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Preface 
 

 

Aim of the thesis and study objectives 
 

 

 

My PhD research project, entitled “Expression and characterization of human 

proteins involved in neurodegenerative diseases”, was focused on the application 

of molecular biology and proteomics methodologies to prepare samples of proteins 

involved in neurodegenerative diseases. 

The target proteins were α-synuclein (α-syn) and the amyloid beta peptides (Aβ), 

involved in the pathogenesis of Parkinson’s disease (PD) and Alzheimer’s disease 

(AD), respectively. 

The aim of my research activity was the optimization of the expression and 

purification of the neurodegeneration-associated proteins to carry out the following 

projects: 

 

 “NMR analysis of the aggregation kinetics of Aβ1-40”, to reveal aggregation 

mechanisms of Aβ1-40 and to develop a kinetic model describing the 

formation of oligomeric and fibrillary species. 

 

 “NMR analysis of the assembly of Aβ42:Aβ40 mixed fibrils”. This project is in 

the frame of an integrative study aimed to characterize the structure of the 

mixed fibrils (containing Aβ1-42 and Aβ1-40 peptides) at atomic detail. 

 

 “Development of a protein aggregation assays for the diagnosis of 

synucleinopathies” This project was focused on the development of a protocol 

tool for the diagnosis PD, dementia with Lewy bodies (DLB) and multiple 

system atrophy (MSA) based on α-synuclein aggregation assays (SAA-

seeding aggregation assays) starting from aliquots of Cerebrospinal fluid 

(CSF).  
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 Study of the interaction between alpha-synuclein and human biofluids 

components” This project concerned the study of the interaction of α-synuclein 

with lipoproteins, proteins and other constituents of CSF and plasma. 

 

Organization of the thesis and experimental approaches 
 

Chapter 1 (Introduction), provides a global review of Neurodegenerative disorders 

and their research status, with a particular focus on Parkinson’s disease (PD) and 

Alzheimer’s diseas (AD). The main part of this chapter is focused on the 

understanding of the role that α-synuclein and Aβ peptides have in the 

pathogenesis of PD and AD. 

 

Chapter 2 (Methodological aspects), describes the materials and the methods of 

the projects enclosed in this thesis work. The main part of the chapter regards the  

analysis of the protocol for the expression of Aβ peptides and α-synuclein, dwelling 

on the issues and the strategies for the preparation of samples for NMR, EM and 

AFM microscopy analysis and ThT fluorescence experiments. In this chapter is 

also browsed the antibody-based analysis used for amyloids aggregates study. 

Finally, a short part is dedicated to the analysis of pH variations of cerebrospinal 

fluid (CSF) withdrawn from patients with other neurological diseases (OND) and 

not affected by synucleinopathies. 

 

Chapter 3 (Results), shows all the achievements obtained during this PhD research 

period in the form of full text published articles and in preparation manuscripts. The 

respective supporting information follows each article.   

 

Chapter 4 (Conclusions and perspectives), summarizes all the goals and outlooks 

of these PhD research work, making a critical analysis of the obtained results and 

of the improvements needed to the protocols adopted in each project.    
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Chapter 1 
 

 

Introduction  
 

 

1.1 Neurodegenerative diseases 
 
Neurodegenerative diseases represent a large group of neurological disorders 

affecting specific subsets of neurons in certain functional anatomic systems. These 

kind of pathologies are untreatable and weakening conditions that result in 

progressive degeneration and/or death of nerve cells. Neurons from brain and 

spinal cord do not regenerate themselves: therefore when they die they can not be 

replaced.(1)  

One of the most well grounded risk factor for developing a neurodegenerative 

pathology is the increasing of the age and several approved drugs do not seem to 

stop the progression.(2) 

A common link of all these diseases is the presence of deposits of misfolded 

proteins in neurons and other cells or extracellularly (3),(4) Consequently, this kind 

of pathologies are classified as proteinophaties.(5) 

Misfolded proteins exist in cells together with unfolded, intermediately folded, and 

correctly folded species. Many factors can trigger protein misfolding: mutations in 

the gene sequence leading to the production of a protein unable to adopt the native 

folding, errors on the processes of transcription or translation, failure of chaperone 

machinery, mistakes on the post-translational modifications, structural modification 

produced by environmental changes.(6),(7)  

The most recurrent prospect for misfolded proteins is self-aggregation that ends 

with the formation of intracellular and extracellular protein deposits containing a 

fibrillar protein species called amyloid.(8) The term amyloid was introducted in 1854 

by the German physician Rudolph Virchow who used the iodine staining of cerebra 

corpora amylacea in human brain tissue with an abnormal macroscopic 

appereance.  
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Virchow discovered that the corpora amylacea stained pale blue with the iodine 

treatment, and violet after the subsequent addition of sulfuric acid and he 

concluded that the abnormal substance was cellulose or starch and gave it the 

name amyloid, derived from the Latin “amylum” and the Greek “amylon”. In 1859, 

Friedreich and Kekule demonstrated the presence of protein insight an amyloid 

mass and the attention of the scientific community was shifted to the study of 

amyloids as a class of proteins, with a propensity to undergo conformational 

changes resulting in fibril formation.(9) 

For this reason, neurodegenerative disorders can be also defined as amyloid-

based neurodegenerative diseases.(10) 

In Table1, showed below, are listed the main amyloid-based proteinopathies. 

 

Table 1: Amyloid-based neurodegenerative diseases and their hallmarks  
 

 
 

 

 

 

 

Disease Protein Hallmarks 

   

Parkinson's 

disease (AD) 

α-synuclein Intracellular aggregates (Lewy bodies) (11) 

Alzheimer's 

disease (AD) 

Aβ peptides Extracellular amyloid deposits (“plaques”), 

intracellular neurofibrillary tangles (12) 

Tauopathies Tau Cytoplasmic neurofibrillary tangles (NFTs) (13) 

Prion diseases 

(TSEs) 

PrPSc Prion plaque (14) 

Familial 

amyotrophic 

lateral sclerosis 

(ALS) 

SOD1 Eosinophilic intraneuronal inclusions (Bunina 

bodies) (15) 

Polyglutamine 

disorders (PolyQ) 

PolyQ 

proteins 

Nuclear and cytoplasmic inclusions (16) 
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1.2 Alzheimer’s disease and Aβ peptides  

  

Alzheimer's disease (AD) is one of the most frequent form of dementia.  

Changes in the brain of patients with Alzheimer's disease begin years before any 

signs of the disorder. This time period, is referred to as preclinical Alzheimer's 

disease. 

