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Abstract  
A number of diseases are linked to protein folding problems which lead to 

the deposition of insoluble protein plaques in the brain or other organs. These diseases 
include prion diseases such as Creutzfeld-Jakob disease, Alzheimer's disease, 
Parkinson's disease and type II (non-insulin dependent) diabetes. The protein plaques 
are found to consist of amyloid fibrils - cross-beta-sheet polymers with the beta-
strands arranged perpendicular to the long axis of the fibre. Studies of ex vivo fibrils 
and fibrils produced in vitro showed that amyloid structures possess similar tinctorial 
and morphological properties. These suggest that the ability to form amyloid fibrils is 
an inherent property of polypeptide chains. 

The aims of this thesis were to investigate the structural properties of 
cytotoxic amyloid and examine the involved mechanisms. The model proteins used in 
the studies were the equine and hen lysozymes and de novo designed protein 
albebetin.  

Lysozymes are naturally ubiquitous proteins. Equine lysozyme belongs to an 
extended family of structurally related lysozymes and α-lactalbumins and can be 
considered as an evolutional bridge between them. Hen lysozyme is one of the most 
characterized protein and its amyloidogenic properties were described earlier. De novo 
protein albebetin and its constructs are designed to perform the function of grafted 
polypeptide sequence. Fibrils of equine lysozyme are formed at acidic pH and 
elevated temperatures where a partially folded molten globule state is populated. We 
have shown that lysozyme assembles into annular and linear protofilaments in a 
calcium-dependent manner. We showed that albebetin and its constructs are inherently 
highly amyloidogenic under physiological conditions. Fibrillation proceeds via 
multiple pathways and includes a hierarchy of amyloid structures ranging from 
oligomers to protofilaments and fibrils, among which two distinct types of oligomeric 
intermediates were characterized. Pivotal oligomers comprise of 10-12 monomers and 
on-pathway amyloid-prone oligomers constitute of 26-30 molecules. We suggest that 
transformation of the pivotal oligomers into the amyloid-prone ones is a limiting stage 
in albebetin fibrillation. Cytotoxic studies of albebetin amyloid species have revealed 
that initial, pivotal oligomers do not effect on cell viability while amyloid-prone ones 
induce cell death. We suggest that oligomeric size is important for the stabilizing 
cross-beta-sheet core which is crucial for cell toxicity. Cytotoxic studies of both 
oligomers and fibrils of hen lysozyme have revealed that both species induce cell 
death. The amyloid sample containing cross-β-sheet oligomers induces an apoptosis-
like cell death. The oligomers without cross-β-sheet appeared to be non-toxic, 
indicating that the stabilization of this structural pattern is critical for the induced 
toxicity. In contrast, the fibrils induce more rapid, necrosis-like death. 

These studies gained insights into a structure–function relationship of 
different forms of amyloid and general pathways of cell death. This is an important 
step in understanding the mechanisms of amyloid-associated degeneration and 
defining specific therapeutic targets.  
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Introduction 
 

Amyloid diseases and related proteins 
 

Proteins, term originated from the Greek πρώτα ("prota")- "of primary 

importance", were first described and named by Jöns Jakob Berzelius in 1838. 

They are most multi-purposed macromolecules in living organisms, 

participating in essentially all biological processes. They function as catalysts 

and transporters; they store other molecules, provide mechanical support and 

immune protection, transmit nerve impulses, control growth and differentiation 

of cells and perform other functions. The structure of proteins and their ability 

to carry out their correct functions are very tightly controlled, as even small 

structural defects can lead to protein folding diseases. A number of human 

diseases are associated with the deposition of protein aggregates. These include 

prion diseases such as bovine spongiform encephalopathy and its human 

equivalent Creutzfeld-Jakob disease, Alzheimer's and Parkinson’s diseases, 

Skelefteå disease, type II (non-insulin dependent) diabetes and others. In most 

of amyloid disorders, the protein deposits are accumulated extracellular. In 

Parkinson's disease, however, amyloid deposits of α-synuclein were found 

intracellularly.  

The major constituent of the proteinaceous deposits are amyloid fibrils. 

They can be constituted of different proteins or peptides, depending on their 

location in the body. To date more than 30 proteins are known to be involved 

in the human amyloid diseases (Table 1). In spite of their different primary 

sequences and secondary and tertiary structures, when the individual 

polypeptides are assembled into fibrils, the latter exhibit very similar structural 
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characteristics such as cross-β-sheet core with the β-strands arranged 

perpendicular to the long axis of the fibre [Glenner, 1980; Blake & Serpell, 

1996]. The common structural properties of the fibrils imply that the general 

structural mechanism govern their formation and therefore the principles found 

for one particular protein have a general application for understanding this 

phenomenon as a whole. 

 

Table 1. Human amyloid disease and associated proteins. 

Disease Aggregating polypeptide Structure of 
polypeptide 

Neurodegenerative diseases 
Alzheimer's disease Amyloid β peptide Natively unfolded 
Spongiform 
encephalopathies 

Prion protein or fragments  Natively unfolded 
(residues 1–120) 
and α-helical 
(residues 121–230)

Parkinson's disease α-Synuclein Natively unfolded 
Dementia with Lewy 
bodies 

α-Synuclein Natively unfolded 

Amyotrophic lateral 
sclerosis 

Superoxide dismutase-1 All-β, Ig like 

Huntington's disease Huntingtin with polyQ 
expansion 

Largely natively 
unfolded 

Spinocerebellar ataxia 17 TATA box-binding protein 
with polyQ expansion 

α+β, TBP like 
(residues 159–
339); unknown 
(residues 1–158) 

Nonneuropathic systemic amyloidoses 
AL amyloidosis Immunoglobulin light chains 

or fragments 
All-β, Ig like 

AA amyloidosis Fragments of serum amyloid 
A protein 

All-α, unknown 
fold 

Senile systemic 
amyloidosis 

Wild-type transthyretin All-β, prealbumin 
like 
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Disease Aggregating polypeptide Structure of 
polypeptide 

Familial amyloidotic 
polyneuropathy 

Mutants of transthyretin All-β, prealbumin 
like 

Hemodialysis-related 
amyloidosis 

β2-microglobulin All-β, Ig like 

Apo amyloidosis N-terminal fragments of 
apolipoproteins 

Natively unfolded 

Lysozyme amyloidosis Mutants of lysozyme α+β, lysozyme fold 
Fibrinogen amyloidosis Variants of fibrinogen α-

chain 
Unknown 

Nonneuropathic localized diseases 
Type II diabetes Amylin, also called islet 

amyloid polypeptide (IAPP) 
Natively unfolded 

Injection-localized 
amyloidosis 

Insulin All-α 

Corneal amylodosis 
associated with trichiasis 

Lactoferrin α+β 

Cataract γ-Crystallins All-β 

 

Misfolding and aggregation 
 

Generic properties of amyloids  
 

Amyloid was discovered in 1854 by German physician Rudolph 

Virchow, who named it in the belief that the iodine-staining component was 

starch-like [Cohen & Jones, 1991; Sipe, 2000]. Positive response by iodine 

staining led Virchow to the conclusion that the substance underlying the 

evident macroscopic abnormality was cellulose and he gave it the name of 

amyloid, derived from the Latin amylum and the Greek amylon [Cohen & 



Jones, 1991]. In 1859 Friedreich and Kekule demonstrated that the amyloids 

contain the depositions of proteinaceous mass. [Kyle, 2001].  

The amyloid depositions were most commonly identified by various 

types of microscopy and immunohistochemical dyes such as Congo red and 

thioflavin T. (Figure 1 A, B)  

 

A                                        B                                      C 

 

 
 
 
 
 
Figure 1. Tinctorial properties of amyloid. Congo red staining of transthyretin 
(A) and thioflavin T staining of human lysozyme fibrils (B) and X-ray 
diffraction pattern of Ile56Thr (C) [Morozova-Roche et al., 2000; Saraiva, 
2002]. 

