µM CBE for 2 h prior to incubation with PFB-FDGlu. Cells were then washed and cell-

associated fluorescence was quantified by flow cytometry. The cell population was gated to 

exclude dead cells and debris and 10,000 gated events were recorded. As SH-SY5Y cells have a 

tendency to clump, SH-SY5Y cells were gated further to exclude cell clumps. Results were 

corrected for background fluorescence using cells incubated in the absence of PFB-FDGlu or 

FDG. Results were normalised to controls incubated with fibril growth buffer (100 %). Cells 

were analysed using a BD LSRFortessa analyser (Becton Dickinson). 

2.8 Analysis of membrane trafficking 

2.8.1 Analysis of the cell surface levels of LAMP-1 and CD63 

SH-SY5Y cells were plated at 1,000,000 cells/well in 6 well dishes (Corning Costar) and cultured 

for 16 h. Cells were incubated with either 1.2 μM (monomer equivalent) fragmented β2m fibril 

samples or controls (1.2 μM β2m monomer or fibril growth buffer) for 2 h or 24 h. To inhibit 

protein synthesis, cells were pre-incubated for 1 h with 100 µg/ml cycloheximde prior to the 

addition of β2m.  After incubation with β2m, cells were washed and then blocked by 

resuspension in PBS with 0.2% (w/v) BSA containing 10% Mouse Seroblock FcR (AbD Serotec) 

and incubation for 30 min on ice. 

 To detect cell surface expression of LAMP-1 and CD63, cells were stained with fluorescently 

labelled anti-LAMP-1 or anti-CD63 antibodies at the recommended concentrations (Table 2.9). 

To measure non-specific background antibody staining, isotype controls were included in 

which cells were stained with the relevant isotype matched antibodies (Table 2.9).  The cell 

population was gated to exclude dead cells and debris, and 10,000 gated events were 

recorded. Due to the tendency of SH-SY5Y cells to clump, an additional gate to exclude cell 

clumps was included. The geometric mean fluorescence for the isotype controls was 

subtracted from the geometric mean fluorescence for the samples for each respective 

treatment. The corrected geometric mean fluorescence was then normalised to buffer treated 

controls (100 %).  Cell-associated antibody fluorescence was quantified by flow cytometry with 

a BD-LSRFortessa analyser (Becton Dickinson). 
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Antibody Host, 

clone 

Isotype Supplier Fluorescent label 

Anti-LAMP-1 Mouse, 

H4A3 

IgG1 κ BD Biosciences PE-Cy5 

Mouse IgG1 κ isotype control 

(control for anti-LAMP-1) 

Mouse, 

MOPC-21 

IgG1 κ BD Biosciences PE-Cy5 

Anti-CD63 Mouse, 

MEM-259 

IgG1 κ GeneTex FITC 

Mouse IgG1 κ isotype control 

(control for anti-CD63) 

Mouse, 

15H6 

IgG1 κ Genetex FITC 

Table 2.9: Antibodies used for flow cytometric analysis of LAMP-1 and CD63 cell surface expression. 

2.8.2 Immunofluorescence microscopy analysis of the intracellular distribution of 

LAMP-1 and CD63 

SH-SY5Y cells were plated on to coverslips (pre-treated with 0.01 % poly-L-lysine) at 75,000 

cells/well in 24 well plates (Nunc) and cultured for 16 h. Cells were then incubated with either 

fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM, or fibril growth 

buffer as a control for 2 h or 24 h. Cells were then washed and fixed with 4 % formaldehyde for 

10 min. Following three washes with PBS, cells were incubated with PBS containing 15 mM 

glycine for 10 min. Cells were then washed with PBS and were simultaneously blocked and 

permeabilised for 3 h in blocking buffer (PBS containing 1 % (w/v) fish skin gelatin and 0.2 % 

saponin). This was followed by three washes with PBS. Cells were incubated with primary 

antibody (Table 2.10) in blocking buffer for 1 h at 37 °C. Following three washes with PBS, cells 

were incubated with secondary antibody in blocking buffer for 1 h at 37 °C in the dark. After 

incubation with secondary antibody (Table 2.11), cells were washed three times with PBS prior 

to mounting on to glass slides with mounting medium (VectaShield containing DAPI, Vector 

Laboratories). Images were acquired on an inverted confocal microscope (Zeiss LSM700).      

Antibody Host, clone Supplier Concentration used 

Anti-LAMP-1 Rabbit, polyclonal Sigma-Aldrich 1 in 50 

Anti-CD63 Mouse, MEM-259 GeneTex 1 in 50 

Table 2.10: Primary antibodies used for immunofluorescence microscopy. 
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Antibody Host, clonality Supplier Concentration used 

Anti-rabbit Alexa 

Fluor® 546 

Goat, polyclonal Molecular Probes 1 in 200 

Anti-mouse Alexa 

Fluor® 546 

Donkey, polyclonal Molecular Probes 1 in 200 

Table 2.11: Secondary antibodies used for immunofluorescence microscopy. 

2.8.3 Analysis of the effect of fibrils on fluid phase endocytosis 

2.8.3.1 Analysis by flow cytometry 

SH-SY5Y cells were plated at 150,000 cells/well in 12 well plates (Corning Costar) and were 

cultured for 16 h. Cells were incubated with either fragmented β2m fibrils or controls (1.2 µM 

β2m monomer or fibril growth buffer) for 24 h. Cells were then washed prior to incubation 

with Alexa Fluor® 680 10,000 molecular weight (MW) dextran (Molecular Probes) at a final 

concentration of 0.25 mg/ml for 24 h. Following incubation with labelled dextran, cells were 

washed thoroughly and analysed for cell-associated fluorescence by flow cytometry. The cell 

population was gated to exclude dead cells and debris and 10,000 gated events were recorded. 

Because SH-SY5Y cells have a tendency to clump, SH-SY5Y cells were gated further to exclude 

cell clumps. Results were corrected for background fluorescence using cells incubated in the 

absence of labelled dextran. Cell-associated dextran (%) was normalised to cells incubated 

with fibril growth buffer (100 %).  Cells were analysed using a BD LSRFortessa analyser (Becton 

Dickinson).     

2.8.3.2 Analysis by live cell confocal microscopy 

SH-SY5Y cells were plated at 500,000 cells/well in 3 cm imaging dishes (Iwaki) and cultured for 

16 h. Cells were then washed and incubated with Alexa Fluor® 568 10,000 MW dextran 

(Molecular Probes) at a final concentration of 0.5 mg/ml for 24 h. Following incubation with 

labelled dextrans, cells were washed thoroughly prior to incubation with either fragmented 

β2m fibrils at a final monomer equivalent concentration of 1.2 µM or fibril growth buffer as a 

control for 24 h. This was followed by incubation with a second labelled dextran, Alexa Fluor® 

680 10,000 MW dextran (Molecular Probes) at a final concentration of 0.5 mg/ml for 24 h. 

Cells were then washed thoroughly prior to analysis by live cell confocal microscopy. Images 

were acquired on an inverted confocal microscope (Zeiss LSM700) with a heated stage (37 °C).   

Images were analysed for colocalisation of the two labelled dextrans with Image J using the 

JACoP plugin [329]. Colocalisation analysis was performed by following established guidelines 
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[330]. Background fluorescence which would result in over-estimation of correlation, was 

subtracted using the Costes’ threshold method using the Costes’ subtraction feature in JACoP 

[329, 331]. Correlation was quantified by calculating Manders’ colocalisation coefficients 

(MCC) [332]. MCC allows quantification of the fraction of one fluorophore that colocalises with 

a second fluorophore [332]. For example, for two probes, denoted as R and G, two different 

MCC values, M1 and M2 are derived. M1 represents the fraction of R in compartments 

containing G. M2 represents the fraction of G in compartments containing R. M1 and M2 

values were calculated for 20 images per condition.  

2.9 Expression and purification of Hsp70 

2.9.1 Expression of Hsp70 

Hsp70 (UniProtKB P08107.5) was expressed in BL21 (DE3) pLysS cells transformed with the 

designated pET28b-Hsp70(1A) plasmid containing the gene for human, stress-inducible, 

cytosolic Hsp70 (kind gift from Nunilo Cremades, University of Cambridge). Hsp70 was 

expressed and purified using a previously described protocol [333]. 10 µl of a glycerol stock of 

BL21 (DE3) pLysS cells transformed with pET28b-Hsp70(1A) was streaked out onto a fresh LB-

agar plate containing 50 µg/ml kanamycin. The LB-agar plate was incubated at 37 °C for 16 h. A 

single colony was picked and used to inoculate a starter culture of 100 ml LB containing 50 

µg/ml kanamycin. The starter culture was incubated in an orbital shaker (Stuart S150) at 37 °C 

for 16 h whilst shaking at 200 rpm. 

11 l of pre-warmed LB were inoculated with the starter culture (5 ml of starter culture per litre 

of LB containing 50 µg/ml kanamycin). The bacterial cultures were incubated at 37 °C whilst 

shaking 200 rpm. The OD600 was monitored regularly and when an OD of 0.7 was reached, the 

cultures were induced by addition of IPTG at a final concentration of 1 mM. The bacterial 

cultures were incubated at 28 ⁰C whilst shaking at 200 rpm for 16 h, after which the cells were 

harvested by centrifugation (Beckman Coulter, JLA-10.500 rotor, 6000 rpm, 4 °C, 40 min). The 

supernatant was discarded and the cell pellet was stored at -20 °C.  

2.9.2 Cell lysis 

The cell pellet was thawed on ice and resuspended in 100 ml of lysis buffer (50 mM Tris.HCl pH 

7.4, 150 mM KCl, 2 mM MgCl2 and 10 mM imidazole) containing EDTA-free complete protease 

inhibitor cocktail (Roche, according to the manufacturer’s instructions). The cells were lysed 

further with a cell disrupter (Constant Systems Cell Disrupter). 5 mg of DNAseA was added to 

the cells post-lysis. Cell lysates were then centrifuged for 30 min at 4 °C (Beckman Coulter, JLA 
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16.250 rotor, 15,000 rpm).  The supernatant was retained and filtered through a 0.4 µM filter 

(Sartorius) prior to purification by Ni-NTA affinity chromatography. 

2.9.3 Ni-NTA affinity chromatography 

The filtered supernatant was loaded onto an XK26 column (GE Healthcare) containing 25 ml 

(bed volume) Ni Sepharose High Performance (GE Healthcare) previously equilibrated with 

lysis buffer (50 mM Tris.HCl pH 7.4, 150 mM KCl, 2 mM MgCl2 and 10 mM imidazole). The 

column was mounted on an AKTA prime chromatography system (GE Healthcare) at 4 °C. The 

column was washed with a mixture of 6 % elution buffer (lysis buffer containing 500 mM 

imidazole) and 94 % lysis buffer (final imidazole concentration of 40 mM). The protein was 

then eluted with a mixture of 40 % elution buffer and 60 % lysis buffer (final imidazole 

concentration of 200 mM). The column was finally washed with 100 % elution buffer. The 

fractions corresponding to the peak eluted with 200 mM imidazole were pooled and dialysed 

five times against 2 l of 50 mM Tris.HCl pH 7.4 containing 150 mM KCl and 2 mM MgCl2.  

2.9.4 Size exclusion chromatography 

The dialysed protein was further purified by size exclusion chromatography using a Superdex 

75 HiLoad 26/60 size exclusion column (GE Healthcare) previously equilibrated with 50 mM 

Tris.HCl pH 7.4 containing 150 mM KCl and 2 mM MgCl2, and connected to an AKTA prime 

chromatography system (GE Healthcare) at 4 °C. The dialysed protein was loaded onto the 

column (5 ml of ~12 mg/ml per run) and the following program (Table 2.1) on the AKTA prime 

system was used to purify the protein.  
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Breakpoint 
(ml) 

% 
B 

Flow 
rate  

Fraction 
size 

Buffer 
valve 
position 

Inject 
valve 
position  

Set 
peak 
collect 

Auto 
zero 

Event 
mark 

0 0 2 
ml/min 

0 1 Load No No No 

10 0 0.5 
ml/min 

0 1 Inject No Yes Yes 

20 0 2 
ml/min 

0 1 Load No No  Yes 

30 0 2 
ml/min 

2.5 1 Load No No Yes 

260 0 2 
ml/min 

0 1 Load No No Yes 

Table 2.12: Details of the AKTA program used for the size exclusion chromatography purification of 

Hsp70. 

2.9.5 Anion exchange chromatography 

Size exclusion chromatography did not successfully separate the protein as judged by SDS-

PAGE analysis, the protein was therefore further purified by anion exchange chromatography. 

The protein fractions from size exclusion chromatography were pooled and dialysed five times 

against 2 l of 20 mM Tris.HCl pH 8.0. The dialysed protein was loaded onto a ResourceQ 

column (GE Healthcare) previously equilibrated with loading buffer (20 mM Tris.HCl pH 8.0) 

and connected to an AKTA prime chromatography system (GE Healthcare) at 4 °C. The column 

was washed with 10 ml of loading buffer, and protein was eluted with a linear gradient of 0 – 

700 mM NaCl in 20 mM Tris.HCl pH 8.0 over 60 ml. Finally, the column was washed with 1M 

NaCl in 20 mM Tris.HCl pH 8.0 to remove any remaining bound protein and regenerate the 

column. The fractions corresponding to pure Hsp70 as judged by SDS-PAGE analysis were 

pooled and dialysed five times against 2 l of 50 mM Tris.HCl pH 7.4 containing 150 mM KCl and 

2 mM MgCl2, prior to storage at -80 °C.    

2.10 Analysis of the effect of Hsp70 on fibril-mediated cell disruption 

2.10.1 Analysis of intracellular localisation of recombinant Hsp70 

Purified wild-type Hsp70 was fluorescently labelled with Alexa Fluor® 405 using Alexa Fluor® 

405-succinimidyl ester (Molecular Probes) at a five-fold molar excess over Hsp70. Alexa Fluor® 

405-succinimidyl ester was dissolved in DMSO at a concentration of 1 mg/ml, and added drop 

wise to Hsp70 (12 mg/ml in 1 M sodium bicarbonate buffer) whilst stirring in the dark for 1 h. 

The reaction was quenched by addition of 500 µl 10 mM Tris.HCl pH 8.0. A PD10 desalting 
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column (GE Healthcare) was equilibrated with 25 ml of 100 mM Tris.HCl pH 8.0. The Alexa 

Fluor® 405-Hsp70 conjugate was loaded onto the column and eluted using 3.5 ml of 100 mM 

Tris.HCl pH 8.0. The eluted Alexa Fluor® 405-Hsp70 conjugate was dialysed against PBS. 

Approximately 30 % of the Hsp70 was labelled with one dye molecule per Hsp70 monomer as 

determined by electrospray ionisation mass spectrometry performed by James Ault (University 

of Leeds, Astbury mass spectrometry facility manager).   

RAW 264.7 cells were incubated with 3 µM Alexa Fluor® 405-Hsp70 for 4 h. Cells were then 

washed and stained with 50 nM LysoTracker Green prior to analysis by live cell confocal 

microscopy. Images were acquired on an inverted confocal microscope (Zeiss LSM510) using a 

heated stage (37 °C).  

2.10.2 MTT assay 

Cells were plated out at 5,000 cells/well (RAW 264.7) or 10,000 cells/well (SH-SY5Y) in 96 well 

plates (RAW 264.7 in Corning Costar plates and SH-SY5Y in NUNC plates) and cultured for 16 h. 

Cells were then pre-incubated with either Hsp70 or W90F Hsp70 at a final concentration of 0 

µM, 0.3 µM or 3 µM for 4 h (RAW 264.7) or 6 h (SH-SY5Y).  Controls cultured in the absence of 

Hsp70 were incubated with PBS instead. This was followed by incubation with either 1.2 µM 

(monomer equivalent) fragmented β2m fibrils or controls (1.2 µM β2m or fibril growth buffer) 

for 24 h. Cells were assayed for MTT reduction as described in 2.5.1.  

2.10.3 Phase contrast microscopy analysis of cells incubated with MTT 

SH-SY5Y cells were plated at 1,000,000 cells/well in 6 well plates (Corning Costar) and cultured 

for 16 h. Cells were pre-incubated with either Hsp70 at a final concentration of 3 µM or PBS as 

a control.  This was followed by incubation with either 1.2 µM (monomer equivalent) 

fragmented β2m fibrils or fibril growth buffer as a control for 24 h. Cells were then incubated 

with MTT and imaged by phase contrast microscopy as described in 2.5.2.  

2.10.4 Analysis of cell-surface expression of LAMP-1 

SH-SY5Y cells were plated at 1,000,000 cells/well in 6 well plates (Corning Costar) and cultured 

for 16 h. Cells were pre-incubated with either Hsp70 at a final concentration of 3 µM or PBS as 

control for 6 h prior to incubation with either fragmented β2m fibrils at a final monomer 

equivalent concentration of 1.2 µM or controls (1.2 µM β2m monomer or fibril growth buffer) 

for 24 h. Cell-surface LAMP-1 levels were quantified as described in 2.8.1.  
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2.10.5 Analysis of lysosomal degradation of fluorescently labelled ovalbumin 

SH-SY5Y cells were plated at 250,000 cells/well in 12 well plates (Corning Costar) and cultured 

for 16 h. Cells were pre-incubated with either Hsp70 at a final concentration of 3 µM or PBS as 

control for 6 h prior to incubation with either 1.2 µM (monomer equivalent) fragmented β2m 

fibrils or controls (1.2 µM β2m monomer or fibril growth buffer) for 24 h. Ovalbumin 

degradation was assayed as described in 2.7.1.2.  

  



76 

 

3 β2m as a model to study amyloid disease 

3.1 Introduction 

3.1.1 β2m structure  

β2m is a 99 residue protein which exhibits a typical immunoglobulin fold consisting of seven β 

strands arranged into a β-sandwich stabilised by a disulphide bond between residues 25 and 

80 (Figure 3.1) [334]. The β strands are arranged in an all antiparallel organisation with the 

edge strand, ‘D’ exhibiting a β-bulge as observed in crystal structures of β2m within the MHC I 

complex or as a free monomer in solution (Figure 3.2)[335, 336]. A conformation in which the 

edge ‘D’ strand does not exhibit a β-bulge but instead displays a straight D-strand has also 

been reported several times, and has been implicated in facilitating aggregation (Figure 3.2 

and reviewed in [337]). Four out of five of the proline residues found within the β2m sequence 

are in the trans conformation, whereas proline 32 is in the cis conformation in the native state. 

The isomerisation of proline 32 is thought to be important in controlling β2m aggregation into 

amyloid fibrils [338]. 

 

Figure 3.1: Structure of MHC I complex and β2m monomer. (A) Ribbon representation of human MHC I 

(PDB code 3MYJ)[339] showing the heavy chain (silver) and the light chain, β2m (gold). Hydrophobic 

residues present in β-strand E (Phe56, Trp60, Tyr62, Tyr63 and Leu65) that contact the heavy chain are 

highlighted. (B) Ribbon representation of the solution structure of native β2m monomer (PDB code 

2XJS)[340] showing β-strands A (residues 6-11), B (residues 21-28), C (residues 36-41), C’ (residues 44-

45), D (residues 50-51), E (residues 64-70), F (residues 79-83) and G (residues 91-94). Figure adapted 

from [337, 341]. 
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Figure 3.2: Structures of wild-type β2m and β2m variants displaying a β-bulge or continuous β-strand 

D.  (A) Structures displaying a β-bulge. Wild-type β2m is displayed in red (PDB code 1JNJ)[336], H31Y β2m 

in green (PDB code 1PY4)[342], W60G β2m in blue (PDB code 2VB5)[343], H13F β2m in yellow (PDB code 

3CIQ)[344] and β2m bound to the MHC I complex in magenta (PDB code 3MYJ)[339]. (B) Structures 

displaying a continuous β-strand D. Wild-type β2m  is displayed in red (PDB code 1LDS)[334], 

L39W/W60F/W95F β2m in green (PDB code 2D4D)[345], wild-type β2m  in blue (PDB code 2YXF)[345], 

wild-type β2m  in yellow (PDB code 2YXFF)[346], W60G β2m  in magenta (PDB code 2Z9T)[343], W60C 

β2m  in cyan (PDB code 3DHJ)[347], D59P β2m  in orange (PDB code 3DHM)[347], W60G β2m in wheat 

(PDB code 3EKC)[347], K58P/W60G β2m  in black (PDB code 3IB4)[348] and P32A β2m  in grey (PDB  code 

2F8O)[349].  Figure adapted from [337]. 