The stages of Alzheimer’s clinically defined, are separated into three categories: 

mild, moderate and severe, where people lose the ability to communicate or 

respond to their environment and need assistance with all activities of daily 

living.(17) 

The major pathological hallmarks of the disorder are the accumulations of 

intracellular neurofibrillary tangles and extracellular amyloid plaques (Figure 1) in 

susceptible brain regions, as was discovered by Alois Alzheimer who described 

the long-term study of the female patient Auguste D., at the Frankfurt Psychiatric 

Hospital in November 1901.(18) 

 

 

 

Fig. 1: Plaques and tangles in the cerebral cortex in Alzheimer's disease. Reprint from Blennow, K., de Leon, 

M. J. & Zetterberg, H. Alzheimer’s disease. The Lancet 368, 387–403 (2006). 

 

 

The main constituent of the plaques is β-amyloid (Aβ), a 39–43 amino acids long 

peptide, deriving from the amyloid precursor protein (APP).(19) 

In humans, the gene for APP is located on chromosome 21 and mutations in critical 

regions of amyloid precursor protein, cause familial susceptibility to Alzheimer's 

disease(20). 
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APP undergoes extensive post-translational modifications including the proteolytic 

processing to generate peptide fragments. The cleavage is catalyzed by proteases 

of secretase family: α-secretase and β-secretase remove the whole extracellular 

domain to release membrane-anchored carboxy-terminal fragments that may be 

associated with apoptosis. Cleavage by γ-secretase adjacent to residues 42 or 43 

of APP generates the Aβ species (Figure 3).(21),(22) 

 
 
  

 

Fig. 2: APP gene  

(Reprint from ClinGen Dosage Sensitivity Curation Page, id: ISCA-1095) 

 

 

 
 

 
 
 
 
Fig. 3: APP cleavage pathway (Reprint from Nunan, J. & Small, D. H. Regulation of APP cleavage by α-, β- 

and γ-secretases. FEBS Letters 483, 6–10 (2000).)  

 

 

At low concentrations, Aβ still has some physiological functions in the body: it can 

act as neurotrophic factor for neurons growth and antimicrobial peptide in innate 

immune system.(23) 

Aβ monomer is not toxic. Only upon its aggregation it can induce the toxic effects, 

according to the amyloid hypothesis.  

Among the toxic effects of Aβ, meaningful is the increased oxidative stress: 

elevated levels of Aβ1-40 and Aβ1-42 have been reported to be associated with 

increased levels of oxidation products from proteins, lipids and nucleic acids in AD 

hippocampus and cortex.(24) 
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                         10                         20                    30                          40  

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV       Aβ1-40  

 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA     Aβ1-42 

 Fig. 4: Amyloid beta peptides                                                                       

 

Both Aβ1-40 and Aβ1-42, hydrophilic amino acid residues are located in the N‑

terminal region, while most amino acid residues in C‑terminal region are 

hydrophobic. 

Although these two kinds of Aβ differ only in two amino acid residues, they differ 

significantly in their concentration, metabolism, physiological functions, toxicities, 

and aggregation mechanism.  

While Aβ1‑40 is the predominant species in unaffected individuals, the ratio of  

Aβ1‑42:1‑40 increases in Alzheimer’s disease. Aβ1‑42 is more amyloidogenic than 

Aβ1‑40 in vitro and appears to be more neurotoxic and prone to generate the free-

radical damage in cellular assays (25). Furthermore, increased levels of Aβ1‑42 

correlate with familial and sporadic AD patients(26),(27), 

Another difference between the two Aβ monomers is their aggregation process, as 

will be elucidated in the next paragraph. 
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1.3 Aβ aggregation 
 

Because of the hydrophobic interaction, hydrogen bonding and aromatic stacking 

effects, Aβ oligomerization occurs via distinct intermediates, including oligomers of 

3-50 Aβ monomers (soluble), protofibrils, fibrils and plaques (insoluble), as was 

confirmed by the analysis of in vitro aggregation pathway and by biochemical 

characterization of Aβ deposits from AD patients brains.(28) 

Aβ aggregates have been described ranging in size from dimers up to particles of 

one million daltons or larger. Using the atomic force microscope analysis (AMF), 

prefibrillar oligomers (PFOs) are detected as spherical particles of ∼3–10 nm that 

appear at early times of incubation and disappear as mature fibrils appear (29),(30). 

At the same time, at longer times of incubation, PFOs coalesce and form curvilinear 

beaded strings that called protofibrils and ring-shaped, pore-like structures known 

as annular protofibrils (APFs)(31). The final stage is the fibril formation, as is 

represented in the morphological pathway in the Figure 5.(32) 

 
  

 

 

Fig. 5: Aβ fibrils formation morphological pathway (Reprint from Salahuddin, P., Fatima, M. T., Abdelhameed, 

A. S., Nusrat, S. & Khan, R. H. Structure of amyloid oligomers and their mechanisms of toxicities: Targeting 

amyloid oligomers using novel therapeutic approaches. European Journal of Medicinal Chemistry 114, 41–58 

(2016).) 
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The kinetics of amyloid formation is well represented by a sigmoidal curve with a 

nucleation phase (lag phase), in which monomers undergo conformational change 

and misfolding and associate to form oligomeric nuclei and an elongation phase 

(growth phase), in which the nuclei rapidly grow by further addition of monomers 

and form larger polymers and fibrils until saturation (plateau phase).(33),(34).   

The “nucleation phase”, is thermodynamically unfavourable and occurs gradually, 

whereas “elongation phase”, is much more favourable process and proceeds 

quickly.(35)  

 

 

 

Fig. 6: Exponential curve of amyloid aggregation kinetics (Reprint from  Stroo, E., Koopman, M., Nollen, E. A. 

A. & Mata-Cabana, A. Cellular Regulation of Amyloid Formation in Aging and Disease. Front. Neurosci. 11, 

(2017). 

 

 

 

The formation of molecular aggregates involves the transition of a system initially 

in a homogeneous solution phase, to form a new aggregated phase co-existing 

with a monomer solution phase.  

In amyloid systems, monomers of one substance may nucleate in solution (Figure 7: 

primary nucleation, left) or on the surface of an already existing aggregates composed 

of the same kind of monomeric building block (Figure 7: monomer-dependent 

secondary nucleation, right).  
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          Primary nucleation                                             Secondary nucleation              

 

 

Fig. 7: Cartoon of primary and secondary nucleation reactions. Green (monomers), aggregated state (blue). (Reprint 

from Törnquist, M. et al. Secondary nucleation in amyloid formation. Chem. Commun. 54, 8667–8684 (2018).) 

 

For example, Aβ1-42, the most prone to aggregate of Aβ peptides, tends to self-

assembly following a positive feedback loop that originates from the interactions 

between the monomeric and fibrillar forms. Once a small but critical concentration of 

amyloid fibrils has accumulated, the toxic oligomeric species are mainly formed from 

monomeric peptide molecules through a fibril-catalyzed secondary nucleation reaction, 

rather than through a classical mechanism of homogeneous primary nucleation.  