 

Congo red stained deposits of amyloid were observed in a variety of 

tissues using polarization light microscopy, as they demonstrate a characteristic 

apple green birefringence under polarised light. Congophilia with apple green 

birefringence was used as the first criterion of amyloid. [Missmahl & Hartwig, 

1953] The secondary diazo dye Congo red is schematically presented in Figure 

2. It has been suggested that it bindings specifically to amyloids via insertion 

between the individual strands of cross-β-sheet [Carter & Chou, 1998] 

 
Figure 2. Chemical structure of secondary diazo dye Congo red. 
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Benzothiazole dye thioflavin T is extensively applied in the histological 

analysis of ex vivo amyloids as well as in in vitro amyloid studies. The 

fluorescence of thioflavin T increases significantly upon binding to amyloid 

fibrils. Krebs and co-workers suggested that thioflavin T molecules bind to 

fibrils in the grooves on the face of the β-sheets that form the fibrillar backbone 

[Krebs et al., 2005]. (Figure 3) 

                                                A                                                  B 

 

 

 

 

Figure 3. Chemical structure of thioflavin T (A) and model of binding with 
amyloid structure (B) [Krebs et al., 2005]. 
 

Electron and atomic force microscopic studies of amyloids 

[Chamberlain et al., 2000] showed that they exhibit a fibrillar morphology; the 

fibrils range in width from 60 to 130 Å (average 75 to 100 Å) and in length up 

to microns.  

 
Figure 4. The structure of fibrils assembled from human lysozyme 
[Chamberlain et al., 2000]. Transmission electron microscopy (A); Atomic 
force microscopy (B).  
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X-ray diffraction analyses of isolated amyloid protein fibrils [Bonar et 

al., 1969; Glenner et al., 1974; Sunde and Blake, 1998] showed specific 

diffraction pattern, which was assigned to cross-β-sheet packing (Figure 1C). 

The β-sheet formation accompanied the amyloid formation is also 

monitored by using circular dichroism and Fourier-transformed infrared 

spectroscopy (Figure 5). Up to date, all these methods are widely used in the 

amyloid research.  

 

 

     A                                                              B 

    

 

 

 

 
 
 
Figure 5. Fourier-transformed infrared spectrum of fibrillar amylin (A) and the 
far-UV circular dichorism spectrum (B) of fibrillar human lysozymes, 
demonstrating the β-sheet formation [Nilsson & Raleigh, 1999; Morozova-
Roche et al., 2000]. 
 

During the last decade, a number of proteins not associated with 

diseases have been found to convert into amyloid fibrils in vitro, showing the 

physicochemical characteristics of those related to diseases (Table 2). The 

similarity in dimensions and morphology, as well as in tinctorial properties 

between ex-vivo and in vitro protein fibrils has been demonstrated. All fibrils 

independent of their origin are stabilised by an array of inter- and 

intramolecular hydrogen bonds between the main-chain amide and carbonyl 
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groups that are common to all peptides and proteins. Based on the accumulated 

data, it has been suggested that the ability to form amyloid fibrils is an inherent 

property of polypeptide chains and most if not all polypeptides have ability to 

form amyloids, though their propensity to amyloid self-assembly can be 

different (Dobson et al., 1999, 2001). 

Table 2. Non-disease related amyloidogenic proteins 

Protein References 

Curlin Chapman et al., 2002 

Hydrophobin EAS Wosten & Vocht, 2000 

Myoglobin Fandrich et al., 2001 

Proteins of the chorion of the eggshell Iconomidou et al., 2000 

Spidroin Kenney et al., 2002 

Ure2p (prion) Taylor et al., 1999 

Sup35p (prion) King et al., 1997  

HET-s (prion) Dos Reis et al., 2002 

SH3 Guijarro et al., 1998 

Cytochrome C Pertinhez et al., 2001 

Equine lysozyme Malisauskas et al., 2003 

α-lactalbumin Goers et al., 2002 

Hen lysozyme  Goda et al., 2000 

Albebetin Morozova-Roche et al., 2004 

 

Amyloid precursor state 



 17

 
In the amyloid field, particular attention was focused on amyloid 

precursor state, which can be converted into fibrils. The multiple 

conformational states of proteins are presented schematically in Figure 2 using 

the energy folding landscape (Figure 6). Equilibrium partially folded states are 

considered as stable counterparts of kinetic intermediates transiently populated 

during protein folding kinetics [Heegaard et al., 2001]. Among equilibrium 

partially folded states molten globule ones are the most extensively studied. 

They are characterised by the native-like secondary structure, but labile and 

large destabilised tertiary structure. Many globular proteins have been shown 

to adopt several stable conformations, e.g. the native, molten globule, pre-

molten globule and unfolded states [Dunker et al., 2001; Kayed et al., 1999; 

Lashuel et al., 2002; Merlini et al., 2003; Smith et al., 2003; Teplow et al., 

1998; Uversky et al., 2002]. A common observation is that fibrillization starts 

from an intermediate state either partially unfolded or partially folded [Rochet 

& Lansbury, 2000]. Many globular proteins such as human and hen lysozymes 

[Morozova-Roche et al., 2000, Krebs et al., 2000], phosphoglycerate kinase 

[Damaschun et al., 1999], cystatin C [Ekiel & Abrahamson, 1996], 

acylphosphatase [Chiti et al., 1999] and transthyretin [Lai et al., 1996] and 

other need to be partial unfolded in order to undergo fibril formation. In the 

case of unfolded polypeptides such as α-synuclein [Uversky et al., 2000; 2001] 

and islet amyloid polypeptide, the amyloid precursor intermediates have to be 

partially folded. The free-energy barriers of the protein folding landscape 

(Figure 3) can be rather high [Damaschun et al., 1999; Ferreira & De Felice, 

2001; Kelly, 1999], leading to existence of parallel conformational states [Soto 

& Saborio, 2001], including oligomeric, fibrillar and aggregated forms.  
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Conditions of amyloid formation  
 

The amyloid-precursor state can be accumulated and the subsequent 

aggregation can occur under variety of conditions, which have been studied 

scrupulously [Ahmad et al., 2003; Canet et al., 2002; Hoyer et al., 2004; Lai, et 

al., 1999; McParland et al., 2002; Smith et al., 2003]. The incubation at low 

pH and elevated temperatures is widely used as a common condition to 

produced fibrils from a number of proteins, including lysozymes (equine, 

human and hen) [Malisauskas et al., 2003; Mishra et al., 2007; Morozova-

Roche et al., 2000], β2 microglobulin [Sasahara et al., 2007], insulin [Range et 

al., 1997], transthyretin [Pasquato et al., 2007], apomyoglobin [Picotti et al., 

2007] and others. 

These conditions cause the population of partially folded states in the 

cases of lysozymes and β2 microglobulin. The low pH results in dissociation of 

transthyretin tetramers and insulin hexamers into monomers or dimers, 

respectively, which is critical for the amyloid assembly of these proteins 

[Colon & Kelly, 1992; Ahmad et al., 2003].  

Acylphosphatase and wild type hen lysozyme can be converted into 

amyloid fibrils in the presence of moderate concentration of 2,2,2-

trifluoroethanol [Chiti et al., 1999; Krebs et al., 2000]. Under these conditions 

hydrophobic residues and main-chain hydrogen bond donors and acceptors 

become partially exposed, thus non-covalent intermolecular interactions and 

particular hydrogen bonding within the polypeptide chain become favourable.  