3.1.2 β2m amyloid formation and characterisation 

It is important to note that wild-type human β2m, does not form amyloid fibrils at physiological 

temperature and pH in vitro, without the aid of external factors such as Cu2+, SDS or 

trifluoroethanol [350-352]. In vitro studies of β2m amyloid fibril formation have been made 

possible by the finding that agitation at low pH results in rapid β2m fibril formation [189, 325, 

353]. Perturbation of the β2m sequence controls the amyloid fibril-forming propensity of the 

unfolded state at low pH, thus implicating several regions in amyloid formation [54]. Peptide 

fragments that correspond to residues 21-40 (spanning β strands B and C) have been shown to 

aggregate into amyloid fibrils in isolation [354]. Another study involving the systematic 

investigation of peptide fragments spanning the entire sequence of β2m, implicated residues 



78 

 

59-71 (encompassing β strand E) [355]. This region is highly enriched in aromatic residues and 

is capable of forming amyloid fibrils in isolation. It has also been shown to play an important 

role in nucleation and elongation of fibrils as well as the rate of fibril formation [355-357]. 

Residues in the loop connecting β strands D and E, as well as residues 83-89 (corresponding to 

the C terminal region) have also been reported to promote aggregation [343, 358]. In contrast, 

β strand A has been reported to disfavour aggregation and stabilise the native state [359].  

Accumulating evidence points to increased conformational dynamics as a common feature in 

the assembly of β2m monomers into amyloid fibrils at neutral pH, analogous to observations 

from other amyloidogenic proteins that also assemble into amyloid fibrils via conformational 

changes in their folded monomeric states (reviewed in [337]). Wild-type β2m and its variants 

such as ΔN6 β2m (a truncated variant where six N terminal residues are cleaved), ΔK58 β2m 

and ck58 β2m (variants where Lys58 is cleaved with or without removal of Lys58, respectively), 

have all been demonstrated to exhibit increased local and global unfolding events, decreased 

solubility and enhanced amyloidogenicity at pH values close to physiological pH (reviewed in 

[337]).  

ΔN6 β2m is of particular interest because it is found in ex vivo fibril deposits, of which it forms a 

significant component (~ 26 %) [360]. ΔN6 β2m is highly amyloidogenic and exhibits a greater 

affinity for collagen than wild-type β2m [360, 361]. Collagen is highly enriched in osteoarticular 

tissues, the main site of damage in DRA, thus implicating ΔN6 β2m in the pathogenesis of DRA 

[360, 361]. Proline 32 in ΔN6 β2m is in the trans conformation compared to the cis 

conformation observed in wild-type β2m; this is particularly relevant as the non-native trans 

conformation of proline 32 is thought to be the link between the native and aggregation-prone 

states [338, 362]. Although ΔN6 β2m forms a significant component of ex vivo β2m amyloid 

deposits, it is not found in the serum of DRA patients [363].  Cleavage has thus been suggested 

to occur after incorporation of full-length β2m into amyloid fibrils [364]. However, recent 

studies have demonstrated that ΔN6 β2m is not only able to nucleate fibrillogenesis efficiently 

in vitro at physiological pH, but is also able to convert wild-type β2m into an aggregation-

competent state by bimolecular collision [340]. Catalytic amounts of ΔN6 β2m (1 %) are 

sufficient to convert wild-type β2m into amyloid fibrils, therefore implicating ΔN6 β2m as an 

important initiating factor for amyloid formation in DRA [340].  

β2m fibril formation in vitro has been shown to proceed via both nucleation-dependent and 

nucleation-independent polymerisation pathways under different fibrillation conditions [189, 

365]. At low pH and low ionic strength (pH 2.0, 50 mM NaCl), β2m monomers assemble via a 
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nucleation-dependent pathway to generate amyloid fibrils of a long straight morphology with 

a characteristic periodic twist classically associated with amyloid [189](Figure 3.3). By contrast, 

at higher pH and higher ionic strength (pH 3.5, 200 mM NaCl), β2m monomers rapidly 

assemble via a non-nucleated pathway to generate shorter, ‘worm-like’ fibrils [189]. Long 

straight β2m amyloid fibrils exhibit a characteristic cross-β diffraction pattern, Congo Red 

birefringence and ThT binding [341, 366](Figure 3.3). β2m fibrils are also bound by the anti-

fibril antibody, WO1, which recognises a fibrillar epitope found on amyloid fibrils independent 

of the precursor protein sequence [327, 367](Figure 3.3). In contrast, β2m fibril samples are 

not recognised by the anti-oligomer antibody, A11 [367](Figure 3.3). A11 recognises soluble 

oligomers, and like, WO1, is also generic in that it binds independently of precursor protein 

sequence [18].  

 

Figure 3.3: Morphological, structural and tinctorial characteristics of β2m amyloid fibrils assembled at 

low pH and low ionic strength. (A) β2m amyloid fibrils have a long straight morphology when visualised 

by TEM (scale bar 100 nm). Image from [366]. (B) β2m amyloid fibrils display a characteristic cross-β X-

ray diffraction pattern. Image from [341]. (C) The characteristic red-green birefringence of Congo Red 

under polarised light is observed when bound to β2m amyloid fibrils. Image from [341]. (D) β2m amyloid 

fibril growth kinetics visualised by ThT fluorescence. Image from [366]. (E) Immunoblotting of β2m 

amyloid fibrils with anti- β2m, A11 and WO1 antibodies. Image from [367]. Adapted with permission 

from [367]. Copyright (2006) American Chemical Society. 
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3.1.3 β2m as a model to study amyloid disease 

β2m amyloid fibrils assembled at low pH and low ionic strength have been shown to share 

structural characteristics with fibrils assembled in vitro at physiological pH as well as ex vivo 

β2m amyloid fibrils [366]. In addition, β2m amyloid fibrils exhibit amyloid characteristics which 

are shared by all amyloid fibrils irrespective of the starting protein (Figure 3.3 and section 1.3). 

The β2m amyloid fibril formation pathways, the various intermediate species and amyloid 

fibrils have been well studied and characterised [125, 189, 340, 341, 368]. Indeed, β2m fibrils 

with a long straight morphology are readily formed (within 72 h) at low pH and low ionic 

strength with well characterised yield, morphology and fibril length [190, 366]. Mature β2m 

fibril preparations do not contain detectable levels of soluble oligomer species [190]. The 

starting conformation of each fibril preparation prior to addition to cells is thus known. 

Furthermore, purification of recombinant β2m is straightforward and results in a high yield of 

pure protein (approximately 40 mg per litre of bacterial culture). β2m thus serves as a useful 

model to study amyloid disease.   

3.2 Results 

3.2.1 Expression and purification of β2m 

In order to generate β2m to make amyloid fibrils for subsequent experiments, recombinant 

β2m was expressed in BL21 (DE3) pLysS cells carrying the pINK plasmid using an established 

protocol [325](Section 2.1 and Figure 3.4). Cells were lysed after induction of protein 

expression with isopropyl β-D-1-thiogalactopyranoside (IPTG) and the inclusion bodies 

containing β2m were isolated and solubilised as described (Section 2.1.2).  

β2m was purified from the inclusion bodies by anion exchange chromatography (Figure 3.5). 

β2m eluted in fractions corresponding to peak 1 as confirmed by SDS-PAGE analysis (Figure 

3.6). Fractions corresponding to peak 1 were pooled, dialysed against 18 MΩ purite water and 

lyophilised. The lyophilised protein was re-solubilised in 25 mM sodium phosphate buffer pH 

8.0 prior to further purification by size exclusion chromatography (Figure 3.7). Size exclusion 

chromatography was performed to separate monomeric β2m from dimeric β2m, higher order 

β2m aggregates and other contaminants. Peak 2 corresponds to pure β2m as confirmed by SDS-

PAGE analysis (Figure 3.8). Fractions corresponding to peak 2 were pooled, dialysed against 18 

MΩ purite water and lyophilised for storage at -20°C. 

Analytical gel filtration was used to check the purity of β2m upon reconstitution from 

lyophilised powder stored at -20 °C (Figure 3.9). A single symmetrical peak was observed and is 

consistent with a pure preparation of β2m. Electrospray ionisation mass spectrometry (ESI-MS) 
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was used to determine the molecular weight of purified protein (Figure 3.10). A molecular 

mass of 11,859.48 ± 0.66 Da is consistent with the purified protein being monomeric β2m 

(expected mass = 11,860 Da). The additional low intensity peaks correspond to mono- and bi- 

phosphate adducts.  

 

Figure 3.4: Schematic of expression and purification strategy.  
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Figure 3.5: Anion exchange chromatography purification of solubilised inclusion bodies.  After isolation 

from IPTG induced BL21 DE3 pLysS cells carrying the pINK plasmid [325], inclusion bodies were 

solubilised in 25 mM Tris.HCl pH 8.0 containing 8 M urea. β2m was refolded by dialysis into 25 mM 

Tris.HCl pH 8.0 and purified from the inclusion bodies by anion exchange chromatography using a Q-

Sepharose column. The protein was eluted with a linear gradient of 0 – 400 mM NaCl in 25 mM Tris.HCl 

pH 8.0 over 650 ml. β2m elutes in peak 1. The corresponding fractions were pooled and dialysed against 

18 MΩ purite water. Samples spanning peaks 1 and 2 were collected for analysis by SDS-PAGE. 

  

Figure 3.6: SDS-PAGE analysis of β2m expression and purification by anion exchange chromatography. 

Samples were resolved by 15% Tris-Tricine SDS-PAGE and proteins were visualised with Coomassie Blue. 

Lane 1 – Soluble fraction of cell lysate post cell-lysis; 2 and 3 – Post-wash supernatant of inclusion body 

washes; 4 – Protein loaded onto anion exchange column after refolding by dialysis; 5 and 6 - Flow-

through of anion exchange column; 7 to 11 – samples spanning first peak of anion exchange 

chromatographic purification (1 from Figure 3.5) 
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Figure 3.7: Further purification of β2m by size exclusion chromatography. The lyophilised protein was 

dissolved in 10mM sodium phosphate buffer pH 7.2 to a concentration of approximately 1 mg/ml. 5ml 

of protein was loaded onto a Superdex 75 HiLoad 26/60 column per run. Samples spanning both peaks 1 

and 2 were collected for SDS-PAGE analysis.   

 

Figure 3.8: SDS-PAGE analysis of purification of β2m by size exclusion chromatography. Samples were 

resolved by 15% Tris-Tricine SDS-PAGE and proteins were visualised with Coomassie Blue. Lane 1- 

marker; 2 - sample from the second anion exchange chromatography peak (2 in Figure 3.5); 3 - sample 

from the first size exclusion chromatography (1 in Figure 3.7); 4 and 5 – samples spanning the second 

size exclusion chromatography peak (2 in Figure 3.7). 
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Figure 3.9: Analytical size exclusion chromatography to determine the purity of β2m. Lyophilised β2m 

stored at -20°C was dissolved in 10 mM sodium phosphate buffer pH 7.2 and then loaded onto a 

Superdex 75 HiLoad 16/10 column. 

 

Figure 3.10: Electrospray ionisation mass spectrometry (ESI-MS) analysis of the purified protein. Mass 

profiles generated by Maximum Entropy processing of the ESI-MS m/z spectra. The peak corresponding 

to 11859.48 ± 0.66 Da represents full-length wild-type β2m. The peaks to the right correspond to β2m 

bound to sodium and potassium ions. ESI-MS analysis was performed by Dr James Ault (University of 

Leeds, Astbury mass spectrometry facility manager). 
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3.2.2 Generation and characterisation of amyloid fibrils 

β2m amyloid fibrils with the previously described long, straight morphology were generated 

from purified monomeric β2m according to an established protocol (Section 2.4.1)[190]. Pure 

lyophilised β2m was resuspended in fibril growth buffer (10 mM sodium phosphate pH 2.0, 

containing 50 mM NaCl) and passed through a 0.2 µm filter (Sartorius). Protein concentration 

was adjusted to 120 µM prior to the addition of 0.1 % (v/v) seeds (fragmented β2m fibrils). 

Fibril formation was allowed to proceed quiescently at room temperature for 72 h.  

Fragmented fibrils can be used to model fibrils that are formed early on in the polymerisation 

process or those that fragment post-assembly. Previous work in our laboratory has shown that 

fragmentation of fibrils results in fibrils of shorter length but otherwise unchanged molecular 

architecture. These fragmented fibrils inhibit the cellular reduction of a commonly used cell 

viability substrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), to a 

greater extent than their unfragmented counterparts [190]. Fragmented fibrils were generated 

by fragmentation of mature long straight β2m amyloid fibrils for 48 h using a custom built 

precision stirrer (Section 2.4.2)[190]. 

To confirm fibrils generated in this project have the same properties as described previously, 

fragmented and unfragmented fibrils were characterised based on their biophysical, tinctorial 

and immunological properties. Thioflavin T (ThT) is an amyloid dye widely used for over 50 

years to monitor amyloid formation [369]. It is a fluorescent dye that fluoresces more intensely 

when bound to amyloid fibrils in vitro [86]. Samples of fragmented and unfragmented fibrils 

were characterised based on their binding to ThT, relative to monomer control (Section 2.4.3). 

An increase in ThT fluorescence over monomer control was observed for both fragmented (60-

fold) fibrils and unfragmented (110-fold) fibrils (Figure 3.11). The enhanced increase in ThT 

fluorescence for unfragmented fibrils over fragmented fibrils is consistently observed, however 

the mechanism for this is currently unknown. Despite many studies, the exact binding 

mechanism of ThT to amyloid fibrils has not yet been determined [369]. The enhanced ThT 

fluorescence of unfragmented fibrils compared to unfragmented fibrils could be due to the 

longer length providing more ThT binding sites in close proximity to each other compared to 

fragmented fibrils. 
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Figure 3.11: Characterisation of amyloid fibrils by ThT fluorescence. Samples of 1.2 µM β2m monomer,  

1.2 µM (monomer equivalent) fragmented or unfragmented fibrils were incubated with 10 µM ThT and 

the fluorescence measured. 60 readings were taken over 1 minute and the average fold increase over 

β2m monomer calculated. Error bars represent one standard deviation (S.D). 

The development of amyloid conformation-specific antibodies has created an additional 

experimental tool to characterise amyloid material (reviewed in [127]). Monomeric β2m, as 

well as fragmented and unfragmented fibril samples were dotted onto nitrocellulose 

membrane and immunoblotted with A11, WO1 and anti-β2m antibodies (Section 2.4.4). Aβ1-40 

oligomers were used as a positive control for the A11 antibody and Hsp70 as a negative control 

for the anti-β2m antibody. Both fragmented and unfragmented fibrils were bound by WO1, but 

not by A11 (Figure 3.12). Consistent with previously published work, this confirms the 

presence of an amyloid fibril epitope in both fragmented and unfragmented fibril samples as 

well as the absence of detectable oligomers recognised by A11 [190].  
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Figure 3.12: Analysis of β2m fibril samples with amyloid-specific antibodies. Samples of β2m monomer, 

unfragmented, or fragmented β2m fibrils were analysed by immunoblotting with the anti-oligomer 

antibody A11 (top), the anti-fibril antibody WO1 (middle) and the anti-β2m antibody (bottom). Aβ1-40 

oligomers (kind gift from Charles Glabe, University of California, Irvine) were used as a positive control 

for the A11 antibody. Antibody binding was detected with secondary anti-rabbit IgG-HRP (A11, β2m) or 

anti-mouse IgM-HRP (WO1) respectively and visualised by chemiluminescence. Hsp70 was used as a 

negative control for the anti- β2m antibody. Each dot contains 2.8 µg (β2m and Hsp70) or 1.1 µg (Aβ1-40) 

of protein/peptide. 

Fragmented and unfragmented fibril samples were analysed by negative stain transmission 

electron microscopy (TEM) to confirm the presence of fibrils and to visualise fibril morphology. 

Carbon coated copper grids were incubated with fragmented and unfragmented fibril samples 

prior to imaging (Section 2.4.5). Images for both fibril samples show rope-like, twisted fibrils 

with fragmented fibrils being qualitatively of a reduced length compared to their 

unfragmented counterparts (Figure 3.13). 
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Figure 3.13: TEM images of fibrils generated from β2m. Fibril samples were diluted to 6 µM (monomer 

equivalent) before incubation on carbon coated copper grids for 30 s. Grids were dried after fibril 

incubation and negatively stained with 4 % (w/v) uranyl acetate. Imaging was performed with a Phillips 

CM10 electron microscope at a magnification of 52,000. The scale bars represent 200 nm. 

The effect of fragmentation on the structure of β2m amyloid fibrils has been previously 

characterised extensively [190]. However for the purpose of this chapter, the effect of 

fragmentation on fibril length was determined by atomic force microscopy (AFM) (Section 

2.4.6). Fibrils were imaged by tapping mode AFM and fibril length was quantified using 

automated scripts generated by Wei-Feng Xue (University of Kent)[328]. The fibril length 

distribution for unfragmented fibrils is broad and shallow with an average length of 1.30 ± 0.05 

µm, whilst that for fragmented fibrils is narrower with an average length of 0.30 ± 0.01 µm 

(Figure 3.14).  
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Figure 3.14: Analysis of fibril length by AFM. AFM images (top) of fragmented (left) and unfragmented 

(right) β2m fibrils. Scale bars represent 1 µm. Histograms (bottom) showing the fibril length distribution 

calculated from >200 particles. Images acquired and calculations performed by Kevin Tipping, University 

of Leeds. 

3.2.3 Analysis of the effect of fibrils on the cellular reduction of MTT 

Having generated fibrils of defined length, and biophysical and immunological characteristics, 

the next step was to analyse the effect of fibrils on cellular viability. This involved the use of 

two cell lines, the human neuroblastoma cell line, SH-SY5Y and the mouse macrophage cell 

line, RAW 264.7. SH-SY5Y cells are widely used to study amyloid-cell interactions [242, 370, 

371]. Macrophages have been implicated in disease progression in DRA and therefore RAW 

264.7 cells serve as a good model to study macrophage interactions with amyloid [247, 372]. 

Cell viability was analysed using the commonly used viability assay, the MTT assay [373-

376](Figure 3.15). The MTT assay measures the ability of viable cells to internalise the yellow 

tetrazolium salt (MTT) and reduce it to a dark blue product (formazan) [373]. MTT is thought to 

be reduced by mitochondrial dehydrogenases [377]. Spectroscopic measurement of the dark 
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blue product of reduction allows quantification of cell viability. The yellow MTT salt is 

internalised by endocytosis and the reduced formazan accumulates in intracellular-granule like 

structures prior to exocytosis to the cell surface where it accumulates as needle-like crystals 

[378].  

Cells were incubated with β2m monomer, fragmented or unfragmented β2m fibrils at a final 

monomer equivalent concentration of 1.2 µM for 24 h (Section 2.5.1). β2m monomer serves as 

control as it is the same protein however it is natively folded and lacks the cross-β architecture 

of amyloid fibrils. Additional controls were included to allow data normalisation; these were 

0.1 % (w/v) sodium azide (0 % MTT reduction) and fibril growth buffer alone (100 % MTT 

reduction). As reported previously for both RAW 264.7 and SH-SY5Y cells, fragmented fibrils 

inhibited MTT reduction to a greater extent than unfragmented fibrils (Figure 3.16)[190].  
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Figure 3.15: Schematic showing an overview of the MTT assay.  Cells were plated on to 96 well plates 

prior to incubation with fibril growth buffer (left), β2m monomer (centre left), fragmented β2m fibrils 

(centre right) or unfragmented β2m fibrils (right). Cells were then incubated with MTT which is a yellow 

salt. Reduced formazan is a dark blue product. Spectroscopic measurement of reduced formazan allows 

quantification of MTT reduction.  
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Figure 3.16: Analysis of the effect of fibrils on MTT reduction.  MTT assays were performed using β2m 

monomer, fragmented and unfragmented β2m fibrils at a final monomer equivalent concentration of 1.2 

µM. RAW 264.7 cells (A) and SH-SY5Y cells (B) were incubated with fibrils or controls for 24 h before 

being tested for MTT reduction. MTT reduction (%) was calculated by normalising the signal from cells 

incubated with fibril growth buffer as 100% and cells treated with 0.1% (w/v) NaN3 as 0%.  The error 

bars represent one standard error of mean (S.E.M.) over five independent experiments each containing 

five replicates. *** signifies a p value <0.001. 
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The use of the MTT assay in assessing the cytotoxicity of amyloid material must be approached 

with care. Previous work with Aβ peptides and amylin has shown that amyloid preparations 

inhibit MTT reduction, however, this inhibition is associated with an increase in formazan 

exocytosis [379-383]. Increased formazan exocytosis is visualised by an increased amount of 

needle-like formazan crystals at the cell surface [380] and has been proposed to impair cell 

membrane integrity [382, 383]. This inhibition in MTT reduction is uncoupled from any effect 

on cell death when assayed by alternative viability assays [380-382]. Indeed, analysis of RAW 

264.7 and SH-SY5Y cells incubated with fibrils or controls demonstrated that formazan 

accumulates primarily in intracellular granule-like structures in fibril growth buffer or β2m 

monomer controls (Figure 3.17 and Section 2.5.2). Both fragmented and unfragmented fibrils, 

however, markedly increased the deposition of formazan as extracellular needle-like crystals 

(Figure 3.17).  
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Figure 3.17: Phase contrast microscopy images of fibril treated cells incubated with MTT.  RAW 264.7 

cells (left) and SH-SY5Y cells (right) were incubated with β2m monomer or fibrils at a final monomer 

equivalent concentration of 1.2 µM for 24h. Cells were incubated with MTT 90 min prior to imaging by 

phase contrast microscopy. Reduced formazan was visualised as dark intracellular granules as observed 

in buffer and monomer treated cells (open triangle) or extracellular needles as observed in fibril treated 

cells (filled triangle). The scale bar represents 20 µm.  