Initially, in the absence of fibrils, all oligomers are generated through primary pathways 

because secondary nucleation requires the presence of fibrils. Once a critical 

concentration of amyloid fibrils has formed, however, secondary nucleation will 

overtake primary nucleation as the major source of new oligomers and further 

proliferation becomes exponential in nature due to positive feedback. (36-39) 

In addition, monomeric Aβ1-42 cross-react with Aβ1-40 at the stage of primary 

nucleation.(40) 

Aβ1-40 aggregation process is accelerate in presence of Aβ1-42 monomers and Aβ1-

42 self-assembly is slowed down by Aβ1-40.(41) 

Aβ-associated toxicity is a dynamic property and a critical equilibrium between the 

two Aβ species, Aβ1-40 and Aβ1-42, exists. This balance between the Aβ species 

determines the rate of appearance of the neurotoxic properties. 

Under physiological conditions, the peptides co-exist in a 1:9 Aβ1-42:Aβ1-40 ratio. In 

patients with familial AD this ratio is shifted to higher percentage of Aβ1-42 and the 

critical value is 3:7. 
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In the plaques found post-mortem in AD afflicted people, the range of Aβ1-42:Aβ1-40 

peptide ratio was found to be from 1:1 to 9:1.(42) 

In particular, the critical ratio 3:7 Aβ1-42:Aβ1-40 is associated with an increasing 

of synaptotoxic intermediates production and with the reduction of the nucleation 

time. 

For Aβ1-42:Aβ1-40 ratios higher than 3:7, instead, a plateau is reached and there 

are not observed significant variations in the nucleation time and in the fibril 

elongation time.(43),(44) 
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1.4 Amyloid fibrils structure 
 

 

Amyloid-like fibrils of different proteins have a common structural “cross-β” spine, 

as was proved by the last six decades of research. In 1959 elongated, unbranched 

fibrils in electron micrographs of diseased tissues were observed by Cohen and 

Calkins(45), and in 1968 Glenner and Eanes discovered that the fibrils exhibit an X-

ray diffraction signature known as the cross-β pattern.(46) 

This pattern is characterized by several protofilaments, each composed of 

repeating units of β-sheets with hydrogen bonds along the length of the fibre. The 

β-sheet units are parallel to the fibril axis with their strands perpendicular to this 

axis (Figure 8). 

 

 

Fig. 8: Cross-β sheet diagram.  

 

The hypothesis of a common molecular organization was supported by the finding 

that amyloid fibrils from six different neurodegenerative disease-associated 

proteins, showed similar cross-β diffraction patterns.(47-51)  

An important point regarding the structural determination of amlyloid fibrils is that 

is not easy to obtain experimentally a high-resolution molecular structure using the 
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most common biophysical techniques. This is because amyloid fibrils are non-

crystalline solid materials and are not compatible with X-ray christallography.  

On the other hand, these fibrils are insoluble, which makes it difficult to use solution 

state NMR for structure determination. For this reason, solid-state NMR (SSNMR) 

spectroscopy has been realized to be a valuable method to gain insight into the 

structure of the amyloid fibril.(52) 

Concerning the amyloid-β fibrils characterization by SSNMR, the Aβ1-40 alloform 

was extensively characterized by SSNMR in the past several years(53-57) and all the 

Aβ1–40 species resolved by NMR, share a U-shaped motif, while the Aβ1-42 fibrils 

structure was only recently well resolved as an S-shaped fibrillar species.(57-60) 

Furthermore, recent advances in single-particle cryo-EM have enabled the 

structure determination of amyloid fibrils, proving that cryo-EM technique allows 

near-atomic characterization of amyloid filaments from post-mortem human brain 

tissue.(61) 

In vitro, the amyloid fibrils are easily and readily detected by using benzothiazole 

salt Thioflavin T (ThT), a commonly used probe to monitor their formation. In 

particular, the binding of ThT to amyloid fibrils, induces a shift in excitation 

maximum (385 nm to 450 nm) and emission maximum (445 nm to 482 nm) (62),(63), 

as is shown in the spectrum in the Figure 9.  

 

 
Fig.9: Excitation/emission spectrum of the fluorophore ThT (Reprint from AAT Bioquest's interactive Spectrum 

Viewer tool)  

 

 

The mechanism of ThT strong fluorescence signal at 482 nm has been associated 

with the rotational immobilization of the central C–C bond connecting the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amyloid
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benzothiazole and aniline rings (Figure 10). The target sites of ThT-fibrils 

interaction are the side chain channels along the long axis of amyloid filaments and 

the minimal binding site on the fibre surface has been suggested to extend across 

three or four consecutive β-strands.(64),(65) 

ThT dye is also called Basic Yellow 1 or CI 49005 and is used to visualize plaques 

composed of β-amyloid found in the brains of Alzheimer's disease patients.  

The reagent binds rapidly and specifically to the anti-parallel beta-sheet fibrils but 

does not bind to monomer or oligomeric intermediates. In addition, the binding of 

ThT does not interfere with the aggregation of beta-amyloid peptide into amyloid 

fibrils. 

 

 

 

 
 

 

Fig. 10: Schematic illustration of Thioflavin T oriented with its long axis parallel to the long axis of the fibril.The 

minimal binding site on the fibre surface is extended across three consecutive β-strands (14Å). 

https://it.wikipedia.org/wiki/%C3%85
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1.5 Parkinson’s disease and α-synuclein 
 

Parkinson's disease (PD), first described by James Parkinson in 1817 with the term 

“Shaking Palsy (Paralysis Agitans)”(66), is the second most common neurogenic 

disorder after Alzheimer disease, affecting approximately 1% of the population over 

age 50. This proteinopathy is clinically characterized by parkinsonism (resting 

tremor, bradykinesia, rigidity and postural instability) and pathologically by the loss 

of dopaminergic neurons in the substantia nigra pars compacta, in association with 

the presence of ubiquitinated protein deposits in the cytoplasm of neurons (Lewy 

bodies).(67),(68) 

Hence, restorative dopaminergic therapies are the main treatment. Monoamine 

oxidase inhibitors are initially used to prevent endogenous dopamine catabolism; 

alternatively, L-DOPA, the metabolic precursor of dopamine, or dopamine agonists 

are used.(69)  

Nowadays, many groups are working on new therapies, not only symptomatic, 

through the development of drugs able to inhibit oligomer accumulation, neuronal 

degeneration, and disease progression.(70) 

Genetically speaking, PD is a heterogeneous and most likely, complex disorder. 

In 1996, was mapped and subsequent identified the first mutations responsible for 

Parkinson’s disease (PD) that showed PD may be hereditary.(71)  

The protein involved in the pathogenesis of PD is α-synuclein (α-synuclein). 

The encoding gene is SNCA (cytogenetic location: 4q22.1) and its mutations are 

related to pathological phenotype of autosomal dominant Parkinson disease 1, 

Parkinson disease 4 and Lewy body dementia. 