High hydrostatic pressure modulates protein – protein and protein – 

solvent interactions through volume changes. Thereby it affects the equilibrium 

between native and denatured conformational states as well as between the 

monomeric, oligomeric and aggregated forms without the addition of 



chemicals. High hydrostatic pressure has provided to be a useful tool to 

populate and stabilize folding intermediates, which are characterised by more 

perturbed and solvated structure as well as by smaller volume than the native 

state [Randolph et al., 2002; Silva & Weber, 1993]. 

Figure 6. The energy folding landscape. The surface shows the multitude of 
conformations 'funneling' towards the native state via intramolecular contact 
formation, or towards the formation of amyloid fibrils via intermolecular 
contacts [Jahn & Radford, 2005]. 

 

Partially unfolded conformations with high propensity to form amyloid 

have been populated by using this method for a range of proteins, including 

insulin [Jansen et al., 2005], human lysozyme [De Feliche et al., 2004], 

interferon-γ [Webb et al., 2001], interleukin-1 receptor antagonist [Seefeldt et 

al., 2005], and β-lactoglobulin [Panick et al., 1999]. 

 19
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Amyloid fibrils can be induced by adding transient metal ions. 

Miranker and co-workers demonstrated that Cu2+ significantly destabilizes β2 

microglobulin and enhances fibrils formation of β2 microglobulin at neutral pH 

[Morgan et al., 2001]. The addition of copper, iron, manganese or zinc ions 

induced fibrillation of synthetic Aβ peptide [Huang et al., 1997; Atwood et al., 

1998]. Similar role of transient metal has been shown in the conversion of PrPC 

to PrPSc [Jones et al., 2004]. In most of the cases the metal binding site of the 

proteins involves histidine residues: in the case of Aβ peptide these are His6, 

His13 and His14, while in PrP the binding site includes HGGGW segment of 

the N-terminal domain. For β2 microglobulin different binding sites were 

demonstrated for the native and amyloid precursor states; in the native state the 

binding site involves His31, while in the non-native state the coordination of 

Cu2+ is mediated by residues His13, His51 and His84, but not His31. [Eakin et 

al., 2002]. 

The net charge of the proteins is critical for amyloid formation. The 

kinetics and the quantity of the amyloid of albebetin, which carries a net charge 

-12 under the neutral pH, was significantly enhanced by increasing ionic 

strength, shielding the overall electrostatic repulsions between protein 

molecules [Morozova-Roche et al., 2004]. Similarly, the fibrillation of 

pharmaceutical peptides glucagon and insulin is also affected by both cations 

and anions, changing the kinetics and morphology of amyloids by minimizing 

the electrostatic interactions [Nielsen et al., 2001; Pedersen et al., 2006]. 

Chemical denaturants such as urea and guanidine-HCl at moderate 

concentrations have been used extensively in protein-folding studies to trap 

folding intermediates [Cymes et al., 1996; Ayed & Duckworth, 1999]. They 

affect protein stability by disrupting hydrogen-bonding of the peptide 

backbone, thus destabilizing secondary structure, and by allowing greater 

solvation of hydrophobic side chains. For example, moderate urea 
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concentrations accelerates fibril formation of insulin [Ahmad et al., 2004] and 

β-lactoglobulin [Hamada & Dobson, 2002; Rasmussen, 2007]. In prion protein 

increasing urea concentration led at first to an increase in fibril formation 

kinetics, which followed by a decrease in a rate of assembly, with the 

maximum rate at 2.4 M urea, corresponding to the midpoint of protein 

unfolding [Baskakov et al., 2004]. A bell-shaped dependence of the speed of 

the fibrillation of β-lactoglobulin has been observed also by Hamada and co-

workers [Hamada & Dobson, 2002]. The authors showed that the rate of β-

lactoglobulin fibril formation decreased at the urea concentrations more than 5 

M, although the population of unfolded protein molecules increased under this 

condition. In order to aggregate both high population of unfolded proteins and 

strong interactions between them are required. At the increasing concentration 

of denaturant such as urea, the intermolecular interactions decline substantially 

leading to decrease in amyloid assembly [Chiti et al., 1999; Bellotti et al., 

2000]. 

Finally for natively unfolded proteins such as α-synuclein, partial 

folding has been shown to be essential first step in self-assembly [Der-

Sarkissian et al., 2003], underlining the importance of partially folded species 

as amyloid precursors. 

 

Effect of mutation on amyloidogenic properties 
 

Most mutations associated with accelerated fibrillation in vitro and with 

protein deposition in the body have been shown to destabilize the protein 

native structure, increasing the concentration of partially folded conformers 

[Rochet et al., 2000; Nielsen et al., 2001; Canet et al., 1999; Heegaard et al., 
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2001]. In the case of human lysozyme, single point mutations in the gene cause 

the fibril deposition in several tissues. Two amyloidogenic variants, Ile56Thr 

and Asp67His, have been studied in detail and shown to be significantly less 

stable than the wild-type protein [Morozova-Roche et al., 2000]. They showed 

also a lack of cooperativity of the native structure, leading to an increased 

concentration of partially folded states at equilibrium [Booth et al., 1997]. 

Transthyretin amyloidogenic variants are characterised by decreased stability 

and increased dissociation rate constant of tetramer [Hammarstrom et al., 

2002]. Chiti and co-authors systematically analysed more than 50 mutants of 

acylphosphatase. They demonstrated that destabilization of the native 

conformation of acylphosphatase renders it more prone to amyloid formation. 

The correlation drawn between the conformational stability of native 

acylphosphatase and the tendency to form aggregates indicates that amyloid 

fibrils originate from an ensemble of denatured conformations of the protein 

under conditions in which the formation of non-covalent interactions is still 

favourable [Chiti et al., 2000]. 

Nielsen and co-workers [Nielsen et al., 2001] have performed thorough 

studies of amyloid properties of insulin mutations. They have demonstrated the 

significant increase in the lag time of fibril formation of insulin upon amino 

acid substitutions to more polar residues, as well as mutations to charged 

residues. The authors suggested that mutations may affect the amount of 

oligomeric intermediates formed under the conditions of experiments or may 

perturb their structure, thus affecting the propensity to form fibrils. These 

results demonstrate the importance of both hydrophobic and electrostatic 

interactions in the initial stages of fibrillation [Nielsen et al., 2001]. 

 

 



Models of amyloid formation  
 

The kinetics of fibril formation can be described as a nucleation 

dependent process involving three major steps: nucleation, fibril growth and 

stationary phases [Jarrett & Lansbury, 1993]. Nucleation involves the assembly 

of several protein monomers into an organized structure – nucleus, serving the 

role of precursor for the formation of fibrils. A lag phase of fibrillation kinetics 

is related to the time required for the formation of nuclei. Subsequent addition 

of monomers to the nuclei elongates them into fibrils [Teplow, 1998]. Seeding 

or addition of preformed nuclei diminishes the lag-phase (Figure 7) [Han et al., 

1995; Wood et al., 1999; Morozova-Roche et al., 2000].  