95 

 

3.3 Discussion  

The thermodynamic and kinetic stability of amyloid fibrils, with particular focus on the 

reversibility of amyloid formation and fibril disassembly to release potentially cytotoxic 

species, has been implicated as an important factor in determining amyloid cytotoxicity [101, 

117, 161, 166, 177, 180, 191, 192]. The mechanical stability of amyloid fibrils may also be an 

important factor [101, 384]. Fragmentation of preformed amyloid fibrils may occur in vivo in 

the joints of DRA patients due to shear forces and mechanical stress [384]. Fibril fragmentation 

may also be caused by enzymatic action, for example, the molecular chaperone Hsp104 has 

been shown to fragment fibrils from the yeast prion protein Sup35 [385]. In addition, 

fragmented (i.e. short) fibrils may represent species that are formed during fibril elongation in 

vivo.   

Fragmentation of β2m amyloid fibrils alters their biological characteristics without changing 

their structural characteristics. Fragmented β2m amyloid fibrils display the same biophysical 

and immunological characteristics (Figure 3.12 and Figure 3.13) but have a reduced average 

length (Figure 3.14)[190]. This reduction in length is an important factor in the inhibition of 

MTT reduction (Figure 3.16). Reduced fibril length has also been shown to be an important 

factor in the disruption of artificial lipid membranes [190]. Although beyond the scope of this 

thesis, an extensive characterisation on fragmented and unfragmented β2m fibrils has been 

performed previously [190, 386]. This includes immunoblotting with WO1 and A11, of 

increasing concentrations of fragmented and unfragmented β2m fibril samples up to 2400 µM 

(20 times the concentration tested in Figure 3.12). Oligomers bound by A11 were still 

undetectable at these high concentrations. Fibril architecture and fibril height were also 

analysed by Fourier transform infrared (FTIR) spectroscopy and AFM and were shown to be 

unchanged by fragmentation [190]. This characterisation is important to aid rationalisation of 

the differences in cellular effects between oligomer and fibril populations.  

 The MTT assay is a widely used cellular viability assay, however the use of it in determining 

the cytotoxicity of amyloid preparations has been questioned [379-383]. Amyloid aggregates 

of Aβ and amylin have been shown to inhibit MTT reduction in the absence of a loss in cell 

viability as mentioned above [380-382]. The inhibition in MTT reduction is thought to be linked 

to the enhanced exocytosis of formazan needles. This increase in extracellular formazan 

needles is thought to prevent endocytosis of the MTT salt, thereby inhibiting further reduction 

of MTT into formazan [379]. Indeed, the inhibition of MTT reduction by β2m fibrils is coupled 

with an increase in extracellular formazan needles comparable to those reported with 

aggregated Aβ peptide (Figure 3.17) [380]. 
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To investigate whether the inhibition of MTT reduction by β2m amyloid fibrils was 

accompanied by a loss in cell viability, two additional viability assays were employed in our 

laboratory. Cellular ATP levels, which can be used as a measure of cell viability, were measured 

after incubation with fibrils or controls [387]. β2m amyloid fibrils were shown to have no effect 

on cellular ATP levels, suggesting that the inhibition of MTT reduction is not due to loss in cell 

viability (Morwenna Porter, personal communications and Figure 3.18). Another cellular 

viability assay using the tetrazolium salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulphophenyl)-2H-tetrazolium sodium salt (WST-1), employs the use of cellular reduction as 

a measure of cell viability. However, in this instance, reduction is thought to occur at the 

plasma membrane as opposed to the intracellular reduction of MTT [377]. WST-1 reduction 

was also measured after incubation with fibrils or controls. β2m amyloid fibrils were also 

shown to have no effect on WST-1 reduction indicating no impairment in the overall cellular 

reductive capacity (Morwenna Porter, personal communications and Figure 3.18). Although 

β2m amyloid fibrils do not affect cell viability, their effect on MTT reduction, in particular, the 

exocytosis of formazan needles provides clues of altered cell biology. Experiments designed to 

investigate these alterations are discussed in chapters 4 and 5. 
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Figure 3.18: Analysis of the effect of fibrils on cell viability.  ATP (A,B) and WST-1 (C,D) assays were 

performed using fragmented and unfragmented fibrils at a final monomer equivalent concentration of 

1.2 µM. RAW 264.7 cells (A,C) and SH-SY5Y cells (B,D) were incubated with fibrils or controls for 24 h 

before being assayed for cellular ATP levels or WST-1. ATP levels and WST-1 reduction (%) was 

calculated by normalising the signal from cells incubated with fibril growth buffer as 100%  and cells 

treated with 0.1% (v/v) NaN3 as 0%.  The error bars represent one S.E.M. over two to three independent 

experiments each containing five replicates. Assays performed by Morwenna Porter. 
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4 Analysis of the effect of amyloid fibrils on lysosome function 

4.1 Introduction 

Increasing evidence points towards disruption of the lysosomal compartment in amyloid 

disease, in particular, lysosome and autophagy dysfunction have been consistently reported as 

mechanisms underlying pathogenesis in Alzheimer’s, Parkinson’s and Huntington’s disease 

(reviewed in [255, 278, 388, 389]. Further evidence for lysosomal involvement comes from 

studies which demonstrate that inhibition of lysosomal function leads to neuronal dystrophy 

reminiscent of that observed in Alzheimer’s disease [284]. Indeed, amyloid aggregates have 

been reported to accumulate in the endolysosomal system and this accumulation is associated 

with lysosomal dysfunction [242, 261, 263, 265]. Accumulation of amyloid aggregates in the 

endolysosomal system has also been demonstrated for β2m. Analysis of amyloid deposits from 

DRA patients shows an accumulation of β2m fibrils in the lysosomes of surrounding 

macrophages [390]. This is further supported by previous work from our laboratory. 

Macrophages were shown to internalise β2m fibrils [247]. However, unlike β2m monomer, β2m 

fibrils were shown to be resistant to lysosomal degradation resulting in their persistence in the 

lysosome [247]. This lysosomal accumulation and persistence has also been shown for fibrils 

formed by the truncated form of β2m, ΔN6 β2m, in primary human monocytes [248]. This 

chapter examines whether β2m fibrils, upon trafficking to the lysosome, perturb lysosomal 

function.  

Interestingly, β2m fibril internalisation has been shown to be length dependent. Fragmented 

β2m fibrils are internalised to a much greater extent than their unfragmented counterparts 

(Andrew Hellewell, personal communications and Figure 4.1). Fragmented fibrils would thus 

have greater access to intracellular compartments such as the lysosome where it has been 

shown to be trafficked to. Experiments were therefore focussed on fragmented β2m fibrils. 

Unless explicitly stated otherwise, the experiments described in this chapter and subsequent 

chapters were performed with fragmented β2m fibrils.   
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Figure 4.1: Quantification of intracellular TMR labelled β2m monomer and fibrils from confocal 

images. Intracellular fluorescence from confocal images of RAW 264.7 (top) and SH-SY5Y cells (bottom) 

incubated with TMR labelled β2m monomer, fragmented or unfragmented β2m fibrils for 4 h was 

quantified using Image J. Ten images were collected for each condition and cell boundaries were 

delineated by hand using the phase contrast images. Images were acquired on a Zeiss LSM510 confocal 

microscope with a 40X objective. Representative images of cells treated with fibrils are shown on the 

left. The mean pixel intensity from the red channel (TMR) was calculated and is graphically shown on the 

right. Error bars represent one S.E.M. 158 RAW 264.7 and 60 SH-SY5Y cells were analysed. Experiment 

performed by Andrew Hellewell.  



100 

 

As degradation and recycling of macromolecules is one of the primary functions of the 

lysosome, the effect of fragmented fibrils on the ability of lysosomes to perform this crucial 

function was investigated [391]. Indeed, disruption to lysosome mediated degradation has 

been reported as a mechanism involved in the pathogenesis of amyloid disease [284, 285, 

289](Section 1.5.4.2.2). The effect of fragmented β2m amyloid fibrils on lysosome mediated 

protein degradation was studied and will be discussed here. In addition, the effect of 

fragmented β2m fibrils on the activities of two other lysosomal hydrolases, β-

glucocerebrosidase and β-galactosidase was examined.  

4.2 Results 

4.2.1 Analysis of the effect of fragmented fibrils on lysosomal proteolysis 

4.2.1.1 TMR-labelled β2m monomer as a lysosomal protease substrate 

In order to investigate the effect of fragmented β2m fibrils on lysosomal proteolysis, cells were 

incubated with fluorescently labelled substrates and their hydrolysis was followed by 

measuring cell-associated fluorescence by flow cytometry. β2m monomer labelled with 

tetramethylrhodamine (TMR-β2m) was initially selected for use as a substrate as previous work 

using RAW 264.7 cells and primary human monocytes revealed that exogenously added β2m 

monomer is trafficked to the lysosome where it is degraded by lysosomal proteases [247, 248]. 

RAW 264.7 and SH-SY5Y cells were incubated with either fragmented β2m fibrils or fibril 

growth buffer as a control for 24 h. Cells were then pulsed with fluorescent protein substrate 

(TMR-β2m) for 4 h (RAW 264.7) or 6 h (SH-SY5Y) (Section 2.7.1). At the end of TMR-β2m pulse, 

cells were either analysed for cell-associated fluorescence (0 h chase) or cultured for a further 

24 h in the absence of TMR-β2m. Cell-associated fluorescence was also measured 24 h after 

TMR-β2m pulse (24 h chase). Cell-associated fluorescence at 0 h chase gives a measure of 

uptake of fluorescent protein substrate, in this case TMR-β2m. The cell-associated fluorescence 

at 24 h chase gives a measure of the amount of fluorescent protein substrate remaining in cells 

24 h after pulse. A comparison of fluorescence at 24 h chase to that at 0 h chase would 

therefore allow an estimation of lysosome-mediated degradation of fluorescent protein 

substrate over 24 h (Figure 4.2).   
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Figure 4.2: Schematic of the lysosomal proteolysis assay.  

Cell-associated fluorescence at 24 h chase in both RAW 264.7 and SH-SY5Y cells was higher in 

cells incubated with fragmented β2m fibrils than those incubated with fibril growth buffer 

(Figure 4.3 and Figure 4.4). This suggests that β2m fibrils impair lysosomal proteolysis. 

However, as fragmented fibrils also contain β2m, the possibility that TMR-β2m is incorporated 

into proteolytically resistant fibrils in the lysosome could not be excluded [247]. The increased 

cell-associated fluorescence at 24 h chase in fibril-treated cells could therefore be due to an 

incorporation of TMR-β2m into fibrils and may not necessarily reflect disruption in lysosomal 

proteolysis.  
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Figure 4.3: Analysis of the effect of fibrils on the degradation of TMR-β2m in RAW 264.7 cells. Cells 

were incubated with either fragmented fibrils at a final monomer equivalent concentration of 1.2 µM or 

fibril growth buffer for 24 h. Cells were then pulsed with TMR-β2m and analysed for cell-associated 

fluorescence immediately after pulse (0 h) or cultured for a further 24 h in the absence of TMR-β2m and 

analysed (24 h chase). (A) Representative flow cytometry data comparing cell-associated fluorescence at 

24 h chase with that at 0 h chase for each experimental condition. (B) Quantification of flow cytometry 

data. TMR-β2m fluorescence (%) was calculated by normalising the fluorescence at 24 h chase to the 

fluorescence at 0 h chase for each treatment. Error bars represent one S.E.M. over two independent 

experiments containing three replicates each. Flow cytometry data was collected on a BD LSRFortessa 

analyser (Becton Dickinson).   
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Figure 4.4: Analysis of the effect of fibrils on the degradation of TMR-β2m in SH-SY5Y cells. Cells were 

incubated with either fragmented fibrils at a final monomer equivalent concentration of 1.2 µM or fibril 

growth buffer for 24 h. Cells were then pulsed with TMR-β2m and analysed for cell-associated 

fluorescence immediately after pulse (0 h) or cultured for a further 24 h in the absence of TMR-β2m and 

analysed (24 h chase). (A) Representative flow cytometry data comparing cell-associated fluorescence at 

24 h chase with that at 0 h chase. (B) Quantification of flow cytometry data. TMR-β2m fluorescence (%) 

was calculated by normalising the fluorescence at 24 h chase to the fluorescence at 0 h chase for each 

treatment. Error bars represent one S.E.M. over three independent experiments containing three 

replicates each. *** signifies a p value of <0.001. Flow cytometry data was collected on a BD 

LSRFortessa analyser (Becton Dickinson).  
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4.2.1.2 Pumilio-GFP as a lysosomal protease substrate 

Due to the complications associated with using TMR-β2m as a lysosomal protease substrate, an 

unrelated protein, Pumilio conjugated to GFP was selected. Pumilio, from Drosophila 

Melanogaster is a 157 KDa cytoplasmic protein [392]. Degradation of GFP is predicted to be 

coupled with a loss of fluorescence. The loss in cell-associated fluorescence can therefore be 

used as an estimate of Pumilio-GFP degradation.  RAW 264.7 cells were incubated with either 

fragmented β2m fibrils or fibril growth buffer as a control for 24 h. Cells were then pulsed with 

fluorescent protein substrate, in this case, Pumilio-GFP (Section 2.7.1). Cell-associated 

fluorescence was quantified by flow cytometry, immediately after pulse (0 h chase) or cells 

were cultured for a further 24 h in the absence of Pumilio-GFP. Cell-associated fluorescence 

was also measured 24 h after pulse (24 h chase). Cells incubated with fragmented β2m fibrils 

had a greater amount of cell-associated fluorescence at 24 h chase than buffer controls (Figure 

4.5). In combination with experiments using TMR-β2m, this suggests that fragmented fibrils 

disrupt lysosomal proteolysis. 
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Figure 4.5: Analysis of the effect of fibrils on the degradation of Pumilio-GFP in RAW 264.7 cells. Cells 

were incubated with either fragmented fibrils at a final monomer equivalent concentration of 1.2 µM or 

fibril growth buffer for 24 h. Cells were then pulsed with Pumilio-GFP and analysed for cell-associated 

fluorescence immediately after pulse (0 h chase) or cultured for a further 24 h in the absence of Pumilio-

GFP and analysed (24 h chase). (A) Representative flow cytometry data comparing cell-associated 

fluorescence at 24 h chase with that at 0 h chase. (B) Quantification of flow cytometry data. Pumilio-GFP 

fluorescence (%) was calculated by normalising the fluorescence at 24 h chase to the fluorescence at 0 h 

chase for each treatment. Error bars represent one S.D. over two replicates. Flow cytometry data was 

collected on a BD LSRFortessa analyser (Becton Dickinson).  
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Two caveats present themselves with this experiment. The first, although Pumilio-GFP is 

predicted to be internalised by fluid phase endocytosis; unlike β2m, its internalisation and 

trafficking to the lysosome as well as degradation in the lysosome has not been characterised. 

The second caveat is that GFP fluorescence varies with pH and is diminished at acidic pH. 

Indeed, when Pumilio-GFP fluorescence was measured in vitro, a significant decrease in 

fluorescence intensity was observed when pH was reduced from 7.4 (cytosolic pH) to both 5.5 

(late endosomal pH) and 4.5 (lysosomal pH) (Figure 4.6 and Section 2.7.1.2.1). The increased 

cell-associated fluorescence in fibril-treated cells could therefore also be due an increase in 

lysosomal pH. It is not possible, therefore, to distinguish between the effect of fibrils on 

lysosomal proteolysis and on lysosomal pH in these experiments.  

   

Figure 4.6: Pumilio-GFP fluorescence intensity varies with pH. Fluorescence emission spectra of 150 

µg/ml Pumilio-GFP at pH 4.5, 5.5 and 7.4. Pumilio-GFP was diluted in buffer immediately before 

fluorescence emission spectra were collected. The background corrected mean fluorescence is shown.  
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4.2.1.3 Alexa Fluor® 647 ovalbumin as a lysosomal protease substrate 

In order to overcome the limitations of using TMR-β2m and Pumilio-GFP as fluorescent protein 

substrates, a third substrate, Alexa Fluor® 647 labelled ovalbumin (AF647-ovalbumin) was 

selected for use in subsequent experiments. Ovalbumin has been shown to be trafficked via 

the endocytic pathway to the lysosome where it is degraded [393]. The fluorescence of the 

conjugated fluorophore, Alexa Fluor® 647, is pH insensitive. AF647-ovalbumin is therefore a 

better suited substrate to analyse the effect of fragmented β2m fibrils on lysosomal 

proteolysis.  

To confirm that ovalbumin is internalised and trafficked to the lysosome, cells were analysed 

by live cell confocal microscopy (Section 2.7.1.3). RAW 264.7 cells were incubated with either 

fragmented β2m fibrils or controls (fibril growth buffer and β2m monomer). Cells were then 

pulsed with AF647-ovalbumin for 4 h and imaged by live cell confocal microscopy immediately 

after pulse (0 h chase) or cultured for a further 24 h in the absence of AF647-ovalbumin and 

then imaged (24 h chase). Cells were stained with LysoTracker Green 30 min prior to imaging. 

LysoTracker Green is a fluorescent lysosomal marker used for its ability to accumulate in acidic 

vesicles.  

AF647-ovalbumin was localised to intracellular punctate structures which co-stained with 

LysoTracker Green at 0 h chase (Figure 4.7, part 1). Images taken at 24 h chase show reduced 

AF647-ovalbumin fluorescence when compared to those at 0 h chase (Figure 4.7, part 2). This 

suggests that ovalbumin is degraded in the lysosome. Interestingly, AF647-ovalbumin 

fluorescence at 24 h chase in cells treated with fragmented fibrils was greater than in buffer or 

β2m monomer controls (Figure 4.7, part 2).  
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Figure 4.7: Analysis of the internalisation, localisation and degradation of fluorescently labelled 

ovalbumin in RAW 264.7 cells (part 1 of 2). For legend, see next page.  
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Figure 4.7: Analysis of the internalisation, localisation and degradation of fluorescently labelled 

ovalbumin in RAW 264.7 cells (part 2 of 2). Cells were incubated with 1.2 µM (monomer equivalent) 

fragmented β2m fibrils or 1.2 µM β2m monomer and fibril growth buffer as controls for 24 h. Cells were 

then pulsed with 15 µg/ml AF647-ovalbumin (40 % labelled: 60 % unlabelled) for 4 h. Cells were washed 

and imaged immediately after pulse (0 h chase, part 1) or cultured in the absence of AF647-ovalbumin 

for 24 h and imaged (24 h chase, part 2). Cells were stained with 50 nm LysoTracker Green 30 min prior 

to imaging. Images were acquired with a Zeiss LSM700 confocal microscope and a 63X objective. 

Representative confocal images for each condition are shown. Scale bar represents 10 µm.    
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When the uptake and degradation of AF647-ovalbumin was analysed in SH-SY5Y cells, 

ovalbumin was also found to localise to punctate structures which co-stain with LysoTracker 

Green (Figure 4.8, part 1). As observed in RAW 264.7 cells, reduced ovalbumin fluorescence 

was observed at 24 h chase in SH-SY5Y cells. Cells treated with fragmented fibrils also showed 

greater ovalbumin fluorescence at 24 h chase than cells treated with fibril growth buffer or 

β2m monomer controls (Figure 4.8, part 2).  