Other two members of Synuclein family are two homologous proteins, β (SNCB) 

and γ synucleins (SNCC). Γ Synuclein, forms fibrils much more slowly than α 

synuclein, and β synuclein does not form fibrils under typical in vitro or in vivo 

conditions.(72) 

Inside the cellular environment, this protein is involved in regulating of presynaptic 

function and in neurotransmitter release (dopamine) and plays also a role in the 

movement of microtubules and in the binding of fatty acids (73) Several factors like 

post-translational modifications, oxidative stress, fatty acids concentration, 

proteolysis, phospholipids and metal ions can promote the misfolding of a-syn with 

the consequent formation of oligomers and amyloid-like fibrils(74),(75).  
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Α-synuclein is a 14kDa highly soluble cytosolic protein. Is classified as an 

intrinsically disordered protein (IDP), as well as Aβ peptides. The term “disordered” 

indicate a lack of a specific stable three-dimensional structure and the structural 

disorder in IDPs can be placed in one or more separate regions along the chain, 

or it may span the entire length of the protein.(76) 

The monomer of α-synuclein is composed of three distinct regions: an amphipathic 

α-helical domain in the N-terminus which mediates binding to phospholipid 

membranes, a central hydrophobic region, called NAC (non-Aβ component), 

having the β-sheet potential, and a C-terminus that is highly negatively charged, 

and is prone to be unstructured (77) (Figure 11) 

 

 
 

Fig. 11: α-synuclein regions. BLUE:N-term domain (1-60), RED: NAC domain (61-95), GREEN: C-term 

domain (96-140).  
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1.6 α-synuclein as biomarker of Parkinson’s disease  
 

The study of of Parkinson’s disease biomarkers is a large and expanding  

field.(78-81) The development of early diagnostic biomarkers for PD is necessary to 

intervene at the onset of disease and to monitor the progress of therapeutic 

interventions that may slow or stop the course of the disease. 

Several biofluids have the potential role to serve as sources of PD biomarkers, 

including, cerebrospinal fluid (CSF), blood (including whole blood and all blood 

compartments), saliva, and urine. Three of the most important aspects to take 

into account during a PD biomarker-based screening are the biological-

compartments accessibility, low costs and reliability/reproducibility. Up to now, 

research on biomarkers for PD has made significant progress and an increasing 

number of candidate biomarkers for PD have been found (Table 2). 
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Table 2: Biochemical markers of Parkinson’s disease 

 

 

In the past few years, it is catching on the hypothesis that alpha-synuclein could 

act as biomarker of PD in biological fluids. (82-85),(104-108) 

Biochemical markers of PD

Protein accumulation and 
aggregation related

α-synucleinuclein(82-85), Aβ1-42(86), 

homocysteine(87),

tau protein and neurofilament 

light polypeptide(88),

β-glucocerebrosidase(89)

Mitocondrial dysfunction and 
oxidative stress related

urate(90), protein DJ1(91), coenzyme 
Q10(92),

advanced oxidation protein products

(AOPP)(93),(94) 

Neuroinflammatory reaction related

IL-2/6/8/10/1β(95) , TNF-α/γ(96)(97)

Protein-membrane interaction through 
amphipatic domains related

Apolipoprotein 

superfamily(98),(99) (Apolipoprotein A1(100),

Apolipoprotein D(101), Apolipoprotein 
E(102), 

Apolipoprotein J(103)),

α-synuclein (104-108)
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Results obtained by El-Agnaf and coworkers, detected the existence of an 

extracellular form of alpha-synuclein, in cerebrospinal fluid (CSF) and in 

plasma.(109) 

Outside the cell, this protein, according to The Braak hypothesis of Lewy pathology 

progression in Parkinson's disease, can be spread out through an exocytotic 

mechanism under stress conditions, and endocytic uptake occurs in nearby 

cells.(110) 

A recent theory formulated in 2011 by several studies of Steiner and coworkers 

describes the spreading mechanism of alpha-synuclein. Small amount of α-

synuclein are released from neuronal cells by unconventional exocytosis, and this 

extracellular alpha-synuclein contributes to the major pathological features of Lewy 

body dementia (LBD).(111) 

This evidence suggests that neuronal cells normally secrete α-synuclein into the 

surrounding media in the brain: this protein could circulate to the CSF and then to 

the blood, putting forward an interesting possibility of the potential use of α-

synuclein or its derivatives in biological fluids as a biomarker for PD and related 

disorders. 

The final goal of α-synuclein based-screening in biological fluids is the 

development of methods for the diagnosis of this pathology at a pre-clinical stage. 
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1.7 SAA (seeding aggregation assays)  
  

Many Parkinson’s disease preclinical diagnostic techniques, together with ELISA 

test (112-116), are under development in numerous laboratories of the world. These 

tests are based on the SAA (seeding aggregation assays) approach.(117-122) 

Behind the word “seeding” there is a self-amplification process (nucleation-

dependent) of pathogenic aggregated species in which the formed “seeds” act as 

template for the recruitment of other soluble monomers to form highly ordered 

insoluble protein with β-sheet structure. The seeding mechanism, was first 

described for prion protein (PrP) (123-127) and later this paradigm was extended to 

β-amyloid (Aβ) to explain the conversion of soluble proteins to amyloid fibrils in 

vitro.(128-130) 

An analogous process was recently reported for α-synuclein, where the addition of 

α-synuclein preformed fibrils (PFFs) acts as a seed and drives the aggregation of 

soluble monomers. This seeding effect determine the reduction of the lag phase 

followed by the rapid formation of α-synuclein fibrils.(131-137)  

The real-time monitoring of of α-synuclein seeding activity is an expanding field 

due to its capability to individuate subjects that will be prone to develop 

synucleinopathies through the detection of misfolded α-synuclein in brain 

homogenates and cerebrospinal fluid, strengthening the diagnostic and prognostic 

role of the preclinical screening in PD.   

Nowadays, three are the most growing tests that use the SAA approach for the 

diagnosis of sinucleinopathies: PMCA, RT-QuIC (“α-synuclein Protein Misfolding 

Cyclic Amplification” and “Real-Time Quaking-Induced Conversion”)(138-142) and 

HANABI (“HANdai Amyloid Burst Inducer”).(143) In all these techniques, the 

formation of amyloid is monitored instantly using the dye Thioflavin T. 

In particular, PMCA and RT-QuIC protocols, conceptually analogous to DNA 

amplification by PCR, are based on the enlargement of a preformed quantity of 

aggregated protein (seed) present in biological fluids or tissue samples. In these 

experiments, seeds samples incubated at a specific temperature in a buffer 

solution containing the monomeric substrate, act as template of polymerization. 

By introducing in the protocol shaking/sonication steps, the aggregates are 

fragmented to form more polymerization points.  
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At the end of the procedure, the initial amount of seed is exponentially amplified 

with the loss of the monomer present in solution.(144) (Figure 12).  