 
Figure 7. Aggregation of hen lysozyme. Data are shown for the aggregation of 
1 mM hen lysozyme at pH 2.0 and 65°C monitored by thioflavin-T 
fluorescence in the absence of added fibrils (down triangles) and following 
addition of 5% (v/v) (black squares), 2.5% (v/v) (circles), 1% (v/v) (triangles), 
and 0.5% (v/v) fibrils preformed from hen lysozyme at pH 2.0 (diamonds). 
Seeding with a 5% (v/v) aliquot of a solution of amyloid fibrils containing 
purified full-length hen lysozyme gave essentially identical kinetics (gray 
squares) to aliquots formed simply by incubation at pH 2.0 and 65°C [Krebs et 
al., 2004].  
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There are several models of fibril formation based on the kinetic studies 

such as monomer-derived conversion [Prusiner, 1982], template assisted [Soto, 

2001] and nucleated polymerization model [Lomakin et al., 1996]. The 

monomer derived conversion model suggests that a monomeric peptide can 

adopt a conformation called the A state that is analogous to the conformation 

adopted in the fibril. The rate-determining step is the A and S monomer 

binding and converting S state monomer, which results in the A state dimer 

(Figure 8 A). The dimer then dissociates and the A structured monomers 

rapidly add to the end of the growing fibril [Prusiner, 1982]. In the template-

assisted model, a preassembled nucleus binds to a soluble state peptide present 

in a random coil conformation. This step is followed by a rate-determining 

structural change to add the peptide to the growing end of the fibril or filament, 

presumably as part of the β-sheet-rich quaternary structure (Figure 8B) [Soto, 

2001]. The nucleation polymerisation is characterized by the rate-limiting 

formation of a nucleus arising from equilibrium between monomers. Once a 

nucleus is established, assembly occurs by the addition of assembly competent 

monomers to the growing end of the fibril (the nucleus). [Lomakin et al., 1996] 

Serio and co-workers proposed the nucleation conformational conversion 

model, which incorporated features of nucleated polymerization and template-

assisted ones. [Serio et al., 2000].  



 
Figure 8. The models of protein conversion into amyloid fibrils. A, Templated 
assembly; B, monomer-directed conversion; C, nucleated polymerisation; D, 
nucleated conformational conversion. A-state denoted by smooth circles, rough 
circles represent S state [Kelly, 2000]. 
 

This model suggests that native oligomers accumulate and associate into a 

“nucleus”, where conformational conversion takes place as a rate-determining 

step. Oligomeric complexes are crucial intermediates forming the amyloid 

nucleus. When these complexes undergo a conformational change on 

association with the nuclei, rapid fibrillar assembly follows [Serio et al., 2000]. 

Each particular amyloid scenario need to be carefully investigated to conclude 

which specific mechanisms is involved.  
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Cytotoxicity of amyloids 
 

Amyloid toxic species 
 

In spite of the large amount of experimental data on the role of protein 

self-assembly in amyloid related diseases, the nature of the toxic amyloid 

structures remains elusive. A number of studies have supported the view that 

the prefibrillar aggregates are the most cytotoxic species. By means of electron 

and atomic force microscopy, size exclusion chromatography and other 

techniques it has been demonstrated that the broad range of structures 

characterized by a different degree of assembly of misfolded proteins and 

variable morphology are toxic in vitro. These include ADDLs – β-amyloid- 

derived diffusible ligands [Walsh et al., 2002, Gong, et al., 2003], 8-mers to 

20-mers of equine lysozyme [Malisauskas et al., 2005], 20-mer cross-β-sheet 

containing oligomers of albebetin [Zamotin et al., 2006], misfolded monomers 

and hexamers of transthyretin [Reixach et al., 2004], 8–9 nm globular 

structures of transthyretin mutants [Andersson et al., 2002], 4– 200 nm 

diameter granules of the PI3-SH3 domain, 4 – 8 nm width aggregates of HypF 

[Bucciantini et al., 2002], 3 – 5 nm spherical aggregates of α-synuclein [Ding 

et al., 2002; Volles et al., 2001] and others. Kayed and co-authors reported that 

intermediate-size soluble oligomers of Aβ(1–40) and five other proteins form 

structures sharing a similar conformational epitope, suggesting that they exert 

cytotoxicity via similar mechanisms [ Kayed et al., 2003]. Even the process of 

nucleation-dependent polymerization of Aβ(1–40) itself has been suggested as 

a primary cause of cytotoxicity [Wogulis et al., 2005]. 
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A greater controversy exists on the cellular toxicity of the amyloid 

fibrils. Initially, they have been considered as an inert material substantially 

accumulated in the tissues and organs [Andersson et al., 2002; Anderluh et al., 

2005; Bhatia et al., 2000; Chromy et al., 2003; Sirangelo et al., 2004]. There is 

also a body of experimental evidence clearly demonstrating the neurotoxicicity 

and cytotoxicity of amyloid fibrils.[ Forloni 1996; Forloni et al., 1996; Howlett 

et al., 1995; Lorenzo& Yankner, 1994; Novitskaya et al., 2006; Weldon et al., 

1998; ] Amongst the recent findings, Petkova and co-authors showed that 

mature fibrils from Aβ(1–40) produced under two different conditions, and 

consequently characterized by different morphologies, exert significantly 

different toxicity on neuronal cells [Petkova et al., 2005]. The origin of the 

toxicity of amyloid species, especially in the body, require further 

investigation. 

 

Cellular targets for amyloids 
 

The similarity and inherent toxicity of the amyloid structures suggests 

that the toxic agents may share specific cellular targets [Kayed et al., 2003]. 

Cellular membranes, separating the ordered living cells from the entropic chaos 

outside, are considered to be such common target [Hartley, 1999; Janson et al., 

1999]. Prefibrillar oligomers of α-synuclein and Aβ peptide were shown to lead 

to neuron dysfunction and degeneration by forming the structures with pore-

like morphologies, which can be inserted into the cellular membranes, altering 

their permeability [Lashuel & Lansbury, 2006]. The formation of amyloid 

pores in mitochondria results in the loss of mitochondria membrane potential, 

overloading with Ca2+ and subsequently to oxidative stress [De Giorgi et al., 
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2002]. Some studies suggest that lipids can be absorbed by amyloids during 

their formation on the membranes, leading to the membrane rupture due to 

gradual lipid depletion [Sparr et al., 2004; Knight & Miranker, 2004].  

Another main target involved in amyloid cytotoxicity is mitochondria 

which can be affected by cytotoxic species in direct or indirect manner [Eckert, 

2003; Brookes et al., 2004; Swerdlow et al., 2004; Takuma et al., 2005; 

Nunomura et al., 2006]. Mitochondria are essential for the regulation of 

intracellular Ca2+ homeostasis and as the principal generators of intracellular 

reactive oxygen species. Therefore, the defects of mitochondrial functions can 

result in excessive production of reactive oxygen species [Butterfield et al., 

2001; Wyttenbach et al., 2002]. The formation of the transmembrane pores are 

linked to release of small proteins, such as cytochrome C and apoptosis-

inducing factor [Crompton, 1999; Rodriguez-Enriquez et al., 2004]. The 

mitochondrial dysfunctions were proposed as potential mechanisms in the 

development and pathogenesis of Alzheimer’s disease and most of the studies 

was focused on the effect of Aβ peptide on mitochondrial activity [Ojaimi & 

Byrne, 2001]. Growing evidence indicates that cell death can be initiated by the 

Aβ peptide induced generation of free radicals [Butterfield et al., 1994], 

leading to lipid peroxidation and oxidative stress. Oxidative stress, 

subsequently, induces intracellular accumulation of Aβ [Misonou et al., 2000]. 

The experiments performed on isolated mitochondria demonstrated the ability 

of Aβ to be directly toxic to the organelle [Casley et al., 2002]. It has been 

shown that Aβ inhibits the mitochondrial electron transport chain complexes, 

cytochrome C oxidase and promotes Ca2+-induced assembly of the 

transmembrane pores. It has been also demonstrated that Aβ is present in 

mitochondria, presumably in association with Aβ-binding alcohol 

dehydrogenase, and promotes mitochondrial dysfunction and reactive oxygen 
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species production. This provides a direct link to Aβ-induced mitochondrial 

toxicity [Lustbader, et al., 2004]. Recently it has been shown that Aβ induces 

neuronal apoptosis via mechanisms involving induction of Fas ligand and the 

release of Smac via AP-1/Bim activation in mitochondria [Morishima et al., 

2001; Yin et al., 2002]. In the case of Parkinson’s disease, it was shown, that 

fibrillar deposits of α-synuclein also cause oxidative stress and mitochondria 

dysfunction [Cooper et al., 2006].  