 

Figure 4.8: Analysis of the internalisation, localisation and degradation of fluorescently labelled 

ovalbumin in SH-SY5Y cells (part 1 of 2). For legend, see next page. 
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Figure 4.8: Analysis of the internalisation, localisation and degradation of fluorescently labelled 

ovalbumin in SH-SY5Y cells (part 2 of 2). Cells were incubated with 1.2 µM (monomer equivalent) 

fragmented β2m fibrils or 1.2 µM β2m monomer and fibril growth buffer as controls for 24 h. Cells were 

then pulsed with 15 µg/ml AF647-ovalbumin (40 % labelled: 60 % unlabelled) for 6 h. Cells were washed 

and imaged immediately after pulse (0 h chase, part 1) or cultured in the absence of AF647-ovalbumin 

for 24 h and imaged (24 h chase, part 2). Cells were stained with 75 nm LysoTracker Green 30 min prior 

to imaging. Images were acquired with a Zeiss LSM700 confocal microscope and a 63X objective. 

Representative confocal images for each condition are shown. Scale bar represents 10 µm.    
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In order to ensure that the decrease in ovalbumin fluorescence was due to a decrease in 

protein levels and not due to photobleaching of AF674, RAW 264.7 and SH-SY5Y cells were 

pulsed with unlabelled ovalbumin and analysed by immunoblotting. Cells were lysed 

immediately after pulse with ovalbumin (0 h chase) or cultured for a further 24 h in the 

absence of ovalbumin and lysed (24 h chase). Cell lysates were immunoblotted for ovalbumin 

using an HRP-conjugated anti-ovalbumin antibody (anti-ovalbumin-HRP) (Section 0). Detection 

of ovalbumin in cell lysates was limited by the poor sensitivity of anti-ovalbumin HRP. A ten-

fold increase in concentration (over that used for confocal microscopy analysis) was required 

to enable detection by immunoblotting of cell-associated ovalbumin at 0 h chase. Ovalbumin 

was detected in 0 h chase cell lysates from cells pulsed with 150 µg/ml ovalbumin but not in 

those pulsed with 15 µg/ml ovalbumin (Figure 4.9). In cell lysates from cells pulsed with 150 

µg/ml ovalbumin, ovalbumin was no longer detected at 24 h chase. Ovalbumin levels were 

detectable by confocal live cell microscopy at 24 h chase, yet undetectable by immunoblotting 

within the same time frame. This may reflect differences in the sensitivity of techniques. 

Nevertheless, the disappearance of the ovalbumin band in cell lysates immunoblotted for 

ovalbumin at 24 h chase indicates a reduction in ovalbumin levels. This suggests that the 

decrease in ovalbumin fluorescence observed by confocal microscopy is due to a decrease in 

protein levels.  

 

Figure 4.9: Immunoblotting analysis to assess the degradation of ovalbumin in RAW 264.7 and SH-

SY5Y cells.  RAW 264.7 (top) and SH-SY5Y (bottom) cells were pulsed with ovalbumin at the indicated 

concentrations for 4 h and 6 h respectively. Cells were then washed and lysed either immediately (0 h 

chase) after pulse or cultured for a further 24 h and lysed (24 h chase). Cell lysates were analysed by 

immunoblotting with an HRP-conjugated ovalbumin-specific antibody.  

Flow cytometry was used to quantify lysosomal proteolysis of AF647-ovalbumin as described 

for TMR-β2m and Pumilio-GFP (Section 2.7.1.2). Cells were incubated with either fragmented 

β2m fibrils or controls (β2m monomer and fibril growth buffer). Cells were pulsed with AF647-
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ovalbumin and analysed for cell-associated fluorescence immediately after pulse (0h chase) or 

cultured for a further 24 h in the absence of AF647-ovalbumin and analysed (24 h chase). Cell-

associated ovalbumin fluorescence at 24 h chase was greater in fibril treated cells compared to 

controls for both RAW 264.7 and SH-SY5Y cells (Figure 4.10 and Figure 4.11). This suggests that 

ovalbumin degradation is impaired in fibril-treated cells. In combination, data from 

experiments with TMR-β2m, Pumilio-GFP and AF647-ovalbumin, strongly indicate an inhibition 

in the lysosomal degradation of endocytosed proteins by fragmented fibrils.   
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Figure 4.10: Analysis of the effect of fibrils on the degradation of AF647-ovalbumin in RAW 264.7 cells. 

Cells were incubated with either fragmented fibrils at a final monomer equivalent concentration of 1.2 

µM, 1.2 µM β2m monomer or fibril growth buffer for 24 h. Cells were then pulsed with AF647-ovalbumin 

for 4 h and analysed for cell-associated fluorescence immediately after pulse (0 h chase) or cultured for 

a further 24 h in the absence of AF647-ovalbumin and analysed (24 h chase). (A) Representative flow 

cytometry data comparing cell-associated fluorescence at 24 h chase with that at 0 h chase. (B) 

Quantification of flow cytometry data. Ovalbumin fluorescence (%) was calculated by normalising the 

fluorescence at 24 h chase to the fluorescence at 0 h chase for each treatment. Error bars represent one 

S.E.M. over three independent experiments containing three replicates each. Flow cytometry data was 

collected on a BD LSRFortessa analyser (Becton Dickinson). ** signifies a p value of <0.01.   
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Figure 4.11: Analysis of the effect of fibrils on the degradation of AF647-ovalbumin in SH-SY5Y cells. 

Cells were incubated with either fragmented fibrils at a final monomer equivalent concentration of 1.2 

µM, 1.2 µM β2m monomer or fibril growth buffer for 24 h. Cells were then pulsed with AF647-ovalbumin 

for 6 h and analysed for cell-associated fluorescence immediately after pulse (0 h chase) or cultured for 

a further 24 h in the absence of AF647-ovalbumin and analysed (24 h chase). (A) Representative flow 

cytometry data comparing cell-associated fluorescence at 24 h chase with that at 0 h chase. (B) 

Quantification of flow cytometry data. Ovalbumin fluorescence (%) was calculated by normalising the 

fluorescence at 24 h chase to the fluorescence at 0 h chase for each treatment. Error bars represent one 

S.E.M. over three independent experiments containing three replicates each. Flow cytometry data was 

collected on a BD LSRFortessa analyser (Becton Dickinson). *** signifies a p value of <0.001.   
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4.2.1.4 Magic Red™ as a lysosomal protease substrate 

All of the assays on lysosomal proteolysis described above rely on internalisation of the 

labelled protein substrate by endocytosis. Impairment in the lysosome-mediated degradation 

of these labelled proteins could be due to inhibition of lysosomal proteases or a disruption in 

delivery of cargo to lysosomes. In order to distinguish between these two possibilities, 

lysosomal proteolysis was assayed using a commercially available substrate, Magic Red™ 

cathepsin B substrate.  Like in the assays described above, this substrate provides a method to 

assay varying levels of lysosomal hydrolase (in this case cathepsin B) activity in intact and living 

cells. The substrate, which is conjugated to a cresyl violet fluorophore, is non-fluorescent when 

uncleaved. It contains a cathepsin B targeting sequence. Cathepsin B cleaves the substrate 

releasing the flurophores which are then free to fluoresce. Cresyl violet fluorescence can 

therefore be used as a measure of cathepsin B activity in cells. Crucially, because the Magic 

Red™ cathepsin B substrate is cell membrane permeable, it does not require endocytosis for 

targeted delivery to the lysosome. 

Disruption in delivery of cargo to lysosomes as discussed in section (Section 1.5.4.2.3) and 

endolysosomal trafficking has been heavily implicated in neurodegenerative diseases [255, 

256, 292, 323, 324, 394, 395]. For this reason, experiments were focused on analysis of the 

effect of fragmented fibrils on a model neuronal cell line, SH-SY5Y.  

In order to confirm that the Magic Red™ cathepsin B substrate is cleaved in the lysosome, SH-

SY5Y cells were incubated with Magic Red™ cathepsin B substrate and cresyl violet 

fluorescence was visualised by live cell confocal microscopy. SH-SY5Y cells were incubated with 

or without Magic Red™ cathepsin B substrate (Section 2.7.2.1). Cells were then stained with 

LysoTracker Green prior to imaging. Cresyl violet fluorescence co-localised with LysoTracker 

green positive compartments (Figure 4.12), indicating that the Magic Red™ cathepsin B 

substrate is cleaved in acidic compartments that presumably correspond to lysosomes.  
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Figure 4.12: Analysis of the internalisation and cleavage of Magic red™ cathepsin B substrate. SH-SY5Y 

cells were incubated with Magic Red™ cathepsin B substrate (top panel) or in the absence of Magic 

Red™ cathepsin B substrate (bottom panel) for 1 h. Magic red™ is fluorescent upon cleavage. Cells were 

washed and stained with LysoTracker Green prior to imaging. Cells were imaged using a Zeiss LSM700 

confocal microscope and a 63X objective. Representative confocal images for each condition are shown. 

Scale bar represents 10 µm.  

Having established that Magic Red™ cathepsin B substrate is cleaved in acidic compartments, 

SH-SY5Y cells were incubated with either fragmented β2m fibrils or controls (fibril growth 

buffer and β2m monomer controls) for 24 h. Cells were then incubated with the Magic Red™ 

cathepsin B substrate and cell-associated fluorescence was quantified by flow cytometry 

(Section 2.7.2.1). Cleavage of Magic Red™ cathepsin B substrate was not significantly affected 

by fragmented fibrils in SH-SY5Y cells (Figure 4.13), suggesting that fibrils do not inhibit 

cathepsin B activity. Since the Magic Red™ cathepsin B substrate is cell permeable and thus 

does not require targeted delivery to the lysosome, the decreased lysosome-mediated 

degradation observed with TMR-β2m, Pumilio-GFP and AF647-ovalbumin could therefore be 

due to: 1) inhibition of other lysosomal proteases and hydrolases, 2) disruption in 

endolysosomal trafficking or 3) disruption in targeted delivery of cargo to lysosomes.  
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Figure 4.13: Analysis of the effect of fibrils on lysosomal cathepsin B activity. SH-SY5Y cells were 

incubated with either fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM, 1.2 

µM β2m monomer or fibril growth buffer for 24 h. Cells were then washed and incubated with Magic 

Red™ cathepsin B substrate for 1 h. Magic Red™ cathepsin B substrate is fluorescent upon cleavage and 

therefore cell-associated fluorescence gives a measure of cathepsin B activity in cells. Cells were washed 

and analysed for cell-associated fluorescence by flow cytometry. (A) Representative flow cytometry data 

comparing cathepsin B activity in buffer, monomer and fibril treated cells. (B) Quantification of flow 

cytometry data.  Cathepsin B activity (%) was calculated by normalising against signal from cells that 

were incubated with fibril growth buffer (100 %). Error bars represent one S.E.M. over three 

independent experiments each containing three replicates per condition. Flow cytometry data was 

collected on a BD LSRFortessa analyser (Becton Dickinson).  
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4.2.2 Analysis of the effect of fibrils on autophagy 

Disruption in autophagy has been heavily implicated in neurodegenerative amyloid diseases 

(discussed in Section 1.5.4.2.3)[255, 256, 292]. With this precedent in mind, the impairment of 

the lysosome mediated degradation of exogenously added protein substrates but not of the 

cell permeant Magic Red™ cathepsin B substrate could indicate disruption in cargo delivery to 

lysosomes or endolysosomal trafficking. The effect of fibrils on endolysosomal trafficking will 

be discussed in chapter 5. One of the proposed mechanisms of autophagy disruption in 

amyloid disease is a perturbation in the delivery of cargo (autophagosomes) to lysosomes 

which is essential for the formation of functional autolysosomes [255]. Another proposed 

mechanism is the inhibition of lysosomal mediated degradation in autolysosomes [255]. A 

preliminary investigation of the effect of fibrils on autophagy was conducted by 

immunoblotting with an antibody against the B form of LC3, a commonly used autophagy 

marker [396]. LC3-II is the lipidated form of LC3-I. Lipidation is required for recruitment to 

autophagosomes and is therefore used as an indicator of autophagy activation. The anti-LC3 B 

antibody recognises both, LC3-I and LC3-II.  

SH-SY5Y cells were incubated with fragmented β2m fibrils or β2m monomer as a control for the 

times indicated. Cells were then lysed and immunoblotted with LC3 B (Section 2.6). Cells 

incubated with fibrils had an increased amount of LC3-II present (Figure 4.14). Fibrils increase 

the amount of LC3-II present, as early as 2 h post-treatment. This could be symptomatic of 

enhanced autophagy, perhaps as a protective mechanism to cope with fibril load but could 

also be indicative of blocked autophagy due to disruption in the delivery of autophagosomes 

to lysosomes. A detailed investigation of autophagy is required to be able to distinguish 

between the two possibilities.  

 

Figure 4.14: Immunoblotting analysis of the effect of fibrils on autophagy with LC3B. SH-SY5Y cells 

were incubated with 1.2 µM monomer (M) or 1.2 µM (monomer equivalent) fragmented fibrils (F) for 

the times indicated. Cells were then lysed and immunoblotted with LC3B. LC3-I (filled arrow) and LC3-II 

(open arrow) are detected in the cell lysates.  
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4.2.3 Analysis of the effect of fibrils on the lysosomal hydrolase, β-

glucocerebrosidase 

In order to investigate whether fragmented β2m fibrils had an effect on other lysosomal 

hydrolases, β-glucocerebrosidase was selected for further analysis into lysosomal function. β-

glucocerebrosidase is a lysosomal hydrolase that cleaves glucocerebroside to yield glucose and 

ceramide. β-glucocerebrosidase is mutated in Gaucher’s disease, and it is of particular interest 

due to the association of Parkinson’s disease and Gaucher’s disease (discussed in Section 

1.5.4.2.4)[288, 311, 312, 316].  

The effect of fibrils on β-glucocerebrosidase activity was investigated (Section 2.7.3). This was 

achieved by using 5-(pentafluorobenzoylamino)fluorescein di-β-D-glucopyranoside (PFB-

FDGlu), a commercially available non-fluorescent substrate for β-glucocerebrosidase. PFB-

FDGlu is cleaved by glucocerebrosidase to yield the green fluorescent PFB-F product. As 

fluorescence is dependent on cleavage, cell-associated fluorescence can be used as a measure 

of β-glucocerebrosidase activity [397]. 

β-glucocerebrosidase activity  was measured in intact and living SH-SY5Y cells. 

Glucocerebroside is primarily cleaved in the cell by β-glucocerebrosidase. However, a non-

lysosomal glucocerebrosidase, termed β-glucosidase 2, also exists and may account for a small 

percentage of the cleavage of PFB-FDGlu [398]. The two enzymes differ in their sensitivity to 

conduritol B epoxide (CBE) which inhibits β-glucocerebrosidase but has no effect on β-

glucosidase 2 [398]. CBE therefore serves as a tool to distinguish between PFB-F fluorescence 

due to specific cleavage of PFB-FDGlu by β-glucocerebrosidase and cleavage due to β-

glucosidase 2.  CBE inhibits glucocerebrosidase activity by 70 % therefore indicating that 70 % 

of total PFB-FDGlu is cleaved by β-glucocerebrosidase, the lysosomal glucocerebrosidase 

(Figure 4.15). In contrast to the enzyme inhibitor, CBE, fragmented fibrils do not have a 

significant effect on β-glucocerebrosidase activity.   
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Figure 4.15: Analysis of the effect of fibrils on glucocerebrosidase activity. SH-SY5Y cells were 

incubated with either fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM or 

1.2 µM β2m monomer for 24 h. Fibril growth buffer and CBE treated cells were included as controls. 

Cells were then washed and incubated with β-glucocerebrosidase substrate (PFB-FDGlu) for 1 h. PFB-

FDGlu is fluorescent upon cleavage, therefore cell-associated fluorescence gives a measure of 

glucocerebrosidase activity in cells. Cells were washed and analysed for cell-associated fluorescence by 

flow cytometry. (A) Representative flow cytometry data comparing glucocerebrosidase activity in fibril, 

monomer and buffer-treated cells. (B) Quantification of flow cytometry data. Glucocerebrosidase 

activity (%) was calculated by normalising against signal from cells incubated with fibril growth buffer 

(100 %). Error bars represent one S.E.M. over two independent experiments each containing three 

replicates per condition. Flow cytometry data was collected on a BD LSRFortessa analyser (Becton 

Dickinson).  *** indicates a p value of <0.001. 
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4.2.4 Analysis of the effect of fibrils on the lysosomal hydrolase, β-galactosidase 

Analysis of the effect of fibrils on lysosomal function was extended by assaying the activity of 

another lysosomal hydrolase, β-galactosidase. β-galactosidase is a glycosidase which cleaves 

the commercially available non-fluorescent substrate fluorescein di-β-D-galactopyranoside 

(FDG) to yield fluorescein. FDG has been used as a substrate to measure β-galactosidase 

activity in intact and living cells by flow cytometry [399].  

SH-SY5Y cells were incubated with either fragmented β2m fibrils or controls (fibril growth 

buffer and β2m monomer) as controls for 24 h. This was followed by incubation with FDG for 1 

h prior to analysis by flow cytometry (Section 2.7.3). Fragmented fibrils have a small but 

significant inhibitory effect on β-galactosidase activity when compared to cells treated with 

fibril growth buffer (Figure 4.16). 
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Figure 4.16: Analysis of the effect of fibrils on β-galactosidase activity. SH-SY5Y cells were incubated 

with either fragmented β2m fibrils at a final monomer equivalent concentration of 1.2 µM, 1.2 µM β2m 

monomer or fibril growth buffer for 24 h. Cells were then washed and incubated with β-galactosidase 

substrate (FDG) for 1 h. FDG is fluorescent upon cleavage, therefore cell-associated fluorescence gives a 

measure of β-galactosidase activity in cells. Cells were washed and analysed for cell-associated 

fluorescence by flow cytometry. (A) Representative flow cytometry data comparing β-galactosidase 

activity in fibril, monomer and buffer-treated cells. (B) Quantification of flow cytometry data. β-

galactosidase activity (%) was calculated by normalising against signal from cells incubated with fibril 

growth buffer (100 %). Error bars represent one S.E.M. over three independent experiments each 

containing three replicates per condition. Flow cytometry data was collected on a BD LSRFortessa 

analyser (Becton Dickinson). ** indicates a p value of <0.01.   
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4.3 Discussion 

Internalisation of exogenously applied amyloid material in vitro allowing access to endocytic 

compartments has been widely reported in the literature for a range of disease-associated 

amyloid aggregates [240-245, 247, 248, 400]. This could be relevant to extracellular amyloid 

aggregates that accumulate in vivo such as Aβ, IAPP and β2m amongst others. Internalisation 

of amyloid aggregates and access to endocytic compartments may also be relevant to disease-

associated amyloid proteins which form intracellular inclusions in vivo such as α-synuclein. α-

synuclein has been reported to be secreted into cerebrospinal fluid, thus allowing for the 

potential to aggregate extracellularly prior to internalisation [401]. Furthermore, intracellular 

α-synuclein amyloid aggregates have been reported to induce neuronal death, which then 

facilitates leakage of α-synuclein amyloid aggregates into the extracellular space, resulting in 

spread to neighbouring cells which internalise these aggregates allowing access to endocytic 

compartments (reviewed in [402]). Upon internalisation, amyloid aggregates accumulate in the 

lysosome and increasing evidence points towards disruption of the lysosomal compartment in 

amyloid disease. This has been discussed in detail in (Section 1.5.4.2). Based on this precedent, 

and the trafficking of fragmented β2m fibrils to the lysosome, the lysosome was selected for 

further investigation. Experiments were limited to fragmented fibrils due to their greater 

access to the lysosome. 

One of the reported mechanisms of lysosomal dysfunction in amyloid disease is perturbation 

of lysosomal degradation. For example, overexpression of human IAPP in rodent models leads 

to the formation of IAPP oligomers, which have been shown to inhibit lysosome dependent 

degradation, which in turn impairs autophagy [289]. Lysosomal degradation is a key function of 

the lysosome and its impairment has been shown to be detrimental to cell health. Inhibition of 

lysosomal proteolysis in primary neurons has been shown to retard axonal transport of 

autolysosomes, late endosomes and lysosomes resulting in their accumulation in axonal 

swellings causing an Alzheimer’s like axonal dystrophy [284]. On the other hand, enhancement 

of proteasomal and lysosomal mediated degradation results in the rescue of toxicity from Aβ 

and Huntingtin aggregates [285, 286]. Impairment of lysosomal proteolysis could therefore 

have significant consequences on cell health and disease progression.  