 

 

 

Fig. 12: PMCA assay description. i) monomer (red spheres) is incubated with seeds (blue cubes). ii) Seeds 

undergo elongation at their extremities and catalyze the formation of new nuclei of polymerization on their 
surfaces. iii) Sonication or shaking cycles increase the number of points of polymerization. Steps ii) and iii) are 
repeated several times, depending on the protocol adopted. iv) End point of the procedure in which the initial 
quantity of protein is exponentially amplified.  
(Reprint from Paciotti, Silvia et al. “Are We Ready for Detecting α-synuclein Prone to Aggregation in Patients? 
The Case of “Protein-Misfolding Cyclic Amplification” and “Real-Time Quaking-Induced Conversion” as 
Diagnostic Tools.” Front. Neurol. (2018).) 

 

 

 

The first PMCA protocol was developed by Soto’s group in 2001 to detect the 

misfolded prion protein (PrPSc)(145), but only recently the PMCA and RT-QuIC 

techniques have been applied for the amplification and detection of aggregates of 

misfolded α-synuclein. The positive results obtained from different studies confirm 

the sensitivity and specificity of these assays for α-synuclein aggregates detection 

in CSF samples, suggesting their possible use as diagnostic tools. 
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Chapter 2 
 
 

Methodological aspects 
 

2.1 Preparation of Aβ peptides with exogenous methionine 
 

Amyloid beta monomers with an exogenous methionine (Met-0) were expressed 

using a pET3a plasmid (5′ cloning site NdeI -not destroyed-; 3′ cloning site BamHI-

not destroyed-). The insertion of this Met-0 is essential for the production of 

heterologous proteins: the start codon that initiates translation process in E.Coli is 

ATG (Met).(1) Before using, the plasmid containing the gene was amplified and 

purified through Midiprep and Miniprep techniques based on alkaline lysis method, 

by H.C. Bimboim and J. Doly.(2),(3) The concentrations of plasmid used was 50-70 

ng/µL for each 50µL of E.Coli batch. 

 

2.1.a Expression of Aβ peptides  
 

The E.Coli strain selected for the transformation protocol was the 

BL21(DE3)pLysS, competent cells providing tighter control of the expression of 

toxic proteins.(4) The original stocks (Lot: 3106858) worked better than the same 

strain of the other generations both in term of transformation efficiency and 

expression level. These cells are resistant to chloramphenicol that was added to 

the media together with ampicillin (plasmid antibiotic resistance).(5) To mantain the 

plasmid in the cells, avoiding satellite colonies formation, ampicillin was replaced 

by carbenicillin: this antibiotic is inactivated more slowly by β-lactamase enzymes, 

making the selection more effective.(6) The concentration of each antibiotic for liter 

of colture was that recommended: 100 µL/mL ampicillin/carbenicillin, 34 µL/mL 

chloramphenicol.  

The best expression was observed using freshly transformed cells and not 

bacterial glycerol stocks. The growth was for performed using rich medium (Luria 

javascript:;
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Bertani, LB), minimal medium (M9) with the addition of nitrogen (ammonium 

sulphate) and carbon (glucose) sources, (7-9) or a combination of these two media 

for the expression of isotopically enriched samples (Marley method).(7) 

The media were sterylized by performing an autoclave cycle (T=121°C, t=25 min). 

The protocol chosen for the expression was the Marley method (Figure 13) which 

permits to obtain a higher final monomer yield.  

 

 

 

Fig. 13: Application of the method for preparing isotopically labeled recombinant proteins developed by 

J.Marley. 

 

Transformed cells were grown in LB medium until OD600 value reached 0.6-0.8 

(start of exponential phase of E.Coli growth) and, after a centrifugation at 3500 rpm 

(JA-10, Beckman Coulter), the pellet was exchanged into the M9 minimal medium 

containing (15NH4)2SO4 1.0 g/L and D-Glucose-13C6 4g/L as nitrogen and carbon 

sources for labelled samples. The expression was induced with 1.2 mM Isopropyl-

β-D-thiogalactoside and, after 4 hours incubation at 39 °C, cells were harvested at 

4000 rpm (JA-10,Beckman Coulter). The key point of this protocol was the 

expression at high temperature value (from 39°C to 42°C) which promotes the 

aggregation of hydrophobic Aβ peptides into insoluble inclusion bodies (IBs)(10-14), 

considered to be amorphous type of aggregates, devoid of any structural regularity.  

The IBs Aβ expression can be exploited as a strategy to recover the peptides 

directly from the insoluble fraction using a strong chaotropic agent (GdnHCl, Urea) 

at high concentration.(15),(16) 
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2.1.b Extraction and purification of Aβ peptides 
 

Extraction step was performed through sonication for 35 minutes followed by IBs 

solubilisation through a homogenization process with Urea 8 M. Purification was 

performed via anion exchange chromatography in batch (according to Walsh et 

al.(17)) or using AKTA FPLC System through the Q-column with linear gradient of 

NaCl + Urea 8M buffer (GE Healthcare HiPrep™ Q HP 16/10). The last step of 

purification was a size-exclusion chromatography (SEC) using the preparative 

column Sephadex 75 HiLoad 16/60 (or 26/60) with 50 mM Ammonium acetate 

buffer at pH 8.5 as elution buffer. 

After each step of chromatography, a column washing with NaOH was performd to 

remove all traces of impurities and protease contaminations. The advantage of 

SEC is its fractionation capability, which allows the separation of different 

population of oligomers (including protofibrils), as well as relatively pure 

populations of monomers, dimers and trimmers.(18-20)
  

More then one step of gel-filtration, according to the protocol reported by Hellstrand 

et al., 2010 and Johnson et al., 2011,(21),(22) was also carried out, but only when the 

final amount of the peptide obtained from the first SEC was enough to prepare 

samples with our target concentration. All the manipulations were carried out at 

alkaline pH which avoid protein precipitation at its isoelectric point (pI). Protein 

concentration was preliminary estimated using UV-VIS spectrophotometer.(23) 

 

2.1.c Optimization of the protocol for Aβ1-40 and Aβ1-42 preparation 
 

During this PhD project developement, an optimization of the protocol for the 

expression of Aβ monomers was implemented: Aβ1-40 was used as a template to 

solve many troubleshooting related to the expression of this monomer.  

The plasmid was the first variable investigated. A comparison in terms of 

transformation efficiency between two plasmid (pET21a(+) and pET3a) containing 

the gene expressing Aβ1-40 was carried out: pET3a was confirmed as the most 

efficient vector.  

Moreover, another screening procedure was carried out on E.Coli strains. 

Expression tests using C41(DE3), BL21Star(DE3), BL21(DE3)pLysS cells, 

corroborated that BL21(DE3)pLysS is the most eligible strain to express Aβ toxic 
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peptides. A satisfactory expression profile was obtained using small colture media 

volumes (higher S/V), according to the relationship between the oxygen levels and 

E.Coli growth.(Figure 14) 

 

Fig.14: TRICINE SDS-PAGE. Scaling up of Aβ1-40 production using pET3a and BL21(DE3)pLysS strain.  