Another abnormality found in neurodegenerative diseases is linked to 

the damage of endoplasmatic reticulum. Endoplasmatic reticulum stress results 

in the disruption of Ca2+ homeostasis, inhibition of protein N-linked 

glycosylation, expression of mutant proteins and other types of cellular stresses 

caused by the accumulation of misfolded proteins in the lumen of 

endoplasmatic reticulum [Kaufman, 1999; Katayama et al., 2004]. It has been 

suggested that the endoplasmatic reticulum stress-mediated apoptotic signal 

pathways, specifically activation of caspase-4, may also contribute to the 

pathogenesis of Alzheimer’s disease [Katayama et al., 2004]. As Aβ is 

synthesized and accumulated in the endoplasmatic reticulum, Aβ has been 

suggested as a direct mediator of the endoplasmatic reticulum stress responses 

and apoptosis. Aβ(1–42) activates caspase-12 in primary neurons through 

calpain activation, therefore, the caspase-12 knocked-out neurons are partially 

resistant to Aβ-induced cell death [Nakagawa et al., 2000].  

In familial amyloid polyneuropathies, the interaction of transthyretin 

fibrils with RAGE receptors (receptor for advanced glycation end products) 

were suggested as contributing to cellular stress and toxicity [Sousa et al., 

2001]. These indicate that fibrils can act via specific mechanisms, rather than 

inducing only accidental cell damage.  
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General pathways of cell death 
 

The general pathways of cell death induced by amyloids are also a 

subject of intense debates. In the studies described above it has been shown 

that amyloids activate caspases  and receptor-mediated signaling pathways, 

associated with apoptosis. There are, however, findings that HypF-N amyloid 

exerts necrotic rather than apoptotic death of NIH-3T3 fibroblasts [Bucciantini 

et al., 2002]. Here we give the definitions of apoptotic and necrotic cell deaths, 

which can be useful for our further analysis. Apoptosis, or programmed cell 

death, is a highly regulated process that allows a cell to self-degrade in order to 

eliminate unwanted or dysfunctional cells in the body. During apoptosis, the 

genome of the cell fractures, the cell shrinks and part of it disintegrates into 

smaller apoptotic bodies (Figure 9). Unlike necrosis, where the cell dies by 

swelling and bursting its content in the surrounding area, which causes an 

inflammatory response, apoptosis is a very clean and controlled process. 

During apoptosis the content of the cell is kept strictly within the cell 

membrane during its degradation. The apoptotic cell is phagocytosed by 

macrophages before the cell’s contents have a chance to leak into the 

neighborhood [Van Cruchten & Van Den Broeck W, 2002]. Therefore, 

apoptosis can prevent unnecessary inflammatory response. 

Apoptosis can be triggered in a cell through either the extrinsic or 

intrinsic pathways. The extrinsic pathway is initiated through the stimulation of 

the transmembrane death receptors, such as the Fas or TNF receptors, located 

on the cell membrane. In contrast, the intrinsic pathway is initiated through the 

release of signal factors by mitochondria within the cell (Figure 10). 

 



 
 

Figure 9. Hallmarks of the apoptotic and necrotic cell death process [Van 
Cruchten & Van Den Broeck W, 2002]. 
 

The caspase pathway leading to classical apoptosis [Mattson, 2000; 

Strasser et al., 2000] is initiated by the release of cytochrome C from the 

mitochondrial intermembrane space. Together with other essential factors, such 

as ATP, it triggers assembly of the apotosome complex, which forms the 

template for efficient caspase processing [Hengartner, 2000; Strasser et al., 

2000;]. The second mitochondrial death pathway leads to necrosis, without 

necessarily activating caspases. Intracellular control of this pathway can be 

attenuated by antioxidants [Schulze-Osthoff et al., 1992; Vercammen et al., 

1998]. The third distinct mitochondria pathway involves the release of the 

apoptosis-inducing factor from the intermembrane space [Susin et al., 1999]. It 

induces caspase-independent formation of large (50 kb) chromatin fragments 

[Strasser et al., 2000; Susin et al., 1999]. The biochemical difference between 

various cell death pathways is reflected in morphology of the condensed 

chromatin (Figure 10). Often, a few pathways are activated simultaneously 
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[Jäättelä et al., 1998; Mattson, 2000; Susin et al., 1999]. The cell fate is then 

determined by the relative speed of each process in a given model. The 

amyloids can also activate the extrinsic apoptotic pathways, which are 

followed by intrinsic pathways switching between apoptosis and necrosis, 

depending on the timing and severity of mitochondria derangement. 

 

 
Figure 10. Mitochondrial regulated pathways of cell death. A cell may switch 
back and forth between different death pathways [Leist & Jaattela, 2001]. 
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Studied proteins 
 

Lysozymes 
 

Lysozyme is a protective enzyme which lyses bacteria by catalyzing the 

hydrolysis of mucopolysaccharides of bacterial cell walls. Human lysozyme is 

found in a variety of organs, including spleen, lung and kidney as well as in 

extracellular fluids such as plasma, milk, saliva and tears. Five pathogenic 

mutants of human lysozyme (I56T, F57I, W64R, D67H, W112R) are found to 

be associated with non-neuropathic systemic amyloidosis, where mutant 

lysozymes are deposited in kidney, lung, liver and intestines [Pepys et al., 

1993; Röcken et al., 2006; Valleix et al., 2002; Yazaki et al., 2003]. The 

effects of several amyloidogenic mutations on the folding properties of 

lysozyme have been investigated [Booth et al., 1997; Canet et al., 1999; 

Merlini and Bellotti, 2005]. All mutants show the lower stability of the native 

fold, which enables them to enter partially folded molten globule states under 

physiological conditions. The molten globule state is also populated for the 

wild-type lysozyme, but under more severe denaturing conditions, which may 

explain why wild-type lysozyme is not found in amyloid deposits.  

Hen egg white and equine lysozymes belong to the same family of c-

type lysozymes and were extensively studied during the last decades [Krishna 

& Englander, 2007; Matagne & Dobson, 1998; Permyakov et al., 2006; 

Mizuguchi et al., 1998; Morozova-Roche et al., 1997; Morozova et al., 1995]. 

In contrast to most c-type lysozymes, which do not bind calcium, equine 

lysozyme is a calcium-binding protein. The calcium-binding properties 

affected its structural organisation, stability and subsequently folding 
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properties. Equine lysozyme displays about 50 % sequence homology to 

human and hen lysozymes, similar degree of the amino acid sequence 

homology exists between the members of lysozyme family and other group of 

proteins – α-lactalbumins. Lysozymes and α-lactalbumins show remarkable 

homology in their tertiary and secondary structures. Equine lysozyme occupies 

a special position within this family, combining the structural and folding 

properties of non-calcium-binding lysozymes and calcium-binding α-

lactalbumins. Equine lysozyme was suggested to serve a role of an 

evolutionary link between these groups of proteins [Nitta et al., 1987; Acharya 

et al., 1994]. Specifically, it contains the active-site residues Glu35 and Asp52, 

involved in lysozyme enzymatic activity [Tsuge et al., 1991; 1992], and the 

conserved, high-affinity calcium-binding site of α-lactalbumins (Figure 11) 

[Permyakov and Berliner, 2000].  