The effect of fragmented fibrils on lysosomal degradation was therefore assayed. Fragmented 

fibrils inhibit the degradation of endocytosed proteins, but do not inhibit cleavage of the 

membrane permeant Magic Red™ cathepsin B substrate (Figure 4.3, Figure 4.4, Figure 4.5, 

Figure 4.10, Figure 4.11 and Figure 4.13). This could be due to a saturation of the proteolytic 

machinery with fibrils overwhelming lysosomal proteases other than cathepsin B; or due to a 
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disruption in endolysosomal trafficking by fibrils without significantly inhibiting lysosomal 

proteases. Impaired endolysosomal trafficking would disrupt delivery of cargo containing 

lysosomal substrates to the lysosome. Future experiments on other lysosomal proteases such 

as cathepsins K and L using membrane permeant substrates, would help establish whether or 

not fibrils saturate the proteolytic machinery.  In addition, disruption to the lysosomal 

membrane has been frequently reported as a mechanism underlying both Alzheimer’s disease 

and Parkinson’s disease [242, 245, 251, 263] (Section 1.5.4.2.1). Lysosomal membrane damage 

would result in alteration of lysosomal pH and globally inhibit lysosomal hydrolases. 

Fragmented fibrils, however, do not have a significant effect on β-glucocerebrosidase activity 

and only have a modest effect on β-galactosidase activity. This provides evidence against gross 

damage to the lysosomal membrane as a mechanism for impairment in degradation of 

endocytosed proteins. Further evidence for this comes from ongoing work by other members 

of the laboratory which demonstrates that fragmented fibrils do not have a detectable effect 

on the integrity of the lysosomal membrane (Eric Hewitt, personal communications and Figure 

4.17).  

Autophagy dysfunction has been repeatedly connected to neurodegenerative diseases and has 

been proposed as an underlying mechanism for disease progression [255, 256]. The effect of 

fragmented fibrils on autophagy was therefore analysed by immunoblotting in preliminary 

experiments. One of the first clues to altered autophagy is the accumulation of 

autophagosomes [255]. Indeed, autophagosomal accumulation has been reported in 

neurodegenerative diseases [255, 261, 290, 291]. Active autophagosomes recruit LC3-II and 

the level of LC3-I and LC3-II relative to each other is used as a marker to report autophagy 

[396]. An increase in LC3-II levels could result from upregulated autophagy (due to increased 

production of autophagosomes) but paradoxically could also result from impaired autophagy 

(due to a block in delivery of autophagosomes to lysosomes or impaired autolysosomal 

clearance) [255, 293]. Interpretation of upregulated autophagy or blocked autophagy should 

therefore be approached with caution. Immunoblotting analysis with an anti-LC3-B antibody 

provides interesting preliminary evidence of altered autophagy in response to fibrils (Figure 

4.14). In combination with data from experiments showing a fibril-mediated disruption in 

degradation of endocytosed proteins but not of the membrane permeant Magic Red™ 

cathepsin B substrate; this fibril-mediated increase in autophagosomes could indicate a 

disruption of cargo delivery to the lysosome. However, further experiments need to be 

conducted before an assessment of the direction of effect on autophagy can be made. Future 
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experiments should aim to distinguish between defects in autophagy induction, cargo 

sequestration and autophagosome clearance. 

 

Figure 4.17: Analysis of the effect of fragmented fibrils on lysosomal membrane permeabilisation. SH-

SY5Y cells were incubated with fragmented fibrils at a final concentration of 1.2 µM (monomer 

equivalent) for 2 or 24 h. Cells were then incubated with LysoTracker Green and cell-associated 

fluorescence was quantified by flow cytometry. Sphingosine, which causes lysosomal rupture and thus 

disrupts lysosomal pH was included as a positive control. Cells were incubated with 15 µM sphingosine 

for 15 min prior to LysoTracker Green staining. As LysoTracker Green accumulates in acidic vesicles, 

LysoTracker green staining reflects the amount of intact lysosomes in a cell. LysoTracker green 

fluorescence (%) was calculated by normalising against signal from control cells incubated with fibril 

growth buffer (100 %). Error bars represent one S.E.M. over three independent experiments containing 

three replicates each. Flow cytometry data was collected on a BD LSRFortessa analyser. Experiment 

performed by Eric Hewitt, University of Leeds. 

A decrease in lysosome mediated degradation through the delivery of cargo to lysosomes, 

could impact upon autophagy. Autophagosome clearance relies on delivery of 

autophagosomes to lysosomes, and alterations in autophagosome clearance have been 

recurrently implicated in neurodegenerative disorders [255]. Accumulation of undigested 

substrates and the decreased content or activity of lysosomal hydrolases could result in 

degradative failure of lysosomes leading to defective autophagosome clearance [255]. The 

accumulation of autophagosomes is proposed to be detrimental to cellular function by 

interfering with intracellular trafficking [403]. In addition, autophagosomes have been shown 

to act as an endogenous source of Aβ1-42 in cellular and animal models due to the accumulation 

of APP and proteases in autophagosomes [403]. Aged autophagosomes that persist in the 
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cytosol can suffer from a loss of membrane integrity and can release enclosed aggregating 

proteins which could induce aggregation of cytosolic proteins [255].  

This chapter demonstrates that fragmented β2m fibrils disrupt lysosomal mediated 

degradation of endocytosed proteins, but do not have a general inhibitory effect on lysosomal 

hydrolases. Defects in endolysosomal trafficking would impair delivery of cargo to lysosomes 

and may rationalise the observed differences on the effect of fibrils on lysosomal proteolysis 

(Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.10, Figure 4.11 and Figure 4.13). The effect of fibrils 

on endolysosomal trafficking is discussed in the following chapter.   

  



128 

 

5 Analysis of the effect of amyloid fibrils on membrane 

trafficking 

5.1 Introduction 

Membrane trafficking describes the journey that proteins make, beginning with entry into the 

early secretory pathway at the ER, followed by transition via the Golgi apparatus to their final 

destination such as the extracellular milieu, plasma membrane or other intracellular organelles 

[404]. It also includes the internalisation of proteins from the plasma membrane, their 

recycling back to the plasma membrane or targeted delivery to the lysosome after movement 

through the late endosome and multivesicular body (MVB) compartments [404]. Proteins are 

mainly transferred through the cell in many different vesicular bodies. These vesicles can 

undergo fission, docking and fusion events between donor and acceptor compartments [405]. 

These vesicles, whether derived from the ER, other intracellular organelles or the plasma 

membrane, are decorated with unique protein complexes, as well as tethering and regulatory 

factors which target the vesicle to its acceptor compartment [404]. For example, the SNARE 

(soluble N-ethylmaleimide-sensitive fusion attachment protein receptor) proteins are a highly 

conserved group of proteins which have been found to regulate membrane trafficking [406]. 

SNARE proteins are present on both the vesicle and the acceptor and contain coiled-coiled 

domains which come together to enable vesicle docking and fusion [407]. Ras-related Rab 

GTPases are another family of proteins which in conjunction with SNARE proteins have been 

shown to be involved in the regulation of membrane trafficking [408].  

Alterations in membrane trafficking are associated with the pathogenesis of amyloid diseases 

such as Parkinson’s disease and Alzheimer’s disease [394, 395]. Evidence of the association of 

Parkinson’s disease and trafficking defects first came from the observation of abnormal 

interactions of Rab3a, Rab5 and Rab8 with mutant (A30P) but not wild-type α-synuclein in 

transgenic mice models [409]. In studies using a yeast model of Parkinson’s disease, α-

synuclein was shown to block ER-to-Golgi vesicular trafficking. Interestingly, the 

overexpression of Rab1, which is involved in the forward ER-to-Golgi trafficking process, 

rescued α-synuclein induced-toxicity in yeast, Drosophila and C. elegans models as well as in 

primary rat neurons [410]. In a follow up study from the same group, α-synuclein was shown 

to impair multiple trafficking steps in vitro, and Rab3a and Rab8a were demonstrated to 

ameliorate toxicity in neuronal models of Parkinson’s disease [411]. Genome wide association 

studies have identified genes encoding LRRK2 and Rab7L1 as risk factors in Parkinson’s disease. 
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Importantly, disease-associated defects in Rab7L1 and LRRK2 were shown to cause 

endolysosomal and Golgi sorting defects [412].  

Genome wide association studies have also demonstrated links between defects in membrane 

trafficking and Alzheimer’s disease. For example, several genes involved in the recycling of 

endosomal vesicles have been implicated, such as bridging integrator 1 (BIN1), 

phosphatidylinositol-binding clathrin assembly protein (PICALM) and sortilin-related receptor 1 

(SORL1) (reviewed in [394]). Like with Parkinson’s disease, yeast models of Alzheimer’s disease 

have been useful in connecting disruptions in membrane trafficking to disease pathogenesis. 

Endocytic trafficking defects, in particular disruptions in clathrin-mediated endocytosis were 

highlighted as pathogenic factors in a genome-wide toxicity screen in a yeast model of 

Alzheimer’s disease [323]. The demonstration of small molecules which restore endocytosis to 

ameliorate toxicity in yeast models of Alzheimer’s disease provides further evidence for a 

pathogenic role of membrane trafficking defects [413]. Lastly, perturbations in membrane 

trafficking are implicated in other amyloid diseases. Aggregates from the amyloidogenic 

proteins huntingtin, ataxin-1 and superoxide dismutase-1 (SOD1) have been shown to inhibit 

clathrin-mediated endocytosis in mammalian cells [414].        

A closer investigation of the effect of fragmented β2m fibrils on membrane trafficking was 

prompted by two observations. The first was the observation of a greater amount of formazan 

needles in response to fibril treatment (Figure 3.17). This suggests an alteration in the 

trafficking of MTT and/or its reduced form, formazan, in fibril-treated cells. The second was 

the demonstration of fibril-mediated impairment in lysosomal degradation of endocytosed 

proteins, which could potentially be due to altered endolysosomal trafficking (Figure 4.10 and 

Figure 4.11). Investigation of membrane trafficking was achieved by analysing the localisation 

of the lysosomal membrane proteins LAMP-1 (lysosomal associated membrane protein 1) and 

CD63 (cluster of differentiation 63). LAMP-1 is an abundant lysosomal membrane protein 

which is involved in lysosomal trafficking by mediating attachment of lysosomes to transport 

machinery [280]. CD63, also known as LAMP-3, is a tetraspanin which interacts either directly 

or indirectly with many different proteins such as cell surface receptors, adaptor proteins, 

integrins and other tetraspanins [415]. LAMP-1 and CD63 are not static components of the 

lysosomal membrane; they have been shown to be in dynamic equilibrium between 

lysosomes, endosomes and the plasma membrane [416]. The trafficking of LAMP-1 and CD63 

has been studied in some detail (Figure 5.1). Newly synthesised LAMP-1 and CD63 are 

transported from the TGN to the endolysosomal compartment mainly via an intracellular route 

[416]. A small portion of newly synthesised LAMP-1 and CD63 is trafficked to the plasma 
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membrane [415, 417]. Although most LAMPs mainly reside in the lysosome, their cell surface 

expression has been reported; for example during the activation of platelets and cytotoxic T 

cells as well as in highly malignant tumour cells [280]. The elevated cell surface expression of 

CD63 impacts other local protein concentrations due to its ability to interact with an array of 

proteins [415]. The consequences of increased levels of LAMP-1 at the cell surface are not well 

understood but have been associated with lysosomal exocytosis [418]. Lysosomal exocytosis is 

required for plasma membrane repair and the correct functioning of cytotoxic lymphocytes 

[419, 420].  
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Figure 5.1: Overview of LAMP-1 and CD63 trafficking. After biosynthesis, newly synthesised LAMP-1 

and CD63 are transported from the TGN predominantly to endosomes via a direct intracellular pathway, 

or to the plasma membrane via an exocytic pathway. At the plasma membrane, LAMP-1 and CD63 are 

endocytosed and progress to mature lysosomes via late endosomes/multivesicular bodies (MVBs); 

however CD63 can also be recycled to the cell surface. In late endosomes/MVBs, CD63 is enriched in the 

intraluminal vesicles, which in certain conditions can be released into the extracellular space as 

exosomes. Adapted from [415-417].   

This chapter describes experiments that investigate the effect of fragmented fibrils on 

membrane trafficking. This was achieved by investigating the cell surface expression, 

subcellular localisation and total cellular levels of LAMP-1 and CD63. In order to examine 
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whether the impaired degradation of endocytosed proteins by fragmented β2m fibrils (Figure 

4.10 and Figure 4.11) was due to compromised delivery of cargo to the lysosome, a preliminary 

investigation on the effect of fibrils on fluid phase endocytosis was undertaken and will also be 

discussed.  

5.2 Results 

5.2.1 Analysis of the effect of fibrils on the cell surface expression of LAMP-1 and 

CD63 

Newly synthesised LAMP-1 and CD63 are trafficked to the lysosome predominantly via an 

intracellular route, however, a small amount of LAMP-1 and CD63 is trafficked to the plasma 

membrane [415, 417](Figure 5.1). LAMP-1 and CD63 may play a functional role at the plasma 

membrane or transit through the plasma membrane. These proteins are internalised from the 

plasma membrane and directed towards the lysosome or recycled back to the plasma 

membrane (Figure 5.1). A comparison of the levels of LAMP-1 and CD63 at the plasma 

membrane between controls and fibril treated cells may provide insights into the effect of 

fibrils on membrane trafficking. The cell-surface levels of LAMP-1 and CD63 were measured by 

incubation of non-permeabilised cells with fluorescently labelled antibodies followed by flow 

cytometric analysis (Section 682.8.1).  

SH-SY5Y cells were incubated with fragmented β2m fibrils or β2m monomer as a control. 

Blocking agents were used to minimise non-specific binding before incubation with LAMP-1 or 

CD63 specific antibodies. Additional controls incubated with matched isotype control 

antibodies (which are of the same isotype and have the same fluorescent label, but are not 

specific for any cellular proteins) were included for each experimental condition. Isotype 

controls were used to subtract any non-specific binding of antibodies. Cells incubated with 

fragmented fibrils have a significant increase in the cell surface expression of LAMP-1 (Figure 

5.2). This effect is observed after just 2 h of fibril incubation as well as 24 h after fibril 

incubation. Incubation with fragmented fibrils also significantly enhances the cell-surface 

expression of CD63 (Figure 5.3). This increase is more pronounced, and is also observed as 

early as 2 h after fibril incubation and still detected after 24 h of fibril incubation.  
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Figure 5.2: Analysis of the effect of fibrils on the cell surface expression of LAMP-1. SH-SY5Y cells were 

incubated with 1.2 µM β2m monomer or 1.2 µM (monomer equivalent) fragmented β2m fibrils for the 

times indicated. Cells were then stained with a fluorescently labelled antibody specific for LAMP-1 and 

cell-associated fluorescence was quantified by flow cytometry. (A) Representative flow cytometry data 

comparing cell surface LAMP-1 expression between monomer and fibril treated cells. (B) Quantification 

of flow cytometry data. Cell surface LAMP-1 (%) was calculated by normalising to signal from cells that 

were incubated with fibril growth buffer for 0 h (100 %). Error bars represent one S.E.M. over three 

independent experiments each containing three replicates each. * signifies a p value of <0.05. Flow 

cytometry data was collected on a BD LSRFortessa analyser (Becton Dickinson). 
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Figure 5.3: Analysis of the effect of fibrils on the cell surface expression of CD63. SH-SY5Y cells were 

incubated with 1.2 µM β2m monomer or 1.2 µM (monomer equivalent) fragmented β2m fibrils for the 

times indicated. Cells were then stained with a fluorescently labelled antibody specific for CD63 and cell-

associated fluorescence was quantified by flow cytometry. (A) Representative flow cytometry data 

comparing cell surface CD63 expression between monomer and fibril treated cells. (B) Quantification of 

flow cytometry data. Cell surface CD63 (%) was calculated by normalising to signal from cells that were 

incubated with fibril growth buffer for 0 h (100 %). Error bars represent one S.E.M. over three 

independent experiments each containing three replicates each. ** signifies a p value of <0.01. Flow 

cytometry data was collected on a BD LSRFortessa analyser (Becton Dickinson).   
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5.2.2 Immunoblotting analysis of the effect of fibrils on lysosomal protein 

expression 

The increased cell surface expression of LAMP-1 and CD63 could be due to an increase in the 

overall expression of LAMP-1 and CD63, or due to a re-distribution of LAMP-1 and CD63. In 

order to investigate whether fragmented fibrils increased the overall expression of LAMP-1 

and CD63, the total cellular levels of these proteins were assessed by immunoblotting. SH-SY5Y 

cells were incubated with fragmented β2m fibrils or β2m monomer as a control. Cell lysates 

were immunoblotted with antibodies specific for LAMP-1 and CD63 (Section 2.6) and for 

GAPDH as a loading control. Total levels of LAMP-1 and CD63 were comparable for monomer 

and fibril treated cells indicating that fragmented fibrils do not increase the expression of 

LAMP-1 and CD63 (Figure 5.4). In order to investigate whether fragmented fibrils induced a 

compensatory increase in proteins involved in lysosomal degradation, the total cellular levels 

of the lysosomal hydrolase, cathepsin D were also analysed by immunoblotting (Section 2.6). 

As with LAMP-1 and CD63, levels of cathepsin-D were not affected by fibril treatment (Figure 

5.4). 

 

 

Figure 5.4: Immunoblotting analysis of the effect of fibrils on total levels of LAMP-1, CD63 and 

Cathepsin-D. SH-SY5Y cells were incubated with 1.2 µM β2m monomer (M) or 1.2 µM (monomer 

equivalent) fragmented β2m fibrils (F) for the times indicated. Cells were then lysed and probed with 

antibodies specific for LAMP-1, CD63 or cathepsin D.  Representative blots from three independent 

experiments are shown.  
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5.2.3 Immunofluorescence microscopy analysis of the effect of fibrils on the 

intracellular distribution of LAMP-1 and CD63 

In order to investigate whether the increased expression of LAMP-1 and CD63 at the cell 

surface was due to a major re-distribution of existing pools of LAMP-1 and CD63 by 

fragmented fibrils, the intracellular distributions of LAMP-1 and CD63 were analysed by 

immunofluorescence microscopy. SH-SY5Y cells were cultured on coverslips and incubated 

with fragmented β2m fibrils or β2m monomer as a control. Cells were permeabilised and 

stained with anti-LAMP-1 or anti-CD63 antibodies. Despite subtle variations in antibody 

staining, a gross change in the intracellular distribution of LAMP-1 and CD63 was not observed 

(Figure 5.5 and Figure 5.6). The increase in the cell-surface levels of LAMP-1 and CD63 

measured by flow cytometry (Figure 5.2 and Figure 5.3) is therefore likely to represent a small 

percentage of total LAMP-1 and CD63.  
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Figure 5.5: Immunofluorescence microscopy analysis of the effect of fibrils on the distribution of 

LAMP-1. SH-SY5Y cells were incubated with 1.2 µM β2m monomer or 1.2 µM (monomer equivalent) 

fragmented β2m fibrils for the indicated times. Cells were then fixed, permeabilised and stained with an 

anti-LAMP-1 antibody followed by a fluorescently labelled anti-mouse secondary antibody. Coverslips 

were imaged using a Zeiss LSM700 confocal microscope and a 63X objective. Representative confocal 

images for each condition are shown. Scale bar represents 10 µm.  
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Figure 5.6: Immunofluorescence microscopy analysis of the effect of fibrils on the distribution of 

CD63. SH-SY5Y cells were incubated with 1.2 µM β2m monomer or 1.2 µM (monomer equivalent) 

fragmented β2m fibrils for the indicated times. Cells were then fixed, permeabilised and stained with an 

anti-CD63 antibody followed by a fluorescently labelled anti-mouse secondary antibody. Coverslips were 

imaged using a Zeiss LSM700 confocal microscope and a 63X objective. Representative confocal images 

for each condition are shown. Scale bar represents 10 µm.  
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5.2.4 Analysis of the effect of fibrils on the trafficking of newly synthesised LAMP-1 

and CD63 

In order to investigate whether the small percentage of total LAMP-1 and CD63 at the cell-

surface corresponded to newly synthesised protein, the effect of fibrils on the trafficking of 

newly synthesised LAMP-1 and CD63 was investigated. As described in Figure 5.1, majority of 

the newly synthesised LAMP-1 and CD63 is directly trafficked to the lysosome; however a 

minority is trafficked via the plasma membrane [415, 417]. The protein synthesis inhibitor, 

cycloheximde, was employed to distinguish between effects on newly synthesised being 

diverted to, or retained at, the plasma membrane; and existing protein being redistributed to 

the plasma membrane. Cycloheximide inhibits proteins synthesis by blocking the translation of 

mRNA on cytosolic 80S ribosomes.  