 

In addition, several troubleshooting connected to the extraction and purification 

processes were figured out. In particular, because of Aβ1-40 is more soluble than 

Aβ1-42, the former protein is usually found in the soluble fraction during the 

extraction step through sonication.(Figure 15) 

 

 

 

Fig. 15: Aβ1-40 in the soluble fraction. Lane 1: S1 (sample after sonication step) ; lane 2: S2 (sample after a 

washing step with buffer TRIS 10 mM, EDTA 1 mM, pH:8.0) 

 

This issue was overcomed purifying the supernataint with a GE 

Healthcare HiPrep™ Q HP 16/10 in presence of denaturing conditions to avoid in 

protein aggregation inside the column.  
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A key step for the preparation of the recombinant Aβ protein is the purification 

proceure, considered extremely critical, because can influence the final yield of the 

sample. 

Two different modalities of preliminary purification through anion-exchange were 

compared: column-mode and under vacuum with Büchner funnel, as was 

suggested by Walsh and coworkers(17).     

In the under vacuum anion exchange, the diethylaminoethyl cellulose DE-52 resin 

(Whatman) was used and the elution was performed in 50 mL batches with 

increasing concentration of salt (20 mM NaCl, 50 mM NaCl, 3*125 mM NaCl,  

150 mM NaCl, 200 mM NaCl, 1 M NaCl).  

The advantage of the purification by Büchner funnel was that the the peptides were 

mantained diluted: using this strategy, Aβ aggregation, occurring when the sample 

is loaded in a column with a small volume, was overcomed. On the other hand, this 

method showed less capability of protein amount recovery after the elution.  

Alternatively, GE Healthcare HiPrep™ Q HP 16/10 (CV=20 mL) or HiTrap Q 

FF anion exchange (CV=5 mL) with linear gradient of salt (0-50% NaCl) were used 

for this first step of purification and in presence of Urea at the concentration of 8M, 

to avoid the aggregation at the top of the column.  

The Figure 16 shows the comparison on Tricine SDS-PAGE gel of the two different 

purification protocols via anion exchange chromatography. 

 

                       

 
Fig.17:  Batch-mode (from 50 mM to 1M NaCl) ;                     Column-mode (elution 0-50% NaCl)      

 

 

 

In Figure 17, is reported the chromatogram of the anion exchange by HiTrap Q FF 

column. 
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Fig. 17: anion exchange purification by HiTrap Q FF column (CV=5mL) in the presence of Urea 8M. System: 

AKTA FPLC.  

 

 

 

The last step of purification was a gel-filtration (column: HiLoad 16/600 Superdex 

75 pg or HiLoad 26/600 Superdex 75 pg).  

When the yield was enough to inject sample again, a second size-exclusion 

chromatography was recommended. The chromatogram and the Tricine SDS-

PAGE of the eluted fractions are shown below. 
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Fig. 18: gel-filtration chromatogram (HiLoad 16/600 Superdex 75 pg column) and eluted fractions. 

 

 

To concentrate Aβ samples before each step of purification, two different strategies 

were tested. In particular, the eluate derived from anion exchange was concentrate 

by pressure-based method using stirred cells or lyophilized. 

The freeze-drying was preferred because the dry state offers many advantages for 

long-term storage and because the biological activity of the protein is recovered.(25)  

Moreover, another critical point of the protocol was the choice of the chaotropic 

agent that should be added to Aβ sample to avoid the aggregation process.(26-29) 

The choice of the denaturant was strictly related to the applied purification protocol.  

After the purification by the anion exchange column, Urea (final concentration 8 M) 

was added to the elution buffers. Alternatively, when the the purification was 

carried out by anion exchange using the resin within a Büchner funnel under 

vacuum, the chaotropic agent was added only before the gel-filtration step. The 

procedure, in this last case, consisted in a freeze-drying followed by a resuspention 

anion exchange eluate with Guanidine hydrochloride (GdnHCl) 6 M that is a better 

denaturant than Urea. 
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Finally, to keep Aβ samples in a monomeric form, a protocol of monomerization at 

high pH values was adopted.(30),(31) Lyophilized Aβ samples were treated with 

NaOH 3.5 mM and sonicated in a ultrasonic bath to remove residual aggregates 

before their use for the in solution NMR experiments.  

All the protocol implementations and the techniques tested for Aβ monomers 

purification are summarized in Scheme 1. 
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Scheme 1: Two alternative extraction and purification protocols of Aβ peptides. 

 

- Extraction: sonication

- Inclusion bodies (IBs) solubilization with UREA 8M

- Preliminary purification: anion exchange using Büchner funnel

- Lyophilization

- Resuspention of lyophilized sample with a buffer containing GdnHCl 6M

-Last purification: size-exclusion chromatography (SEC)

- Lyophilization

- Monomerization with NaOH 3.5 mM and sonication in a ultrasonic bath to

remove residual aggregates 

- Extraction: sonication

- Inclusion bodies (IBs) solubilization with UREA 8M

- Preliminary purification: anion exchange in column (elution buffer

containing UREA 8M)

- Sample concentration by pressure-based method (stirred cells)

- Last purification: size-exclusion chromatography (SEC)

- Lyophilization

- Monomerization with NaOH 3.5 mM and sonication in a ultrasonic 

bath to remove residual aggregates 
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2.2 NMR sample preparation of Aβ1-40 for kinetics studies 
 

NMR samples of Aβ1-40 peptide were prepared at the concentration of 30 μM 

and 100 μM in 50 mM (NH4)OAc buffer,containing EDTA 1.0 mM NaN3 0.2%, 

ThT 5.0 μM (only for samples which were used in parallel with fluorescence), 

SigmaFast Protease Inhibitor Cocktail and 10% D2O at pH 8.5. 

This value that is higher than physiological pH was chosen because it allows the 

formation of fibrils with with high reproducibility.(32) 

These experimental conditions were selected after performing a series of 

screening tests to reach the best sample stability. 

The experiments were recorded on a Bruker 700 MHz NMR spectrometer 

equipped with an automatic sample changer. The results of this screening are 

summarized in Table 3. 
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Table 3: Summary of the tests performed using a 700 MHz Bruker NMR spectrometer to 
find the optimal aggregation conditions. 
 