As shown schematically in Figure 11, lysozymes and α-lactalbumins consist of 

two sub-domains: the α-domain is comprised by four major α-helices, while the 

β-domain contains a triple-stranded β-sheet and several long loops. All proteins 

of this super-family possess also highly conserved four disulfide bridges. The 

equine lysozyme calcium-binding property was initially predicted by Stuart 

and co-workers [Stuart et al., 1986], since in the domain interface it has the 

same calcium-binding ligands as α-lactalbumins (Figure 11). Then the binding 

constant of 2×106 M-1 was determined experimentally [Nitta et al., 1987] and 

the structure of the binding site confirmed by crystallographic and NMR 

structural analysis [Acharya et al., 1994; Tsuge et al., 1991; 1992]. The 

presence of the calcium-binding site most likely contributes to equine 

lysozyme’s lower stability and cooperativity compared to other lysozymes 

[Morozova et al., 1991, 1995; Morozova-Roche et al., 1999; Van Dael et al., 

1993]. If hen and human lysozymes undergo highly cooperative two-state 
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denaturation above 70 °C, and even the amyloidogenic variants of human 

lysozyme are destabilised by only ca. 12 °C [ Privalov, 1979; Booth et al., 

1997], then by contrast, apo-equine lysozyme displays a three-state transition 

in a wide temperature range from room temperature to 80 °C (Figure 12) 

[Griko et al., 1995; Permyakov et al., 2006]. Calcium-binding significantly 

stabilises the protein structure, shifting the first transition, which depend on the 

calcium concentration, towards higher temperatures. However, even in the 

presence of high calcium concentration the thermal denaturation of equine 

lysozyme cannot be described by two-state, but three-state model. 

 

 
 

Figure 11. Equine lysozyme – an evolutional link between lysozymes and 
calcium-binding α-lactalbumins [Blanch et al., 2000]. 
 

Equine lysozyme enters into various molten globule states during the 

thermal, chemical or pH denaturation [Morozova et al., 1991; 1995; 

Morozova-Roche et al., 1999; Van Dael et al., 1993]. Amide-proton hydrogen 

exchange analysis provided residue-specific information on the nature of 

equine lysozyme molten globule stability [Morozova et al., 1995]. The acidic 

A-state of equine lysozyme shows high protection of the A, B and D α-helices 

and particularly the amides of hydrophobic residues facing the helical interface 



and making contacts with each other. The model of molten globule was 

proposed, which possesses an extended hydrophobic core based on the native-

like tertiary interactions of the three out of four major α-helices. This was the 

most stable molten globule within lysozyme-α-lactalbumin family [Morozova 

et al., 1995, Morozova-Roche et al., 1997]. Thus, the first thermodynamic 

transition of equine lysozyme corresponds to the conversion of the native state 

to molten globule, while the unfolding of the core, rather than the whole α-

domain [Griko et al., 1995], gives an enthalpic contribution to the second 

transition from molten globule to thermally-unfolded state [Kobashigawa et al., 

2000; Koshiba et al., 2000; Morozova et al., 1995; Van Dael et al., 1993]. 

 
Figure 12. Specific heat capacity of equine lysozyme at various calcium 
concentrations [Permyakov et al., 2006]. 
 

Hen lysozyme also populates an equilibrium partially folded state under 

strongly acidic conditions as well as a kinetic intermediate [Kuwajima et al., 

1985; Sasahara et al., 2000]. In our research we have explored the partially 

folded states of equine lysozyme and destabilised conformation of hen 

lysozyme as amyloid precursors to produce various forms of amyloids 

described below.  
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De novo designed protein albebetin and its 
constructs 
 

De novo designed albebetin (ABB) is a 7.4 kDa protein, containing 73 

amino acid residues in its sequence. ABB is characterised by a double repeat of 

αββ-motif [Dolgikh et al., 1991; Fedorov et al., 1992], arranged in such a way 

that four β-strands form an anti-parallel β-sheet covered by α-helices (Figure 

13).  

The compactness of ABB was optimised by the short loops connecting 

the elements of the secondary structure and limiting the number of 

conformations which can be adopted. While ABB possesses a well defined 

secondary structure, it is characterised by a labile tertiary structure, which 

correlates with its low immunogenicity [Bocharova et al., 2002]. 

 
Figure 13. Schematic representation of the ABB molecule [Koradi et al., 
1996]. 
 
In order to increase the solubility of ABB, 22 charged amino acid residues 

were introduced throughout the protein primary structure, including 17 Glu and 
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Asp residues and 5 Arg and Lys residues, creating a high net charge of -12 at 

the neutral pH (Figure 14). 

The large electrostatic repulsion contributes to an overall instability of 

ABB. As a result, albebetin is characterized by the conformational mobility of 

molten globule type at neutral pH and room temperature. While the molten 

globules are most commonly induced by the additional perturbations or 

destabilising conditions, neither of them are required in the case of albebetin. It 

exists in the molten globule state under physiological conditions by definition 

of its design.  
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Figure 14. Primary structure of ABB. Peptides of interferon-α2 or HLDF-6 
fused to ABB are shown as arrows. Positively charged amino acids are denoted 
by italic capital letters. Negatively charged amino acids are denoted with bold 
capital letters [Morozova-Roche et al., 2004] 

 
Due to the low immunogenicity of albebetin, it was planned to be used 

as a carrier protein in drug delivery. The octapeptide LKEKKYSP of human 

interferon-α2 or the hexapeptide TGENHR of human leukemia differentiation 

factor were fused to the N-terminus of albebetin [Aphasizheva et al., 1998], 

which resulted in two biologically active constructs possessing the 

functionality of the fused peptides. The first construct, ABB-I, activates the 

thymocyte blast transformation similarly to interferon-α2 [Chertkova et al., 

2003], while the second, ABB-DF, induces the differentiation and inhibits 

proliferation of human leukemia cells similarly to molecules of differentiation 
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factor [Dolgikh et al., 1996; Kostanyan et al., 1994]. These peptides do not 

perturb the structure of albebetin; both constructs retain the molten globule 

state. Due to importance of the molten globule in amyloid scenario as an 

amyloid precursor state, the amyloidogenic propensities of albebetin and its 

two constructs were analysed in our research. 

 

Application of atomic force microscopy in 
amyloid studies 
 

Atomic force microscopy (AFM) allows two and three-dimensional 

imaging and measurements of unstained and uncoated biological samples in air 

or fluid. AFM belongs to an extended family of scanning probe microscopy 

methods. AFM was first described by Binnig, Quate and Gerber in 1986 and 

since then the method is rapidly developing. 

AFM measurements are based on the interaction of the very sharp tip-

probe with the atomically flat surfaces on which the object of interest is 

located. Images are formed by recording the interaction forces between the 

probe and the surface as the cantilever carrying the probe is scanned over the 

sample row by row. An optical system is used to measure the changes of the 

reflection of the laser beam from the gold-coated back of the cantilever onto a 

position-sensitive photodiode. This allows registering the changes in the 

position of the incident laser at sub-nanometer scale. AFM operates in several 

modes that can be chosen depending on the sample, environment and 

measurements required. The contact mode is the original AFM imaging mode, 

which can be implemented in both air and fluid. In this mode, the AFM probe 

is brought into contact with the sample surface and raster-scanned across the 

surface. Changes in the cantilever deflection during scanning are monitored 
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using an electronic feedback circuit. The soft biological samples, though, can 

be drugged and damaged applying this mode.  

The tapping mode is most commonly used in biological sample 

imaging, In this mode the imaging probe is vertically oscillated at or near the 

resonant frequency of the integrated cantilever. The probe-sample interactions 

reflected in the changes of the amplitude and phase of oscillation. These 

changes are transformed into the height or topographical image. 

Simultaneously, amplitude and phase images can be produced. The advantage 

of the tapping imaging that all these images can be obtained in a single scan. 