SH-SY5Y cells were pre- incubated for 1 h with cycloheximide to inhibit protein synthesis. Cells 

were then incubated with fragmented β2m fibrils or β2m monomer as a control. After 

incubation with fibrils or monomer, cells were stained with a fluorescently labelled antibody 

specific for LAMP-1 or CD63 (Section 2.8.2). Cycloheximide treatment has a significant 

decrease in the expression of LAMP-1 at the cell surface of fibril treated cells (Figure 5.7). A 

significant decrease in the cell surface expression of CD63 was also observed upon pre-

treatment with cycloheximide in fibril treated cells (Figure 5.8). These results demonstrate that 

at least a portion of the increase in LAMP-1 and CD63 at the cell surface in response to fibril 

treatment is from newly synthesised protein. This therefore suggests that fibrils alter the 

trafficking of newly synthesised LAMP-1 and CD63 by diverting them to the plasma membrane.   
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Figure 5.7: Analysis of the effect of cycloheximide on cell surface levels of LAMP-1. SH-SY5Y cells were 

pre-treated with cycloheximide for 1 h before incubation with 1.2 µM β2m monomer or 1.2 µM 

(monomer equivalent) fragmented β2m fibrils for 2 h. Cells were then stained with a fluorescently 

labelled antibody specific for LAMP-1 and cell-associated fluorescence was quantified by flow 

cytometry. (A) Representative flow cytometry data showing the effect of cycloheximide on cell surface 

LAMP-1 expression. (B) Quantification of flow cytometry data. Cell surface LAMP-1 (%) was calculated by 

normalising to signal from cells that were incubated with fibril growth buffer for 0 h (100 %). Error bars 

represent one S.E.M. over three independent experiments containing three replicates each. ** signifies 

a p value of <0.01. Flow cytometry data was collected on a BD LSRFortessa analyser (Becton Dickinson).  
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Figure 5.8: Analysis of the effect of cycloheximide on cell surface levels of CD63. SH-SY5Y cells were 

pre-treated with cycloheximide for 1 h before incubation with 1.2 µM β2m monomer or 1.2 µM 

(monomer equivalent) fragmented β2m fibrils for 2 h. Cells were then stained with a fluorescently 

labelled antibody specific for CD63 and cell-associated fluorescence was quantified by flow cytometry. 

(A) Representative flow cytometry data showing the effect of cycloheximide on cell surface CD63 

expression. (B) Quantification of flow cytometry data. Cell surface CD63 (%) was calculated by 

normalising to signal from cells that were incubated with fibril growth buffer for 0 h (100 %). Error bars 

represent one S.E.M. over 3 independent experiments containing three replicates each. * signifies a p 

value of <0.05. Flow cytometry data was collected on a BD LSRFortessa analyser (Becton Dickinson).  
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5.2.5 Analysis of the effect of fibrils on endocytosis 

Fragmented β2m fibrils impair the trafficking of LAMP-1 and CD63 (Figure 5.2 and Figure 5.3). 

Perturbations in trafficking would rationalise the inhibition in degradation of endocytosed 

proteins in fibril-treated cells (Figure 4.10 and Figure 4.11). In order to investigate the effect of 

fragmented β2m fibrils on fluid-phase endocytosis, the endocytosis of fluorescently labelled 

dextrans was assayed by measuring cell-associated fluorescence by flow cytometry. SH-SY5Y 

cells were incubated with either fragmented β2m fibrils or controls (fibril growth buffer and 

β2m monomer) for 24 h. Cells were then washed and incubated with a fluorescently labelled 

dextran, Alexa Fluor® 680 dextran (AF680-dextran) of molecular weight (MW) 10, 000 Da for 

24 h. Dextrans are relatively inert polysaccharides which are resistant to cleavage in eukaryotic 

cells due to their uncommon α-1,6-polyglucose linkages [421]. Due to their resistance to 

cleavage and therefore their accumulation in cells, cell-associated fluorescence of dextrans can 

be used as a measure of uptake. Following thorough washing, cells were analysed for cell-

associated fluorescence by flow cytometry (Section 2.8.3.1).  



143 

 

 

Figure 5.9: Analysis of the effect of fibrils on the uptake of fluorescently labelled dextran. SH-SY5Y 

cells were incubated with 1.2 µM β2m monomer or 1.2 µM (monomer equivalent) fragmented β2m 

fibrils for 24 h. Cells were then washed and incubated with AF680-dextran for 24 h. Cell-associated 

fluorescence was quantified by flow cytometry. (A) Representative flow cytometry data comparing 

AF680-dextran uptake. (B) Quantification of flow cytometry data. Cell-associated ovalbumin (%) was 

calculated by normalising against signal from cells that were incubated with fibril growth buffer (100 %). 

Error bars represent one S.D. over three replicates. Flow cytometry data was collected on a BD 

LSRFortessa analyser (Becton Dickinson).  

Fragmented fibrils did not have a significant effect on the endocytosis of labelled dextran 

when compared to buffer and monomer treated cells (Figure 5.9). However, these data do not 
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provide any information on the trafficking of dextrans after internalisation by cells. For 

instance, if the trafficking of dextran is disrupted after internalisation, i.e. the delivery of cargo 

to the lysosomes is impaired, cell-associated fluorescence by flow cytometry would not 

distinguish between dextran accumulation in early endosomes, late endosomes, MVBs and 

lysosomes. For this reason, a preliminary investigation into the trafficking of labelled dextran 

to lysosomes was performed (Section 2.8.3.2). This was achieved by pre-incubation of SH-SY5Y 

cells with Alexa Fluor® 568 10,000 MW dextran, (AF586-dextran). As dextrans are resistance to 

cleavage by lysosomal hydrolases and accumulate in lysosomes, AF586-dextran fed before the 

addition of fibrils, can act as a marker for lysosomes. Cells were then washed thoroughly and 

incubated with fragmented β2m fibrils or fibril growth buffer as a control. Following thorough 

washing, cells were incubated with a second fluorescently labelled dextran of a different 

colour, Alexa Fluor® 680 10,000 MW dextran (AF680-dextran). The degree of overlap between 

the two dextrans could therefore be indicative of delivery of cargo to the lysosome and can 

thus be used to determine if fibrils disrupt the sorting of endocytosed material to the 

lysosome. When such a degree of overlap was analysed by live cell confocal microscopy, and 

Manders’ colocalisation coefficients (MCC) quantified using Image J, a significant reduction in 

the overlap of AF586-dextran and AF680-dextran was observed when cells were treated with 

fibrils compared to cells incubated with fibril growth buffer (Figure 5.10, Figure 5.11 and 

Section 2.8.3.2). MCC is independent of signal proportionality i.e. the absolute levels of AF568-

dextran and AF680-dextran and is therefore unaffected by differences (if any) in levels of 

uptake of the two dextrans [330].This suggests that fibrils impair delivery of endocytosed 

material to lysosomes. 
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Figure 5.10: Live cell confocal microscopy analysis of the effect of fibrils on endocytosis. SH-SY5Y cells 

were incubated with AF568-dextran for 24 h. Cells were then thoroughly washed and incubated with 

either fibril growth buffer or 1.2 µM (monomer equivalent) fragmented β2m fibrils for 24 h. This was 

followed by washing and incubation with a second fluorescently labelled dextran, AF680-dextran for 24 

h. Cells were washed thoroughly prior to imaging using a Zeiss LSM700 confocal microscope with a 63X 

objective. Representative confocal images for each condition are shown. Scale bar represents 10 µm.  
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Figure 5.11: Colocalisation analysis of the effect of fibrils on endocytosis. Colocalisation analysis was 

performed on the experiment shown in (Figure 5.10) with Image J using the JACoP plugin. Costes’ 

threshold was subtracted from the images before MCC analysis was performed. M1 and M2, Manders' 

coefficients were calculated from 20 images per condition. M1 represents the fraction of AF680-dextran 

that colocalises with AF568-dextran. M2 represents the fraction of AF568-dextran that colocalises with 

AF680-dextran. Error bars indicate one S.E.M. over twenty images. Both M1 (p < 0.01) and M2 (p < 0.05) 

are significantly different in fibril treated cells compared to buffer treated cells.  
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5.3 Discussion 
The membrane trafficking system including endocytosis, exocytosis and intracellular trafficking 

is a finely controlled system which regulates many cellular processes. Cellular health and 

function relies on the system and there are several examples of disease associated with 

defects in membrane trafficking [404]. For example, the importance of proper trafficking of 

lysosomal proteins is demonstrated by the lysosomal storage disorder (LSD), mucolipidosis 

type II (I-cell disease) [404]. The enzyme N-acetylglucosamine phosphotransferase, which 

catalyses the incorporation of a mannose-6-phosphate (M6P) moiety on newly synthesised 

lysosomal enzymes is mutated in patients suffering from mucolipidosis type II [422, 423]. 

Lysosomal enzymes are targeted to lysosomes via this M6P moiety and mutations in N-

acetylglucosamine phosphotransferase result in the improper trafficking of lysosomal enzymes 

to the extracellular space [424]. Accumulating evidence also suggests that trafficking may be 

altered in amyloid diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease 

(reviewed in [394, 395, 404]). Disruptions to membrane trafficking could therefore have 

significant pathogenic consequences.  

The fibril-induced increase in extracellular formazan needles in the MTT assay suggests an 

alteration in the trafficking of MTT and/or formazan (Figure 3.17). This prompted a closer 

investigation of membrane trafficking. Indeed, β2m fibrils enhance the expression of LAMP-1 

and CD63 at the cell surface without increasing their production or inducing a gross re-

distribution of existing protein pools (Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.5 and Figure 

5.6). Fibrils exert their effect, in part, on the trafficking of newly synthesised LAMP-1 and CD63 

(Figure 5.7 and Figure 5.8). A portion of existing CD63 is also trafficked to the plasma 

membrane in fibril-treated cells. This could involve a block in the trafficking of newly 

synthesised protein from the TGN to late endosomes resulting in more newly synthesised 

LAMP-1 and CD63 being trafficked to the lysosome via the plasma membrane. Indeed, 

depletion of the adaptor protein complex, AP-3, which is involved in the transport of lysosomal 

membrane proteins to late endosomes/lysosomes, has been shown to enhance the cell-

surface expression of LAMP-1 and CD63 [415, 425].  Alternatively, this could be due to an 

increase in newly synthesised protein being trafficked to the plasma membrane or the 

retention of protein at the plasma membrane due to reduced endocytosis of LAMP-1 and CD63 

(Figure 5.12).  
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Figure 5.12: Model of fibril-mediated perturbation in trafficking of LAMP-1, CD63 and endocytosed 

cargo. Upon internalisation, fragmented fibrils perturbed membrane trafficking. This perturbation could 

be due to a block in trafficking of LAMP-1 and CD63 from the TGN to late endosomes (1). Alternatively, it 

could be due to increased trafficking of LAMP-1 and CD63 to the plasma membrane (2), or reduced 

endocytosis (3). Fragmented fibrils also impaired delivery of endocytosed cargo to lysosomes (4).  

Trafficking defects have been reported in association with Parkinson’s disease. α-synuclein was 

shown to not only block trafficking from the ER to the Golgi, but also block multiple trafficking 

steps [410, 411]. Although these studies were performed by overexpressing α-synuclein in 

yeast models and investigating membrane trafficking interactions in vitro from purified cell 

components, important parallels are apparent. The trafficking steps implicated in α-synuclein 
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mediated disruption, include, but are not limited to, trafficking between secretory vesicles and 

the plasma membrane, early endosomes and late endosomes, and between late endosomes 

and lysosomes [411]. The direction of the effect of α-synuclein on these trafficking steps is not 

known. 

It is possible that fragmented fibrils are capable of interacting with accessory and regulatory 

proteins which mediate trafficking. For example, a disease-associated mutant (A30P) α-

synuclein, has been shown to interact abnormally with the regulatory proteins Rab3a, Rab5 

and Rab8 [409]. The rescue of amyloid-induced toxicity by overexpression of Rab1, Rab3a and 

Rab8 in yeast models provides further evidence for abnormal interactions between amyloid 

aggregates and regulatory proteins [410, 411]. However, these interactions would require the 

presence of amyloid aggregates in the cytosol. As evidence of lysosomal rupture has not been 

detected in our laboratory (Eric Hewitt, personal communications and Figure 4.17), it is 

unlikely that fibrils escape into the cytosol from the lysosome. However, these interactions 

may be mediated by fibrils inside trafficking vesicles, by interacting with adaptor proteins 

directly or indirectly via other cargo proteins.  

Although preliminary, the investigation into the effect of fibrils on endocytosis was 

informative. Fibrils did not affect the fluid phase internalisation of cargo as demonstrated by 

the flow cytometry analysis of dextran uptake (Figure 5.9). However, it is possible that other 

forms of endocytosis are affected or trafficking of endocytosed cargo is disrupted after 

internalisation by cells. A fibril-mediated reduction in endocytosis could explain why LAMP-1 

and CD63 accumulate at the cell surface. Fibrils appear to inhibit the delivery of cargo to 

lysosomes (Figure 5.10 and Figure 5.11). A reduction in delivery of endocytosed cargo to 

lysosomes could explain why the degradation of endocytosed proteins is impaired in fibril-

treated cells but the degradation of cell membrane permeable Magic Red™ cathepsin B is 

unaffected (Figure 4.7, Figure 4.8 and Figure 4.13). Ovalbumin was shown to co-stain with 

LysoTracker Green when its internalisation and intracellular localisation was analysed by live 

cell confocal microscopy (Figure 4.7 and Figure 4.8). As LysoTracker Green accumulates in 

acidic compartments, and cannot distinguish between lysosomes and late endosomes, it is not 

possible to determine whether trafficking of endocytosed ovalbumin was impaired. 

Other studies have demonstrated an inhibition of clathrin-mediated endocytosis by amyloid 

aggregates [413, 414]. It is possible that fibrils may indeed inhibit clathrin-mediated 

endocytosis but have no effect on fluid phase uptake. Future work should investigate the 

effects of fibrils on different forms of endocytosis. For example, clathrin-mediated endocytosis 
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and caveolae-mediated endocytosis are implicated in the internalisation of CD63 from the 

plasma membrane [415]. Investigation into the effect of fibrils on the endocytosis of known 

cargo for clathrin-mediated and caveolae-mediated endocytosis such as the transferrin 

receptor, and the SV40 virion respectively could be informative [426]. A more thorough 

investigation into the block in intracellular trafficking could be guided by the combination of 

dextrans with markers to early endosomes, late endosomes and MVBs. Fibrils may have a 

temporal dependent effect on endocytosis, and therefore analysis of endocytosis at shorter 

time points than 24 h may be instructive. The data described in this chapter demonstrate that 

fragmented β2m fibrils impair the trafficking of lysosomal membrane proteins and of 

endocytosed cargo to lysosomes.  
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6 Investigation of the role of the molecular chaperone, Hsp70 in 

fibril-mediated cell disruption 

6.1 Introduction 

6.1.1 Hsp70 and its role in amyloid disease 

The activation of the heat shock response and in particular, the elevation of Hsp70 levels, has 

been shown to have a neuroprotective effect in several models of neurodegeneration. This 

protective effect is thought to be principally due to its role as a chaperone (reviewed in [427]). 

Hsp70 is a 70 kDa protein which performs its role as a chaperone by interacting with exposed 

hydrophobic amino acids in various proteins. It directs its substrates into a variety of distinct 

fates by hydrolysing ATP. Hsp70 acts at multiple steps in a protein’s life cycle; from folding, 

trafficking, remodelling and degradation (reviewed in [428]). Hsp70 is composed of three 

major domains: the N-terminal nucleotide binding domain (NBD); the substrate binding 

domain (SBD) and a C-terminal α-helical lid. All three domains are required for Hsp70 to 

function as a molecular chaperone [428]. In humans, there are 11 genes recognised as 

encoding Hsp70 family members. These include amongst others, the constitutive cytosolic 

member Hsc70, the stress-induced cytosolic Hsp70, ER-localised Grp78 and mitochondria-

localised Grp 75 [429]. In addition to its role in cellular protein quality control and proteostasis, 

Hsp70 has been shown to promote cell survival by inhibiting lysosomal membrane 

permeabilisation (LMP), enhancing lysosomal catabolism and preventing apoptosis (reviewed 

in [430]).  

Members of the Hsp40 and Hsp70 families have been found to colocalise with nuclear 

aggregates in poly-glutamine diseases, as observed in human and mouse brains (reviewed in 

[427]). This suggests that cellular protein quality control mechanisms are activated in poly-

glutamine diseases. Indeed, overexpression of Hsp70 has been shown to be protective in a 

drosophila model of the poly-glutamine disease, spinocerebellar ataxia 3, as well as mouse 

models of the poly-glutamine diseases, spinocerebellar ataxia 1 and spinobulbar muscular 

atrophy (SBMA) [431-433]. A neuroprotective role for Hsp70 has also been described for 

Parkinson’s disease, where Hsp70 overexpression reduced α-synuclein accumulation and 

toxicity in mouse and drosophila models [217, 434]. In all these examples, the protective role 

of Hsp70 has been described for intracellular Hsp70. However, heat shock proteins are also 

found extracellularly and numerous studies have demonstrated a protective role for 

extracellular Hsc70 and Hsp70 against nutrient deprivation in neurons, smooth muscle cells 

and monocytes (reviewed in [427]). Hsp70 has been shown to be released from some cells, 
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and taken up by others in a biologically active form [435, 436]. Although the extracellular 

mechanism of action of Hsp70 protection is unknown, there is evidence to suggest that Hsp70 

can be internalised and imported into the cytoplasm and nucleus of various cell types thus 

increasing their survival (reviewed in [427]). Indeed, exogenous administration of Hsp70 to rat 

microglial cultures has been demonstrated to enhance the clearance of Aβ [437]. Extracellular 

Hsp70 has also been shown to protect against neurodegeneration in a mouse model of 

amyotrophic lateral sclerosis (ALS) [438].  

6.1.2  Hsp70 and its role in lysosomal storage diseases 

Lysosomal storage disorders (LSDs) are a group of diverse inherited diseases caused by 

mutations in lysosomal proteins [430]. In spite of their varied monogenetic origin, LSDs have a 

number of cellular and clinical manifestations in common [439]. These include perturbed 

lysosomal trafficking, autophagy dysfunction, increased oxidative stress, disrupted calcium 

homeostasis, lysosomal destabilisation, enhanced ER-stress responses and cell death [439]. 

The heat shock response, and in particular the members of the Hsp70 family, influence many 

of the primary and secondary cellular processes of LSDs, and thus it is unsurprising that 

emerging evidence implicates a protective role for Hsp70 in LSDs [430]. Disrupted homeostasis 

due to the presence of dysfunctional, often misfolded, lysosomal proteins as well as the 

accumulation of potentially toxic substrates with a variety of downstream effects are recurring 

themes in LSDs [430, 439].  

Key functions of the Hsp70 family of molecular chaperones include assisting the folding of 

newly synthesised or damaged proteins, preventing protein aggregation, and targeting 

severely damaged proteins for degradation [199]. Hsp70 can therefore play a protective role in 

disease pathogenesis in LSDs. For example, celastrol, which activates the heat shock response, 

has been shown to enhance both the quantity and the catalytic activity of the mutated 

enzyme, glucocerebrosidase in Gaucher’s disease models [440]. Hsp70 has also been shown to 

be protective in models of Niemann Pick disease A and B [441]. In this instance, exogenously 

applied recombinant Hsp70 was shown to be trafficked to the lysosome and protection was 

mediated by enhancing the activity of mutated acid sphingomyelinase [441]. 

Striking similarities between LSDs and amyloid diseases such as Alzheimer’s, Parkinson’s and 

Huntington’s disease with respect to the involvement of the lysosome are apparent [306]. 

Hsp70 has been shown to have a protective effect in both amyloidoses and LSDs as discussed 

above. Taking advantage of the endocytic machinery to traffic recombinant Hsp70 to the 

lysosome [441], the role of Hsp70 in fibril-mediated lysosomal disruption was investigated. 



153 

 

This was based on the observations of impaired lysosomal function and trafficking of lysosomal 

membrane proteins by fragmented β2m fibrils. The Hsp70 used in the experiments described 

here is the cytosolic stress-inducible Hsp70 (Hsp70(1A), herein referred to as Hsp70) which has 

been shown to translocate to the lysosomal compartment under conditions of cellular stress 

[442]. It is the same isoform which has been shown to be trafficked to the lysosome and play a 

protective role in models of Niemann Pick disease A and B [441]. This chapter describes 

experiments designed to investigate whether or not Hsp70 is protective against fragmented 

β2m fibrils.  