N° 
Aβ 

(μM) 
Final state Features of the (NH4)OAc buffer 

1 40 Fast degradation NaN3 0.02% + inib. 10 μM ABSF 

2 40 Fast degradation - 

3 40 
Poor degradation w/o 

fibrillation 
NaN3 0.2% 

4 40 
Poor degradation w/o 

fibrillation 
NaN3 0.2% + inib. 100 μM ABSF 

5 40 
Poor degradation w/o 

fibrillation 
NaN3 0.2% + inib. 10 μM ABSF 

6 40 Degradation inib. 100 µM ABSF 

7 40 Degradation NaN3 0.02% + inib. 100 μM ABSF 

8 40 
No degradation w 

fibrillation 
NaN3 0.02% + inib. 10 μM ABSF + 10 mM EDTA 

9 40 
No signal w protein 

precipitation 
NaN3 0.02% + inib. 10 μM ABSF + 1 mM ZnCl2 

10 40 
Degradation w 

fibrillation 
NaN3 0.02% + inib. 10 μM ABSF + 100 μM EDTA 

11 40 
Poor degradation w 

fibrillation 
NaN3 0.2% + 1mM EDTA 

12 40 Fast degradation NaN3 0.02% + inib. 10 μM ABSF + 1 μM ZnCl2 

13 40 
Poor degradation w/o 

fibrillation 
NaN3 0.02% + inib. 10 μM ABSF + 20 μM ThT 

14 40 
Poor degradation w 

fibrillation 
NaN3 0.02% + inib. 10 μM ABSF + 100 μM EDTA + 

20 μM ThT 

15 40 
Poor degradation w 

fibrillation 
1 mM EDTA 

16 40 
No degradation w 

fibrillation 
10 mM EDTA 

17 40 
Degradation w 

fibrillation 
NaN3 0.2% + inib. 10 μM ABSF 

18 40 
Poor degradation w/o 

fibrillation 
NaN3 0.02% + inib. 10 μM ABSF (sterilized tube) 

19 40 Degradation NaN3 0.2% + inib. 10 μM ABSF + 1 mM ZnCl2 

20 100 
Poor degradation w 

fibrillation 
NaN3 0.2% + 1 mM EDTA 

21 150 
No degradation w 

fibrillation 
NaN3 0.2% + inib. 10 μM ABSF + 1 mM EDTA 
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The fast degradation of the monomeric Aβ1-40 was a critical problem for the 

reproducibility of our kinetics analysis of the protein aggregation (33),(34). 

Bacterial contamination was one of the sources for the protein degradation. Indeed, 

the degradation was partially abolished by the addition of sodium azide to the 

solution and by using sterilized NMR tube.(35)  

In Figure 19 are reported the 1D 1H NMR spectra collected at different time points 

on a sample of Aβ1-40 at the concentration of 40 μM and at a temperature of 298 

K with a pH 8.5 in ammonium acetate buffer. The growth of sharp peaks near the 

monomer signals in the methyl region is a hallmark of degradation.(39) The 

degradation was then completely abolished by adding a protease inhibitor cocktail 

containing high concentration of EDTA, a divalent metal ions cheletors with a 

specific activity against metalloproteases.(36-38)  

Therefore, the NMR esperiments were recorded on sample of the monomeric Aβ1-

40 containing 0.2% of sodium azide , the SigmaFast EDTA-free complete protease 

inhibitor cocktail with ABSF at concentration of 10 µM and 1 mM of EDTA. 

 

 

Fig. 19: 1D 1H NMR spectra of a 40 μM Aβ1-40 sample in absence of EDTA 1.0 mM, NaN3 0.2%, and 

SigmaFast Protease Inhibitor Cocktail. (Reprint from Supporting Information. Bellomo, G. et al. Aggregation 

kinetics of the Aβ1-40 peptide monitored by NMR. Chem. Commun. (Camb.) 54, 7601–7604 (2018).) 
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Another aspect that affected the process of Aβ fibril formation with a dramatic 

effect on the aggregation kinetics, was the presence of contaminants in the NMR 

tubes. If the tubes are not properly cleaned, the presence of a solid impurity could 

promote the formation of macroscopic fibrillary nuclei at the bottom of NMR tube 

(Figure 20).  

 

 

  

Fig. 20: agglomerate of fibrils presumably grown over the surface of an impurity present in the bottom of the 

NMR tube, the pale blue color resulted from the addition of 5 mM of ThT. (Reprint from Bellomo, G. et al. 

Aggregation kinetics of the Aβ1-40 peptide monitored by NMR. Chem. Commun. (Camb.) 54, 7601–7604 

(2018).) 

 

2.3 Assembly of Aβ42:Aβ40 mixed fibrils revealed by SSNMR and 
microscopy (EM & AFM) and labelling schemes 
 

To investigate the arrangement of the fibrils obtained by mixing Aβ1-40 and  

Aβ1-42 peptides, equimolar solutions of the two proteins were mixed and the 

resulting fibrils investigated by Solid-state NMR Spectroscopy (SSNMR).Different 

labeling schemes were used to record specific experiments and more recently: 

- 
15

N-uniformly enriched Aβ1-42/ 
13

C-uniformly enriched Aβ1-40. 

- 
15

N-uniformly enriched Aβ1-42/ natural isotopic abundance Aβ1-40 (control 

sample). 

- 
15

N-uniformly enriched Aβ1-40/ natural isotopic abundance Aβ1-42 (control 

sample) 
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The same fibrils were investigated by for EM and AFM microscopy.. 

The experimental protocol to prepare the fibrils is the following: 

 

- Sample concentration: 15 mg (for SSNMR) or 5 mg (for AFM and EM) of 

diluted samples in 50 mM ammonium acetate buffer (pH 8.5) of enriched 

15
N Aβ1-42 and 

13
C Aβ1-40 were concentrated to reach 100 µΜ as final 

concentration (measured by UV-VIS spectrophotometer, Figure 21)  

 

- Fibrillization reaction: concentrated samples were filtered through a 0.20 µm 

syringe filter, put into 2mL microcentrifuge tubes (V=1 mL each), sealed with 

parafilm tape and incubated at 37 °C under shaking (950 rpm) for 4- 5 

weeks. 

 

In Figure 22 are reported the EM (Fig 22A) and AFM (Fig.22B) images acquired in 

collaboration with Max-Delbrück-Centrum für Molekulare Medizin (MDC) Berlin. 

- Sample preparation for SSNMR: overnight ultracentrifugation at 60000 rpm 

(ca. 2.65 × 105 g) and 4 °C for 24 h. The pellet was washed with fresh and 

cold ultrapure water (Millipore) for three times (1 mL per time), and then wet 

material was packed into a 3.2 mm ZrO2 MAS rotor under 4 °C. 

 

- Fibril samples were kept fully hydrated during all the steps. 
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Fig. 21: Aβ monomers quantification for fibrillization reaction using Varian Cary 50 Bio UV-VISible 

Spectrophotometer (Beer's law). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AβM1-40 and AβM1-42 aromatic amino acids 

 

Phe (F)  3 

Trp (W)  0 

Tyr (Y)   1 

 

MW AβM1-40: 4461 Da 

 

MW AβM1-42: 4645,2 Da 

 

• C = A/ ε b 

• A: absorbance value (A280nm) 

• ε:1490 M-1/cm-1 

• b path length (1 cm) 

• C: Concentration (M)  100µM 
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1)                                                2)                                                    3) 

  

 

Fig. 22 A: 1) EM picture of mixed fibrils.   