Because the interactions between the tip and the surface depend not only on the 

topography of the sample, but also on other characteristics, such as hardness, 

elasticity, adhesion or friction, the movement of the cantilever depends also on 

these properties, which are reflected in the phase shift during the tapping mode 

scan. Therefore, the phase imaging can detect, for example, different 

components in polymers related to their stiffness or areas of different 

hydrophobicity in hydrogels immersed in saline solutions. 

There are two major approaches to produce the cantilever oscillations in 

the tapping mode. This can be achieved by acoustic vibrations induced by a 

piezoelectric transducer attached to the cantilever holder. This method is called 

an acoustic mode. Recently another approach becomes increasingly popular, in 

which the cantilever is caused to oscillate directly without involving the 

cantilever housing. The cantilever coated with a magnetic material is driven 

into oscillation by magnetic field generated by a solenoid positioned close to 

the cantilever housing. This mode is called magnetic mode. The application of 

the magnetic mode has particular advantages during imaging in liquid, due to 

minimising the noise produced by the system. The resolution of AFM in height 

measurements both in air and in liquid environment can be of ± 0.1 nm. 

Schematic diagram of AFM is presented in Figure 15. 
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AFM volume measurements 
 

AFM can be used to determine the molecular volumes of individual particles 

including single protein molecules as it was suggested by Schneider and co-

workers [Schneider et al., 1998]. We used this method to identify the volumes 

of amyloid oligomers and consequently their stoichiometries. For this purpose 

we measured the parameters of individual particles. 

 

 

 
 
Figure 15. Schematic diagram of AFM [www.molec.com]. 
 
 



AFM usually overestimates the diameter of particles due to the 

geometry of the tip, which introduces the broadening effect in the image. In 

order to compensate this we measured the height and the diameter at half-

maximal height of the individual particles. Their volumes were calculated by 

using the model of sphere segment which is presented in the Figure 16 and 

equation 1. 

 

 
 
Figure 16. Spherical cup model. 
 

 

The equitation 1: 

 

VAFM = (πh/6)×(3r2 + h2)                                               (1) 

 

Here, h is the particle height and r is the radius at half-height.  

The molecular volume of monomeric protein was estimated by equation 2: 

 
Vm = (M0/N0)×(V1 + dV2),                                               (2) 
 
where M0 is the protein molecular weight, N0 is Avogadro’s number, d is the 

extent of protein hydration (0.4 mol of H2O/mol of protein), V1 and V2 are the 
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partial specific volumes of individual protein (0.74 cm3 g -1) and water (1 cm3 

g-1), respectively.  

The number of molecules in oligomeric species was determined by the 

equation 3.  

 
n= VAFM / Vm,                                                        (3) 
 
where VAFM is the volume calculated from AFM measurements, Vm is volume 
of the single molecule. 
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Introduction to the articles 
 

The results of this thesis are important for general understating the 

mechanisms of amyloid formation and amyloid induced cytotoxicity. In this 

section the main results and conclusions of the four articles, constituting the 

thesis, are reviewed. The figures are referred to their numbers as given in the 

original articles. 

 

Paper I. Amyloid protofilaments from the calcium-binding protein equine 

lysozyme: formation of ring and linear structures depends on pH and 

metal ion concentration. 

 

The destabilising mutations in human lysozyme are associated with the 

hereditary systemic amyloidoses. Equine lysozyme is a naturally destabilised 

protein, which is characterised by the formation of a range of molten globule 

states. Equine lysozyme is considered as an evolutionary link between c-type 

lysozymes and α-lactalbumins, as it performs the bacterial lyses similar to 

lysozymes but binds calcium like α-lactalbumins. Here we have explored the 

conditions, under which equine lysozyme populates molten globule state, in 

order to produce amyloids. We have found that it self-assembled into 

protofilaments of amyloid type under both pH 2.0 and pH 4.5 and elevated 

temperatures. The morphology of its amyloid structures strongly depends on 

environmental conditions such as calcium concentration, pH and temperature. 

Fibrillar structures were characterised by using atomic force microscopy, 

biochemical and spectroscopic methods. We demonstrated that the calcium-

bound equine lysozyme assembles into linear protofilaments, while the apo-

protein forms ring-shaped amyloids (Figure1, 2). The amyloid-rings are 
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characterised by diameters 45 - 50 nm at pH 4.5 and 70 - 80 nm at pH 2.0, 

respectively. They bind amyloid dyes Congo red and thioflavin T similar to the 

disease-related ring structures found for Aβ peptide and α-synuclein, which 

were considered as a major pathogenic cause in Alzheimer’s and Parkinson’s 

diseases. We suggested that the formation of annular amyloids is not limited to 

disease-related polypeptides, but the amyloid-rings represent a second generic 

type of amyloids in addition to the more common linear filaments. 

We found that during the exposure to the low pH and elevated 

temperatures equine lysozyme undergoes partial acidic hydrolysis, We have 

shown that under appropriate conditions and limited exposure to the acidic pH 

the full length equine lysozyme is preserved and gives rise to amyloid. This 

indicates that a full length protein is able to assemble into amyloid structures 

and partially hydrolysis is not required for this process. Upon further exposure 

to acid pH two major peptides of 1 - 80 and 54 - 125 amino acid residues from 

the primary structure of equine lysozyme were accumulated as shown by using 

mass-spectrometry and gel electrophoresis. They are both prone to amyloid 

formation, which indicates that the acidic hydrolysis can contribute to 

amyloidogenic process on a longer time scale. 

We have shown that equine lysozyme amyloid protofilaments do not 

undergo maturation and significant growth. This was attributed to the presence 

of the very stable core in its structure. Although the amino acid sequences most 

likely forming the fibrillar cross-β-sheet correspond to the equine lysozyme β-

domain, the stable α-helical core forms a non-adhesive fibrillar interface, 

preventing further fibrillar growth. These results suggest that it is not only the 

propensity to form β-sheet structure governs the amyloid formation, but also 

the conformational plasticity of the sequences involved in the fibrillar 

interface. Therefore, the design of the regions with a high local stability and 
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cooperatively, in addition to the overall stabilisation of protein molecules, can 

be explored in amyloid-preventing strategies. 

 

Paper II. Fibrillation of carrier protein albebetin and its biologically active 

constructs. Multiple oligomeric intermediates and pathways. 

 

Albebetin was designed to adopt a molten globule conformation 

under neutral pH. It is comprised of two αββ repeats, the compactness of 

albebetin is achieved by the introducing short linking loops between the 

elements of its secondary structure. Albebetin is characterised by a 

conformational mobility of molten globule and rather low immunogenicity. 

Albebetin was intended to be used as a drug carrier protein. For these purposes 

the constructs of ABB were created by grafting to the N-terminus octapeptide 

peptide from human intereferon-α2 and hexapeptide from human leukemia 

differentiation factor. Both constructs possess the activity of the grafted 

peptides, the first one, ABB-I, efficiently activates the thymocyte blast 

transformation, while the second one, ABB-DF induces differentiation and 

inhibits proliferation of human leukaemia cells.  