6.2 Results 

6.2.1 Expression and purification of Hsp70 

In order to generate Hsp70 to determine if Hsp70 protected cells against the deleterious 

effects of amyloid fibrils, recombinant Hsp70 was expressed in BL21 (DE3) pLysS cells carrying 

the pET28b-Hsp70(1A) plasmid according to an established protocol [333] (Section 2.9 and 

Figure 6.1). Cells were lysed after induction with IPTG and the soluble fraction of the cell lysate 

was purified by Ni-NTA chromatography. The protein was eluted via a step gradient and Hsp70 

elutes as a single peak at an imidazole concentration of 200 mM (Figure 6.2 and Figure 6.3). 

Fractions spanning this single peak were pooled and dialysed prior to further purification by 

size exclusion chromatography.  
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Figure 6.1: Schematic of Hsp70 expression and purification strategy.  

This, however, did not successfully separate the protein into well resolved peaks as judged by 

the size exclusion chromatography profile (Figure 6.4). SDS-PAGE analysis of the size exclusion 

chromatography eluate shows the presence of a less abundant, lower band which could be a 

contaminant or a proteolytic fragment of Hsp70 (predicted molecular mass of Hsp70 is 72 KDa) 

(Figure 6.5). The protein was therefore pooled and dialysed against 20 mM Tris.HCl pH 8.0 

prior to further purification by anion exchange chromatography. Purification by anion 

exchange chromatography separated the protein into sharper, well resolved peaks (Figure 

6.6).  

Analysis of purity by SDS-PAGE revealed that the second peak corresponds to relatively pure 

Hsp70 (Figure 6.7). Electrospray ionisation mass spectrometry was used to determine the 

molecular weight of the purified protein (Figure 6.8). A molecular mass of 72085 Da is 

consistent with the purified protein being hexa his-tagged monomeric Hsp70 with the N 

terminal methionine excised (expected mass 72084.36 Da). Excision of the N terminal 
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methionine has been shown to be a common modification of proteins in the cytosol of 

Escherichia coli [443]. The purified Hsp70 was stored at -80 °C.    

 

Figure 6.2: Ni-NTA affinity chromatography purification of Hsp70. Recombinant N-hexa-His tagged 

Hsp70 was overexpressed in BL21 (DE3) pLysS cells transformed with the pET28b-Hsp70(1A) plasmid 

[333]. Cells were harvested from induced cultures and lysed. Cell lysates were filtered and loaded onto 

an XK26 column containing 25 ml Ni Sepharose High Performance. 1 indicates a disruption in the 

absorbance at 280 nm due to accidental loading of air on to the column. 2 indicates a wash step with 40 

mM imidazole and 3 indicates an elution step with 200 mM imidazole. Samples from 2 and 3 were 

collected for SDS-PAGE analysis.   
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Figure 6.3: SDS-PAGE analysis of Hsp70 purification by Ni-NTA chromatography. Samples were 

resolved by 10% Tris-glycine SDS-PAGE and visualised by Coomassie Blue. Lane 1 – marker; 2 – whole 

cell lysate of induced cells; 3 – soluble fraction of whole cell lysate; 4 – flow-through (1 in Figure 6.2) ; 5 

– wash with 40 mM imidazole (2 in Figure 6.2); 6 to 14 – samples spanning peak that elutes at 200 mM 

Imidazole (3 in Figure 6.2).  

 

 

Figure 6.4: Size exclusion chromatography purification of Hsp70. Fractions corresponding to the Ni-NTA 

affinity chromatography elution peak (3 in Figure 6.2) were pooled and dialysed against 50 mM Tris.HCl 

pH 7.4 containing 150 mM KCl and 2 mM MgCl2. Dialysed protein was concentrated to 12 mg/ml prior to 

loading on to a Superdex 75 HiLoad 26/60 size exclusion column for further purification. Samples 

spanning both peaks (indicated by ¥) were collected for SDS-PAGE analysis. 
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Figure 6.5: SDS-PAGE analysis of size exclusion chromatography purification of Hsp70. Samples were 

resolved by 10% Tris-glycine SDS-PAGE and visualised by Coomassie Blue. Lane 1 – marker; 2 to 15 

samples spanning both peaks from the size exclusion chromatography elution profile (¥ in Figure 6.4). * 

Indicates a band corresponding to either a contaminant or degradation product of Hsp70.  

 

Figure 6.6: Further purification of Hsp70 by anion exchange chromatography. Fractions spanning both 

peaks from size exclusion chromatography purification (¥ in Figure 6.4) were pooled and dialysed 

against 20 mM Tris.HCl pH 8.0 and loaded onto a Resource Q anion-exchange column. A linear gradient 

of 0 – 700 mM NaCl in 20 mM Tris.HCl pH 8.0 over 80 ml was applied to elute the protein. Fractions from 

peaks 1 and 2 were collected for SDS-PAGE analysis.   
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Figure 6.7: SDS-PAGE analysis of anion exchange chromatography purification of Hsp70. Samples were 

resolved by 10% Tris-glycine SDS-PAGE and visualised by Coomassie Blue. Lane 1 – marker; 2 to 9 – 

samples spanning the second peak (2 on Figure 6.6); 10-11 – samples spanning the first peak (1 on 

Figure 6.6). * indicates a band corresponding to a contaminant or degradation product of Hsp70.  

 

Figure 6.8: Electrospray ionisation mass spectrometry (ESI-MS) analysis of purified Hsp70. Mass 

profiles generated by Maximum Entropy processing of the ESI-MS m/z spectra. The peak corresponding 

to 72085.00 ± 0 Da represents hexa-his-tagged monomeric Hsp70. The peaks to the right correspond to 

Hsp70 bound to sodium and potassium ions. ESI-MS analysis was performed by Dr James Ault 

(University of Leeds, Astbury mass spectrometry facility manager). 
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6.2.2 Analysis of the intracellular localisation of recombinant Hsp70 

To confirm that exogenously added, purified, recombinant Hsp70 was indeed trafficked to the 

lysosome as shown previously, its intracellular localisation was analysed by live cell confocal 

microscopy [441]. Purified Hsp70 was fluorescently labelled with Alexa Fluor® 405 prior to 

incubation with RAW 264.7 cells for 4 h (Section 2.10.1). Cells were stained with LysoTracker 

Green and imaged. Labelled Hsp70 was found in intracellular punctate structures which 

colocalised with LysoTracker Green (Figure 6.9).  

 

Figure 6.9: Analysis of the internalisation and localisation of labelled Hsp70 in RAW 264.7 cells. RAW 

264.7 cells were incubated with 3 µM Alexa Fluor® 405 Hsp70 for 4 h. Cells were washed and stained 

with 50 nM LysoTracker Green 30 min prior to imaging. Images were acquired using a Zeiss LSM510 

confocal microscope with a 40X objective. Representative confocal images are shown. Scale bar 

represents 10 µm.  

6.2.3 Investigation of the role of Hsp70 in amyloid-mediated disruption of MTT 

reduction 

To investigate whether Hsp70 could protect against inhibition of MTT reduction by fragmented 

β2m fibrils, RAW 264.7 and SH-SY5Y cells were pre-incubated with Hsp70 4 h (RAW 264.7) or 6 

h (SH-SY5Y) prior to incubation with fragmented fibrils (Section 2.10.2). The MTT assay was 

then employed to measure the effect of Hsp70 on MTT reduction by fibril-treated cells. Pre-

incubation of cells with Hsp70 reduced the inhibition of MTT reduction by fragmented β2m 

fibrils in both RAW 264.7 and SH-SY5Y cells (Figure 6.10).  
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Figure 6.10: Analysis of the effect of Hsp70 on MTT reduction in fibril treated cells. RAW 264.7 (A) and 

SH-SY5Y (B) were pre-incubated with Hsp70 at the concentrations indicated for 4 h (RAW 264.7) or 6 h 

(SH-SY5Y). Cells were then incubated with 1.2 µM (monomer equivalent) fragmented β2m fibrils or fibril 

growth buffer as a control for 24 h prior to analysis of MTT reduction. MTT reduction (%) was calculated 

by normalising against cells treated with the respective concentrations of Hsp70 and fibril growth buffer 

(100 %). Error bars represent one S.E.M. over three independent experiments containing five replicates 

each. *** signifies a p value of <0.001. 
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6.2.4 Investigation of the role of W90F Hsp70 in amyloid-mediated disruption of 

MTT reduction 

In addition to its role as a molecular chaperone, Hsp70 is also involved in the regulation of LMP 

[444]. LMP causes the release of cathepsins and other hydrolases from the lysosomal lumen to 

the cytosol. It is therefore a potentially lethal event due to digestion of vital proteins as well as 

activation of additional hydrolases such as caspases [283]. LMP is induced by a range of 

different stimuli including activation by cell death effectors such as Bax [283]. Exogenously 

added Hsp70 has been shown to be trafficked to the lysosome and to inhibit LMP by stabilising 

lysosomes. This stabilising effect is due to the binding of Hsp70 to the endolysosomal lipid 

bis(monoacylglycero)phosphate (BMP). This interaction enhances sphingomyelin catabolism 

thus increasing cellular levels of ceramide and resulting in lysosomal stability [441]. By 

changing the lipid composition of inner lysosomal membranes, sphingolipid catabolism is 

thought to enhance the stability of the lysosomal membrane [445]. A single point mutation in 

the ATPase domain of Hsp70 at residue 90, which changes a tryptophan residue to a 

phenylalanine residue (W90F), has been shown to specifically abolish the interaction between 

Hsp70 and BMP whilst retaining the structural and functional aspects of the Hsp70 chaperone 

[441]. W90F Hsp70 is therefore unable to protect against LMP in contrast to wild-type Hsp70 in 

models of Niemann Pick disease A and B [441]. Recent work in our laboratory has shown that 

fragmented β2m fibrils disrupt artificial lipid bilayers which contain BMP [446]. W90F Hsp70 

was used as a tool to investigate whether the interaction of Hsp70 and BMP was necessary for 

protection from fragmented β2m fibrils. 

W90F Hsp70, was expressed in BL21 (DE3) pLysS cells carrying the pET28b-W90F Hsp70(1A) 

plasmid and then purified using the same protocol as used for wild-type Hsp70 [333] (Figure 

6.1 and Section 2.9). The purity of W90F Hsp70 was confirmed by analytical size exclusion 

chromatography and SDS-PAGE analysis (Figure 6.11 and Figure 6.12). 
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Figure 6.11: Analytical size exclusion chromatography of purified W90F Hsp70. Purified W90F Hsp70 

was separated by size exclusion chromatography using an analytical size exclusion column (Superdex 

200 10/300 GL).  Samples from both peaks (1 and 2) were collected for SDS-PAGE analysis. 

 

Figure 6.12: SDS-PAGE analysis of analytical size exclusion chromatography of purified W90F Hsp70. 

Samples were resolved by 10% Tris-glycine SDS-PAGE and visualised by Coomassie Blue. 1 – Marker; 2 to 

4 samples spanning the first peak from the size exclusion chromatography elution profile (1 in Figure 

6.11); 5 to 11 – samples spanning the second peak (2 in Figure 6.11).  
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The effect of W90F Hsp70 on the inhibition of MTT reduction by fragmented β2m fibrils was 

investigated. Cells were pre-incubated with Hsp70 or W90F Hsp70 prior to incubation with 

fragmented fibrils (Section 2.10.2). W90F Hsp70 also protects against fibril-mediated inhibition 

in MTT reduction (Figure 6.13). This protection, observed in both RAW 264.7 and SH-SY5Y cells, 

is comparable to that conferred by wild-type Hsp70. This suggests that Hsp70 rescue is unlikely 

to require the interaction of Hsp70 with the endolysosomal lipid, BMP.  
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Figure 6.13: Analysis of the effect of W90F Hsp70 on the fibril-mediated disruption of MTT reduction. 

RAW 264.7 (A) and SH-SY5Y (B) were pre-incubated with Hsp70 or W90F Hsp70 at the concentrations 

indicated for 4 h (RAW 264.7) or 6 h (SH-SY5Y). Cells were then incubated with 1.2 µM (monomer 

equivalent) fragmented fibrils or fibril growth buffer as a control for 24 h prior to analysis of MTT 

reduction. MTT reduction (%) was calculated by normalising against cells treated with the respective 

concentrations of W90F Hsp70 or Hsp70, and fibril growth buffer. Error bars represent one S.E.M. over 

three independent experiments containing five replicates each. *, ** and *** signify p values of <0.05, 

<0.01 and <0.001 respectively. 
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6.2.5 Investigation of the effect of Hsp70 on fibril-mediated alteration in formazan 

trafficking 

To investigate whether Hsp70 protected against the fibril-mediated alteration in formazan 

trafficking in the MTT assay, SH-SY5Y cells were pre-incubated with Hsp70 prior to incubation 

with fragmented fibrils (Section 2.10.3). In the absence of Hsp70, phase contrast microscopy 

analysis showed accumulation of formazan as extracellular needles in fibril-treated cells and 

intracellular granules in buffer-treated controls (Figure 6.14). Pre-incubation with Hsp70 had a 

subtle effect on the production of extracellular needles by fibril-treated cells. Although 

formazan still accumulated in extracellular needles, intracellular granules were also observed 

(bottom panel in Figure 6.14). Such intracellular granules are not observed in the absence of 

Hsp70.  
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Figure 6.14: Phase contrast microscopy analysis of the effect of Hsp70 on formazan trafficking. SH-

SY5Y cells were pre-incubated with either 3 µM Hsp70 or PBS as a control for 6 hours prior to 24 h 

incubation with 1.2 µM (monomer equivalent) fragmented β2m fibrils or fibril growth buffer. Cells were 

incubated with MTT 90 min before imaging by phase contrast microscopy. Reduced formazan was 

visualised as dark intracellular granules (open triangle) or extracellular needles (filled triangle). Images 

were acquired on a Leica DM IL inverted contrasting microscope connected to a Leica DC 300F camera 

(Leica microsystems). Representative images are shown. The scale bar represents 20 µm. 
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6.2.6 Further investigation into the effect of Hsp70 on fibril-mediated cell 

disruption 

Due to the observation of fibril-mediated perturbation in LAMP-1 trafficking (Figure 5.2), the 

effect of Hsp70 on the cell-surface expression of LAMP-1 in fibril-treated cells was analysed by 

flow cytometry (Section 2.10.4). SH-SY5Y cells were pre-incubated with Hsp70 prior to 

incubation with fragmented β2m fibrils or controls. Hsp70 did not have a significant effect on 

the cell surface LAMP-1 expression in cells incubated with fragmented fibrils or controls (Figure 

6.15). 
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Figure 6.15: Analysis of the effect of Hsp70 on the cell surface expression of LAMP-1. SH-SY5Y cells 

were pre-incubated with either 3 µM Hsp70 or PBS as a control prior to incubation with 1.2 µM 

(monomer equivalent) fragmented β2m fibrils or controls (1.2 µM β2m monomer or fibril growth buffer). 

Cells were then stained with fluorescently labelled anti-LAMP-1. Cell-associated fluorescence was 

quantified by flow cytometry. (A) Representative flow cytometry data showing the effect of Hsp70 on 

cell-surface LAMP-1 expression. (B) Quantification of flow cytometry data. Cell surface LAMP-1 (%) was 

calculated by normalising to signal from cells that were incubated with fibril growth buffer (100 %). Error 

bars represent one S.E.M. over three independent experiments each containing three replicates each. 

Flow cytometry data was collected on a BD LSRFortessa analyser (Becton Dickinson).  
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In order to further examine the effects of Hsp70 on the fibril-associated disruption of cellular 

function, its role in ovalbumin degradation in fibril-treated cells was analysed by flow 

cytometry (Section 2.10.5). This was based on the observation of impairment in degradation of 

endocytosed proteins in cells incubated with fragmented β2m fibrils (Figure 4.10 and Figure 

4.11). SH-SY5Y cells were pre-incubated with Hsp70 for 6 h before incubation with fragmented 

fibrils or controls for 24 h. Cells were then pulsed with a fluorescent protein substrate, Alexa 

Fluor® 647 ovalbumin (AF647-ovalbumin) for 6 h. Following pulse, cells were analysed for cell-

associated fluorescence immediately (0 h chase) or cultured for a further 24 h in the absence 

of AF647-ovalbumin and then analysed (24 h chase). Pre-incubation of cells with Hsp70 

restored ovalbumin degradation in fibril-treated cells to levels comparable to controls (Figure 

6.16). Hsp70 therefore restores the ability of fibril-treated cells to degrade endocytosed 

proteins. 
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Figure 6.16: Analysis of the effect of Hsp70 on the degradation of fluorescently labelled ovalbumin in 

fibril treated cells. SH-SY5Y cells were pre-incubated with Hsp70 at the concentrations indicated for 6 h 

prior to incubation with fragmented fibrils or controls. Cells were then pulsed with A647-ovalbumin and 

its degradation over time was followed by measuring cell-associated fluorescence immediately after 

pulsing with labelled ovalbumin (0 h chase) or 24 h later (24 h chase). (A) Representative flow cytometry 

data showing the effect of Hsp70 on ovalbumin degradation. (B) Quantification of flow cytometry data. 

Ovalbumin fluorescence (%) was calculated by normalising the fluorescence at 24 h chase to the 

fluorescence at 0 h chase (100 %). Error bars represent one S.E.M. over three independent experiments 

containing three replicates each. *** signifies a p value of <0.001. Flow cytometry data was collected on 

a BD LSRFortessa analyser (Becton Dickinson).  
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6.3 Discussion 

The experiments described here demonstrate protection by Hsp70 from cellular disruption 

mediated by fragmented fibrils. Pre-incubation of cells with Hsp70 prior to incubation with 

fragmented fibrils, confers protection against amyloid-mediated impairment in MTT reduction 

and ovalbumin degradation. As the single point mutant, W90F Hsp70, is also able to protect 

against amyloid-mediated impairment in MTT reduction, this protection is unlikely to be due to 

enhancement of acid sphingomyelinase activity through interactions with BMP. Pre-incubation 

of cells with Hsp70, does not however, protect against fibril-mediated perturbation in LAMP-1 

trafficking. 

In vitro studies on the effect of Hsp70 on α-synuclein fibril formation have demonstrated that 

Hsp70 inhibits fibril formation by binding to prefibrillar species [447, 448]. The constitutively 

expressed member of the Hsp70 family, Hsc70, has also been shown to inhibit α-synuclein 

fibril formation [449]. Furthermore, Hsc70 was shown to ‘coat’ α-synuclein fibrils. α-synuclein 

fibrils coated with Hsp70 were shown to be less toxic than uncoated fibrils [449]. In light of this 

precedent, it is possible that Hsp70 has a direct effect on β2m fibrils. β2m fibrils, like all amyloid 

fibrils, have the potential to disaggregate and release soluble species. Fibril disaggregation has 

been demonstrated to be associated with toxicity [166, 191, 192]. Indeed, in vitro studies on 

the effect of Hsp70 on fragmented β2m fibrils demonstrate a reduction in the rate of fibril 

disaggregation (Kevin Tipping, personal communications and Figure 6.17). Hsp70 protection 

could be mediated by its stabilising effect on fibrils thus reducing the release of potentially 

deleterious, soluble oligomeric species. Alternatively, by interacting with fragmented β2m 

fibrils, Hsp70 could mask fibril surfaces, thus preventing abnormal interactions with cellular 

proteins or lipids.  



172 

 

 

Figure 6.17: Analysis of the effect of Hsp70 on disaggregation of β2m fibrils. Fibril disaggregation was 

followed over time by measuring ThT fluorescence. Hsp70 and fragmented β2m fibrils were diluted in 50 

mM sodium phosphate buffer at pH 7.4 containing 10 µM ThT, 30 mM NaCl and 3 mM KCl, to the 

concentrations indicated. ThT fluorescence was monitored and results were normalised to ThT 

fluorescence at 0 min for each sample (1.0). Representative data averaged from three independent 

replicates are shown. ThT was excited at 440 nm and fluorescence measured at 480 nm. Experiment 

performed by Kevin Tipping, University of Leeds.  

However, the experiments described in this chapter differ fundamentally from the studies 

mentioned above [447, 449]. Both these studies involve pre-incubation of Hsp70/Hsc70 with 

α-synuclein monomer/fibrils prior to incubation with cells, whereas experiments here involve 

pre-incubation of cells with Hsp70 prior to incubation with fibrils. Hsp70 presumably only 

comes into contact with β2m fibrils in the lysosome. Therefore, although a direct interaction of 

Hsp70 with β2m fibrils and a reduction in disaggregation is theoretically plausible, it is likely 

that other factors are also involved.  
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It is possible that pre-incubation of cells with Hsp70 could ‘coat’ inner membranes of 

endosomes, late endosomes and lysosomes prior to fibril insult. For example, Hsp70 has been 

shown to bind to membrane lipids and this binding is enhanced at lysosomal pH [441]. Hsp70, 

by binding to membrane lipids, could therefore obstruct abnormal interactions of fibrils with 

these lipids. Indeed, fragmented β2m fibrils have been shown to interact with synthetic 

liposomes, with fibril-lipid interactions resulting in membrane distortion and blebbing [231]. In 

addition, recent work in our laboratory has shown that fragmented β2m fibrils interact with 

and damage synthetic lipid bilayers [446]. This interaction is dependent on pH, with lipid 

bilayers being particularly susceptible to damage at low pH [446]. Lipid composition has also 

been shown to be important and damage by fragmented β2m fibrils is enhanced in lipid 

bilayers containing BMP [446]. Although the protection by Hsp70 is unlikely to be via 

interaction with BMP, it is possible that Hsp70 binds to other membrane lipids. Lysosomal 

membrane damage is not apparent in cells incubated with fragmented β2m fibrils (Eric Hewitt, 

personal communications and Figure 4.17); however, it is possible that β2m fibrils interact with 

endosomal, late endosomal and lysosomal membrane lipids in a cellular context. Abnormal 

interactions with these lipids could result in disruptions in the endolysosomal system. 

Hsp70 could also protect cells from the deleterious effects of fragmented β2m fibrils by 

enhancing the activities of lysosomal enzymes such as the proteases involved in lysosomal 

degradation. Indeed, celastrol, which induces Hsp70, has been shown to enhance the 

enzymatic activity of glucocerebrosidase in models of Gaucher’s disease [440]. Hsp70 has also 

been shown to enhance the activity of acid sphingomyelinase, the enzyme mutated in 

Niemann Pick disease A and B, and this enhancement leads to protection in models of 

Niemann Pick disease A and B models [441]. Hsp70 activation has also been demonstrated to 

boost the activities of enzymes with metabolic disease-causing mutations, such as cystathione 

β-synthase and methylene tetrahydrofolate reductase [450]. By boosting the activity of 

lysosomal proteases, Hsp70 could protect against fibril-mediated impairment in degradation of 

endocytosed proteins. This could also explain why Hsp70 has no effect on LAMP-1 trafficking 

but restores the degradation of ovalbumin.  

The pharmacological enhancement of Hsp70 is an attractive therapeutic strategy and has been 

explored as treatment for several amyloid diseases [451]. In addition to its efficacy in 

Gaucher’s disease models, celastrol has also been shown to have a protective effect in animal 

models of Parkinson’s disease, Huntington’s disease and ALS models with superoxide 

dismutase-1 (SOD1) mutations [452-454]. 17-N-allylamino-17-demethoxygeldanamycin (17-

AAG), an analogue of the Hsp90 inhibitor, geldanamycin, inhibits Hsp90 by blocking the 
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interaction between Hsp90 and heat shock transcription factor 1 (HSF1) [430]. By doing so, 

geldanamycin and its derivatives, increase the levels of activated HSF1, thus resulting in the 

activation of the heat shock response, including activation of Hsp70 [430, 451]. Treatment with 

17-AAG has been shown to attenuate the toxicity of α-synuclein in cell models of Parkinson’s 

disease, as well as polyglutamine in mouse models of the polyglutamine disease, SBMA [455, 

456]. Finally, arimoclomol has been shown to activate the heat shock response in stressed cells 

by stabilising activated HSF1 thus resulting in the upregulation of molecular chaperones, 

including Hsp70 [451]. Arimoclomol has been demonstrated to be protective in mouse models 

of ALS with SOD1 mutations, as well as mouse models of SBMA [457-459]. Arimoclomol is 

currently being investigated in phase II clinical trials of ALS [451].  

This chapter demonstrates that Hsp70 confers protection against some of the observed 

deleterious effects of fragmented β2m fibrils. This adds to the growing body of evidence 

indicating a protective role for Hsp70 in amyloid disease. A detailed investigation into the 

mechanism of Hsp70 protection from fragmented β2m fibrils could inform future therapeutic 

strategies against amyloid disease.  
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7 Discussion and future work 

Although the close association between appearance of amyloid deposits and onset of 

pathological events has been clear for many years, the mechanisms of disease pathogenesis 

remain unclear [79]. Due to the lack of correlation between fibril load and disease severity, 

research efforts have focused on the investigation of pre-fibrillar aggregates [79, 135, 143-

145]. However, accumulating evidence also implicates fibrils as amyloid species with toxic 

potential [173, 177-186]. The role of amyloid fibrils in disease pathogenesis is being 

reappraised in light of this accumulating evidence [176]. The experiments described in this 

thesis investigated the effect of amyloid fibrils on cellular function.  

β2m was used a model to study amyloid disease based on the extensive characterisation of 

fibril formation pathways, various intermediate species and amyloid fibrils [125, 189, 337, 340, 

341, 368]. In addition, β2m amyloid fibrils formed in vitro have been shown to share structural 

characteristics with ex vivo β2m amyloid fibrils [366]. The β2m fibrils generated and 

incorporated in the experiments described here, display characteristic amyloid properties such 

as binding to ThT and the conformation-specific anti-fibril antibody WO1 [86, 327]. The 

fragmentation of β2m fibrils has been shown to yield nanoscale β2m fibrils which display the 

same structural characteristics but are of a reduced average length [190]. Fragmented β2m 

fibrils have a greater biological activity as evidenced by their ability to inhibit MTT reduction to 

a greater extent than their unfragmented counterparts [190]. The fragmented β2m fibrils 

generated here also display this enhanced biological activity and were therefore selected for 

further investigation. Previous work in the laboratory using macrophages and primary human 

monocytes demonstrated that β2m fibrils are trafficked to the lysosome where they persist 

[247, 248]. Building on this, the effect of β2m fibrils on lysosome function was investigated. 

7.1 Lysosome dysfunction and its role in amyloid disease 

Previous work showed that internalisation of β2m fibrils was length-dependent with 

fragmented fibrils being internalised to a greater extent than unfragmented fibrils (Andrew 

Hellewell, personal communications). This difference in internalisation, and hence access to 

intracellular organelles such as the lysosome, rationalises the differences in biological activity 

observed. Lysosomal dysfunction is a recurrent theme in reported mechanisms underlying 

amyloid diseases [278]. The data presented in this thesis support the notion that lysosomes 

are a key target in amyloid disease. As protein degradation is a crucial function of the 

lysosome, the effect of fragmented β2m fibrils on the ability of lysosomes to perform this 

function was investigated. Fragmented fibrils were shown to impair the degradation of 
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endocytosed proteins. However, the proteolysis of the cell permeant Magic Red™ cathepsin B 

substrate was unaffected by fragmented fibrils. This could be due to a saturating effect on 

lysosomal proteolytic machinery by fibrils acting on proteases other than cathepsin B or 

disruption in trafficking of endocytosed cargo to lysosomes. Experiments investigating the 

effect of fragmented β2m fibrils on other lysosomal hydrolases show no effect on β-

glucocerebrosidase activity and only a modest effect on β-galactosidase activity. This suggests 

that fragmented fibrils only inhibit the capacity of cells to degrade proteins.  

Future work investigating whether fragmented fibrils saturate proteolytic machinery could 

involve investigation of activities of other lysosomal cysteine proteases such as cathepsin L and 

K using commercially available cell permeant substrates similar to that used for cathepsin B. 

Further investigation could also include aspartic and serine proteases. In order to analyse 

whether fragmented fibrils disrupt the trafficking of endocytosed cargo to lysosomes, the 

trafficking of endocytosed fluorescently labelled protein substrate could be further 

characterised. As LysoTracker Green accumulates in acidic vesicles, it does not necessarily 

distinguish between late endosomes and lysosomes. A more detailed characterisation could 

involve antibody markers to organelles in the endolysosomal pathway such as the early 

endosome marker (anti-EEA1), the late endosome marker (anti-Rab7) and the lysosomal 

marker (anti-LAMP-1). For example, live cell confocal microscopy could be used to analyse and 

quantify the colocalisation of AF647-ovalbumin with anti-EEA1, anti-Rab7 and anti-LAMP-1 in 

order to identify the block in trafficking of endocytosed cargo.  This could also extend to 

investigation of the effect of fragmented fibrils on other lysosomal hydrolases using substrates 

that require targeted delivery to the lysosome.  

The inhibition of degradation of endocytosed proteins by fragmented fibrils, and thus their 

accumulation in cells, has a number of derived consequences. Impairment in degradation 

could also affect resident cellular proteins whose accumulation could have further reaching 

consequences. If the function of these resident cellular proteins requires their recycling, their 

entrapment in dysfunctional lysosomes would influence cellular signalling pathways. 

Lysosomal dysfunction would also impact upon autophagy and autophagy dysfunction is 

recurrently reported as a mechanism underlying neurodegenerative diseases such as 

Alzheimer’s, Parkinson’s and Huntington’s diseases [278].  

Indications of altered autophagy are often deduced by observations of autophagosome 

accumulation [242, 255, 261, 290, 291]. Indeed a preliminary investigation into the effects of 

fragmented β2m fibrils indicates altered autophagy; however it is unclear whether this 
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alteration corresponds to a compensatory upregulation of autophagy or a block in 

autophagosome clearance. Further investigation into the effect of fibrils on autophagy could 

involve experiments that distinguish between effects on fusion of autophagosomes to 

lysosomes to form functional autolysosomes, and the degradation in and clearance of 

autolysosomes. For example, immunofluorescence microscopy analysis of fixed cells stained 

with anti-LC3B and anti-cathepsin D should provide information on autophagosome and 

lysosome fusion. Cathepsin D is a lysosomal hydrolase and therefore antibodies specific for 

cathepsin D could be used to stain lysosomes. LC3-II, the lipidated form of LC3-I is recruited to 

active autophagosomes and therefore the anti-LC3B antibody (which recognises both LC3-I and 

LC3-II) could be used to stain autophagosomes. Activated autophagosomes could be 

distinguished from non-activated autophagosomes by incorporating a commercially available 

selective permeabilisation solution which extracts cytosolic LC3-I without affecting LC3-II 

(Merck Millipore). Co-localisation analysis of cathepsin D and LC3-II could therefore be 

informative on fusion of autophagosomes and lysosomes. Elucidation of degradation in the 

autolysosome is more challenging. One approach could involve monitoring the time-

dependent decrease of an autophagy-degradable marker in the presence or absence of fibrils. 

The caveat with this approach, however, is that the marker may be degraded by autophagy-

independent mechanisms and of course fibrils may impair the degradation of the marker 

without impairing autophagy.  

Inhibition of lysosomal function has been implicated in the pathogenesis of amyloid disease 

[278]. This is particularly highlighted by a study using primary mouse cortical neurons which 

demonstrated that inhibition of lysosomal proteolysis by protease inhibitors or by suppression 

of lysosomal acidification, retarded transport of autolysosomes, late endosomes and 

lysosomes and resulted in their accumulation in dystrophic axonal swellings. Interestingly 

these dystrophic swellings resembled those observed in Alzheimer’s disease mouse models 

and were reversed when lysosomal proteolysis was restored [284].  

Lysosomal dysfunction could also contribute to the pathology of DRA. β2m amyloid fibrils 

deposit in osteoarticular tissues and result in bone and joint destruction [52, 53]. 

Macrophages, which infiltrate β2m amyloid deposits in vivo, have been shown to internalise 

β2m fibrils and traffic them to the lysosome where they persist [247, 248, 390]. β2m fibrils in 

the lysosome could reduce the degradative capacity of these cells whose function relies 

heavily on degradation. Furthermore, β2m fibrils have the potential to disrupt bone 

remodelling due to their demonstrated ability to perturb primary human cells implicated in the 

pathology of DRA (osteoblasts and osteoclasts) [248]. Bone remodelling requires the concerted 
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action of osteoclasts (which resorb bone) and osteoblasts (which produce bone) [460]. β2m 

fibrils were shown to inhibit the ability of osteoclasts to resorb bone [248]. Bone resorption by 

osteoclasts involves lysosome-like organelles and fibril-mediated lysosomal dysfunction could 

rationalise this inhibition [460]. 

7.2 Membrane trafficking perturbations and their role in amyloid 

disease 

Accumulating evidence implicates trafficking defects in Alzheimer’s, Parkinson’s and 

Huntington’s diseases [323, 394, 395, 409-413]. Fragmented fibrils were shown to enhance the 

expression of the lysosomal membrane proteins, LAMP-1 and CD63 at the cell surface without 

increasing their expression or inducing a gross re-distribution of existing protein pools. 

Inhibition of protein synthesis using cycloheximide, inhibited, in part, this increase in LAMP-1 

and CD63 at the cell surface suggesting that fragmented fibrils alter the trafficking of newly 

synthesised LAMP-1 and CD63. This could be due to impairment in trafficking of newly 

synthesised protein from the TGN to late endosomes. On the other hand, an increase in 

trafficking of newly synthesised protein to the plasma membrane or the retention of protein at 

the plasma membrane could rationalise this observation.  

A preliminary investigation of the effect of fibrils on fluid phase endocytosis using dextrans 

indicates that fibrils do not affect the overall uptake of dextrans but may disrupt trafficking of 

endocytosed cargo to the lysosome. This would rationalise the impairment in ovalbumin 

degradation and the lack of effect of fibrils on the cleavage of the membrane permeant Magic 

Red™ cathepsin B substrate. It could also explain the increased levels of LC3-II in fibril treated 

cells as a perturbation in delivery of cargo (such as autophagosomes) to lysosomes, would 

result in defective autophagosome clearance. 

Amyloid-mediated trafficking defects have been proposed to occur via abnormal interactions 

with regulatory proteins which mediate trafficking such as α-synuclein interactions with Rab1, 

Rab3a, Rab5 and Rab8 [409-411]. Reported trafficking defects also include amyloid-mediated 

inhibition of clathrin-mediated endocytosis by Aβ, huntingtin, ataxain-1 and superoxide 

dismutase-1 amyloid aggregates [323, 413, 414]. It is possible that fragmented fibrils 

participate in abnormal interactions with other proteins inside trafficking 

vesicles/endosomes/lysosomes and by doing so, alter the trafficking of LAMP-1 and CD63. 

Identification of such interacting proteins would be informative on the mechanism of 

trafficking disruption. 
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As inhibition of clathrin-mediated endocytosis has been linked to amyloid disease, it would be 

interesting to see whether fragmented fibrils disrupt clathrin-mediated endocytosis [323, 414]. 

This could be achieved by measuring the uptake of fluorescently labelled transferrin, which has 

been shown to occur via binding to the transferrin receptor followed by clathrin-mediated 

endocytosis of the transferrin-transferrin receptor complex [414, 461]. Future work could also 

involve the investigation of trafficking of other lysosomal proteins such as lysosomal 

hydrolases to the lysosome. If fragmented fibrils do indeed block the delivery of cargo to 

lysosomes, it would be informative to identify the precise step at which this block occurs. This 

could be inferred from the experiments with labelled ovalbumin and organelle markers 

suggested above. Alternatively, dextrans could be incorporated into these experiments. Due to 

their resistance to hydrolysis, dextrans would have the added bonus of being able to 

distinguish effects on trafficking from effects on lysosome-mediated degradation. 

7.3 Future therapeutic strategies for amyloid disease 

A large body of evidence indicates that elevation of Hsp70 levels is protective in several 

models of neurodegeneration [217, 427, 431-434, 437, 438].  The role of Hsp70 in fibril 

mediated cell-disruption was therefore investigated. Consistent with previous reports, 

recombinant Hsp70 was internalised by cells and trafficked to intracellular compartments 

which co-stained with LysoTracker Green [441]. Hsp70 protected cell from fibril-mediated 

inhibition of MTT reduction and impairment in degradation of endocytosed protein, but did 

not confer protection against membrane trafficking defects. Protection may be mediated by 

stabilising fibrils and preventing release of potentially deleterious soluble species, or by 

masking the fibril surface and preventing abnormal interactions with cellular proteins. 

Alternatively, Hsp70 has been shown to bind membrane lipids, and may bind to lipids found on 

the inner membranes of endosomes, late endosomes or lysosomes [441]. By doing so, Hsp70 

may prevent fibril-mediated disruption in cargo delivery to the lysosome. Hsp70 could also 

recue the degradation of endocytosed protein by enhancing the activity of lysosomal enzymes. 

Investigation into the interaction partners of Hsp70 in lysosomes isolated from cells pre-

incubated with Hsp70 in the presence and absence of fibrils may shed further light on the 

protection mechanism. The pharmacological and genetic enhancement of molecular 

chaperones including Hsp70 is being explored as a therapeutic strategy against protein 

conformational diseases, lysosomal storage diseases (LSDs) and amyloidosis [197, 214, 215, 

430, 451]. In addition, the targeted delivery of recombinant Hsp70 is currently in preclinical 

development for multiple LSDs [462]. This therapeutic strategy could also apply to amyloid 

diseases. Further characterisation of the mechanism of protection by Hsp70 demonstrated 
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here would therefore be beneficial, not only in understanding the mechanism by which fibrils 

mediate cell-disruption but may also inform future therapeutic strategies. 

In combination with previous studies, the work described in this thesis implicates the lysosome 

as a key target in the pathogenesis of amyloid disease, and can be used to inform therapeutic 

strategies. For example, enhancement of lysosomal function would clear amyloid, counteract 

the deleterious effects of fibrils and could restore cellular health.  The recent discovery of a 

gene network which globally controls and co-ordinates lysosomal biogenesis, autophagy, 

exocytosis and endocytosis has shed light on how lysosomes adapt to environmental cues 

[304]. This lysosomal gene network is referred to as the co-ordinated lysosomal expression and 

regulation (CLEAR) network and it is controlled by a master regulator, transcription factor EB 

(TFEB) [304]. TFEB has been shown to positively regulate genes in the CLEAR network, control 

the number of lysosomes and enhance the clearance of lysosomal substrates [278]. 

Interestingly, TFEB activation has been investigated as a therapeutic strategy for lysosomal 

storage diseases as well as neurodegenerative diseases. For example, TFEB gene delivery 

restored lysosomal levels in a mouse model of Parkinson’s disease and diminished 

dopaminergic neurodegeneration [261]. TFEB was also shown to enhance degradation and 

decrease neurotoxicity in a mouse model of Huntington’s disease [463]. It is predicted that 

overexpression of TFEB would in turn enhance the expression of lysosomal genes resulting in 

enhanced lysosomal degradation. It would be interesting to see whether overexpression of 

TFEB would be protective in the context of impaired degradation of endocytosed proteins in 

fibril-treated cells. Future work could incorporate cells transfected with TFEB in assays 

analysing the effect of fragmented fibrils on ovalbumin degradation.  

7.4 Summary 

In summary, this thesis demonstrates that fragmented β2m fibrils target the lysosome and 

disrupt lysosomal function. Fragmented β2m fibrils also perturb the trafficking of lysosomal 

membrane proteins. Preliminary work suggests that fragmented β2m fibrils disrupt delivery of 

endocytosed cargo to lysosomes and may therefore impact on autophagy. Lysosomal 

dysfunction and disruptions in trafficking have significant consequences on cellular function. 

Molecular mechanisms by which nanoscale amyloid fibrils may target the lysosome and 

endolysosomal pathway thus impacting on disease pathogenesis are depicted in Figure 7.1.   
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Figure 7.1: Model of cellular disruption by fragmented β2m amyloid fibrils. β2m fibrils have been 

shown be internalised and trafficked to the lysosome [247, 248](Andrew Hellewell, personal 

communications). β2m fibrils may disrupt cellular function by the following mechanisms. 1) Fragmented 

fibrils may inhibit the transport of lysosomal membrane proteins such as LAMP-1 and CD63 from the 

TGN to late endosomes. 2) The trafficking of lysosomal membrane proteins such as LAMP-1 and CD63 to 

the plasma membrane may be enhanced by fragmented fibrils. 3) Endocytosis of lysosomal membrane 

proteins at the cell surface may be inhibited by fragmented fibrils. 4) The delivery of contents of early 

endosomes such as ovalbumin, dextrans and fragmented fibrils may be blocked by fragmented fibrils. 5) 

Lysosome mediated degradation may be impaired by saturation of the proteolytic machinery by 

fragmented fibrils.  Protection by Hsp70 from fibril-mediated cell disruption could be mediated by the 

following mechanisms. 6) Hsp70 may stabilise fibrils thus preventing disaggregation or mask fibril 

surfaces and prevent abnormal interactions with cellular proteins. 7) Hsp70 may enhance lysosomal 

proteases and thus overcome fibril-mediated inhibition of degradation of endocytosed proteins. 8) 

Hsp70 may interact with lipids in the inner membranes of endosomes, late endosomes and lysosomes 

and thus rescue cells from fibril-mediated disruption of endocytosed cargo to lysosomes.    
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