We have demonstrated that albebetin and its constructs are highly 

amyloidogenic at physiological conditions and form a wide range of amyloids 

after hours and days of incubation under physiological pH. The combination of 

methods including atomic force microscopy, Congo red and thioflavin T 

binding and circular dichroism were used to follow development the amyloid 

fibrils and their morphology. We have shown that the fibrillation proceeds via 

multiple pathways and includes a hierarchy of amyloid structures ranging from 

oligomers to protofilaments and fibrils. Comparative height and volume 

microscopic measurements allowed us to identify two distinct types of 

oligomeric intermediates: pivotal oligomers 1.2 nm in height comprised of 10 - 
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12 monomers and on-pathway amyloid-competent oligomers ca. 2 nm in height 

constituted of 26 - 30 molecules. The pivotal oligomers can assemble into 

chains and rings with “bead-on-string morphology”, in which a “bead” 

corresponds to an individual oligomer. The rings and chain assemblies of 

oligomers are very stable and, once formed, they remain in solution 

simultaneously with fibrils. The amyloid-competent oligomers give rise to 

protofilaments and fibrils, and their formation is concomitant with an 

increasing level of thioflavin T binding. The amyloid nature of filamentous 

structures was also confirmed by a pronounced thioflavine T and Congo red 

binding as well as characteristic β-sheet-rich far-UV circular dichroism 

spectrum. We suggest that transformation of the pivotal oligomers into the 

amyloid-prone ones is a limiting stage in amyloid assembly. Peptides, either 

fused to albebetin or added into solution, and an increased ionic strength 

promote fibrillation of albebetin, carrying a net charge of -12 at the neutral pH, 

by counterbalancing critical electrostatic repulsions. This finding demonstrates 

that the fibrillation of newly designed polypeptide-based products can produce 

multimeric amyloid species with a potentially “new” functionality, raising 

questions about their potential safety in biomedical applications. 

 

Paper III. Cytotoxicity of albebetin oligomers depends on cross-β-sheet 

formation. 

 

The cytotoxicity of amyloid prefibrillar and fibrillar species is a focus 

of much current research. It is viewed as a common amyloid characteristic, 

which the polypeptides involved in amyloid formation do not possess prior 

their assembly into amyloids. The advantage of using albebetin in the 

cytotoxicity studies is related to the fact that it forms amyloid under 

physiological conditions and therefore its amyloid structures will not be 
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perturbed, when subjected to the conditions of cytotoxicity experiments. 

Albebetin populated also well-defined and distinct amyloid oligomers of two 

types, as described above, and protofilaments. Therefore we were able to 

explore the cytotoxicity of two types of amyloid oligomeric assemblies, with 

and without cross-β-sheet. We have shown that the initial or pivotal oligomers 

consisted of 10–15 molecules as determined by atomic force microscopy, do 

not bind thioflavin-T and do not affect viability of granular neurons and SH-

SY5Y cells. When these oligomers were converted into the larger ones 

possessing ca. 30 - 40 albebetin molecules and developing cross-β-sheet 

structure, they induce the reduction of the viability of both types of neuronal 

cells. Neither monomers nor protofilaments of albebetin displayed cellular 

toxicity on both neuronal cells. We have suggested that oligomeric size is 

important for stabilizing cross-β-sheet core. The stable core may prevent 

amyloid oligomers from the dissociation upon the penetration through cellular 

membranes as well as inside of the cellular environment. The cytotoxicity of de 

novo protein albebetin accentuates the universality of this phenomenon. As 

albebetin was designed and intended to use as a carrier-protein for drug 

delivery, its cytotoxicity once more necessitates the examination of 

amyloidogenic properties prior subjecting the proteinaceous compounds to the 

large scale applications.  

 

Paper IV. Lysozyme amyloid oligomers and fibrils induce cellular death 

via different apoptotic/necrotic pathways. 

 

Amyloid cytotoxicity was further examined using hen lysozyme as a 

model protein. Among the newly gained amyloid properties, its cytotoxicity 

plays a key role. Lysozyme is a ubiquitous protein which has been shown to be 
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involved in systemic amyloidoses in vivo and able to form amyloid under 

destabilizing conditions in vitro. We characterized both oligomers and fibrils of 

hen lysozyme by atomic force microscopy and spectroscopic technique. The 

well-defined amyloid species were subjected to the cellular toxicity assays after 

different periods of aging. We demonstrated that both oligomers and fibrils of 

hen lysozyme induce a dose (5 - 50 μM) and time-dependent (6 - 48 h) effect 

on the viability of neuroblastoma SH-SY5Y cells. Using a wide range of cell 

toxicity assays to probe the apoptotic and necrotic cell death pathways, we 

have demonstrated that the oligomers and fibrils act on a different time scale. 

We revealed that fibrils induce a decrease of cell viability after 6 h due to 

membrane damage shown by inhibition of tetrazole reduction (WST-1 assay), 

lactate dehydrogenase release and propidium iodide intake. By contrast, the 

amyloid oligomers activate caspases after 6 h, but cause the cell viability 

decline only after 48 h, as shown by fluorescent-labelled annexin V binding to 

externalized phosphatidylserine, propidium iodide DNA staining, lactate 

dehydrogenase release, and by typical apoptotic shrinking of cells. We 

concluded that amyloid oligomers induce apoptosis-like cell death, while the 

fibrils lead to necrosis-like death. As polymorphism is a common property of 

an amyloid, we demonstrated that it is not a single uniform species, but rather a 

continuum of cross-β-sheet-containing amyloids that are cytotoxic. An 

abundance of lysozyme once more illuminates a universality of the amyloid-

associated toxicity, and accentuates that amyloid toxicity should be assessed in 

all clinical applications involving proteinaceous materials.  
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Conclusions 
 

• We have demonstrated that equine lysozyme forms amyloids under 

conditions in which its molten globule states are populated. The 

morphology of equine lysozyme amyloids is strongly dependent on 

environmental conditions such as calcium concentration, pH and 

temperature. 

• We suggested that the ring-shaped amyloids represent an alternative 

generic form of amyloid assembly in addition to most commonly 

populated linear protofilaments. The ring formation is not limited to 

Alzheimer’s and Parkinson’s disease-related amyloids, but they can be 

formed even by such an abundant protein as lysozyme.  

• The presence of very stable hydrophobic core in equine lysozyme 

structure prevents amyloid protofilaments from significant elongation 

and lateral assembly. The strategy of designing of the specific highly 

stable and cooperative areas within protein molecule can be explored as 

amyloid preventing approach in additional to the overall stabilisation of 

the protein fold.  

• We have shown that full-length equine lysozyme forms amyloid, 

though on the longer time-scale acidic hydrolysis can also contribute to 

the fibril formation. 

• We have shown that de novo protein albebetin and its constructs with 

biologically active peptides are inherently highly amyloidogenic, 

forming a range of amyloid species under physiological conditions. 

• We demonstrated the multiple pathways of amyloid assembly of 

albebetin, including formation of a hierarchy of on- and off-pathway 

oligomeric intermediates. The pivotal oligomers comprised of 12 
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protein monomers are the key-point, in which the amyloid pathways 

split apart. The conversion of the pivotal oligomers into amyloid-prone 

ones is considered as a rate limiting step in amyloid assembly. 

Amyloid-prone oligomers are characterized by the cross-β-sheet 

formation, giving rise to amyloid protofilaments and fibrils. 

• Electrostatic interactions have been shown to be critical in amyloid 

assembly of albebetin. The fusion of the short polar peptides to the N-

terminus of albebetin as well as increasing ionic strength significantly 

enhances its amyloidogenicity. 

• We demonstrated that the amyloid toxicity of albebetin is clearly 

correlates with the development the cross-β-sheet in their oligomeric 

assemblies. The pivotal oligomers, which do not contain cross-β-sheet 

core, are apparently non-toxic, while the larger amyloid-prone 

oligomers, comprised of ca. 30 and more molecules and possessing 

well-developed cross-β-sheet pattern, induce the cell death. The initial 

monomeric albebetin and its protofilaments do not display toxicity on 

the neuronal cells.  

• We demonstrated that amyloid oligomers and fibrils of hen lysozyme 

induce death of SH-SY5Y cells via different mechanisms. 

• We conclude that oligomers induce apoptosis-like cell death, while the 

fibrils lead to necrosis-like death.  
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