         2) Fibrils sonicated for 5 min (fibrils are still sticking together).  

         3) Fibrils sonicated for 10 min (smaller fragments are produced). 

 

 

 

 

 

       

           

  

Fig. 22 B: AFM pictures. 
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2.4 Production of human recombinant α-synuclein 

 

Human recombinant α-synuclein was expressed in the full-length wild-type (wt) 

canonical isoform (1-140) and in the His-tag (C-term and N-term) variants. 

For the wt α-synuclein, a pT7-7 plasmid (5′ cloning site NdeI -not destroyed- , 3′ 

cloning site HindIII -not destroyed-) cloned with the gene encoding wild-type α-

synuclein was used. The E.Coli strain chosen as host system for the expression 

was BL21(DE3)Gold. 

Recombinant α-synuclein with a polyhistidine tag (six His residues) was expressed 

starting from BL21(DE3)Gold cells and pET-15b (N-terminal His tag) and 

pET21a(+) (C-terminal His tag) containing SNCA gene. 

All the plasmids were genetically linked with amplicillin resistance. 

 

2.4.a Expression and extraction of α-synuclein 
 

BL21(DE3)Gold competent cells (50 µL) were transformed with 50-100 ng/µL of 

plasmid  using heat shock method.   

The overnight preculture of the transformed cells was diluted 100-fold in LB or M9 

media (with carbon and 15N-nitrogen sources for labelled samples) and induced at 

an OD600 value of 0.6−0.8 with 1 mM isopropyl-β-D-thiogalactoside (IPTG). After 

5 h of incubation at 37 °C, the cells were harvested at 4000 rpm (JA-10, Beckman 

Coulter). 

The extraction was carried out through osmotic shock using as lysis buffer 100 mL 

of the buffer Tris 30 mM, ethylenediaminetetraacetic acid (EDTA) 2 mM, and 

sucrose 40%, at pH 7.2, according to Shevchik et al.(40) and Huang et al.(41). The 

suspension was then ultracentrifuged at 20000 rpm (Type 70 Ti rotor, Beckman 

Coulter) for 25 min, and the pellet was collected and resuspended with 90 mL 

precooled ultrapure water containing 38 μL of 1 M MgCl2 and then ultracentrifuged 

a second time. Supernatants derived from these two centrifugation steps were 

combined and dialyzed against 4 L of 20 mM Tris/HCl buffer at pH 8.0. 

The SDS-PAGE in Figure 23 displays the extraction profile recombinant of α-

synuclein through osmotic shock technique. This lysis method exploiting osmotic 

shock was preferred to sonication procedure due to its mildness and the the 

absence of localized heating generated during the sonication process, expecially 
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when the sonicator is not equipped with a pre-cooling system (large-volume 

samples). Another advantage of this technique is that it allows the complete 

recovery of α-synuclein from the periplasm, the location where this protein is mostly 

expressed in Escherichia coli.(42),(43)  

 

                 

Fig. 23: SDS-PAGE α-synuclein extraction: lane 1 Thermo Scientific Unstained Protein Molecular Weight 

Marker, lane 2: cell pellet resuspended in lysis buffer, lane 3: collected supernatant after the first 

ultracentrifugation at 20000 rpm, lane 4:pellet resuspended in cold water(+38 µL MgCl2) lane 5: collected 

supernatant after the second ultracentrifugation at 20000 rpm.  

 

As can be observed from Figure 23, the apparent MW of α-synuclein is 18 kDa 

(theoretical MW: 14 kDa): this altered gel mobility can be attributable to the low 

binding of SDS by the highly acidic C-term sequence of the protein.(44) 

Samples of α-synuclein-6xHis tag were expressed and purified using the same 

protocols of the wilde-type protein. The only difference was the use of a HisTrap 

FF column, CV= 5mL for the preliminary purification, in lieu of anion exchange. 

 

2.4.b Purification of α-synuclein and protocol modifications 
 

Wild-type full length recombinant α-synuclein was purified as follow: 

Supernatants derived from the extraction step were combined and dialyzed against 

4 L of 20 mM Tris/HCl buffer at pH 8.0. The protein was then loaded in the fast 

protein liquid chromatography system, and anion-exchange chromatography was 

carried out with 0−50% linear gradient 1 M NaCl (GE Healthcare HiPrep Q HP 

16/10 Column). The collected fractions were lyophilized and resuspended in  

10 mM Tris/HCl, 1 mM EDTA, and 8 M Urea at pH 8.0 for chemical denaturation.  
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The advantage of this protocol is that is avoided the boiling method before the 

column injection, adopted in many purification protocols of α-synuclein. (45),(46)  

Sample heating does not affect on the structure of α-synuclein that, due to its 

solubility, remains in solution. Conversely, the other proteins present in solution, 

precipitate when exposed to the thermal denaturation. 

The boiling procedure (T: 90-100°C) of α-synuclein should be avoided because it 

gives rise to the formation of degradation products, as reported in the 

literature.(41),(47),(48)  

Another relevant point that should be taken into account in the preparation of 

sample of monomeric α-synuclein, is the aggregate removal by gel-filtration 

chromatography. 

To eliminate the aggregates still present in solution, two size-exclusion 

chromatographies (HiLoad 16/600 Superdex 75 pg Column) were cerried out with 

20 mM phosphate and 0.5 mM EDTA at pH 8.0 as the elution buffer (Figure 24). 

Purified α-synuclein was dialyzed against Milli-Q water and lyophilized in batches 

for long-term storage. The Roche complete protease inhibitor cocktail was added 

only during the extraction step in the quantity suggested by the producer. 

In the Scheme 2 are reported the two tested extraction and purification procedures. 

The protocol providing the osmotic shock extraction and back-to-back gel-filtration 

purification allowed to achive better results in terms of purity of the final α-synuclein 

samples. 
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Scheme 2: Comparison between the two different extraction and purification procedures of α-synuclein.       

 

 

 

 

- Extraction: Sonication

- Boiling cell extract

- Preliminary purification by anion exchange chromatography

- Last purification: one size-exclusion chromatography (SEC)

- Dyalisis

- Extraction: Osmotic shock

- Preliminary purification: anion exchange chromatography

- Chemical denaturation

- Last purification: back-to-back size-exclusion chromatography (SEC)

- Desalting / dyalisis
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Fig. 24: A) 1st SEC purification. B) lane 1: Thermo Scientific Unstained Protein Molecular Weight Marker, lane 

2 and 3: α-synuclein fractions after the 1st SEC purification, lane 4 and 5: α-synuclein fractions after the 2nd 

SEC purification. C) 2nd SEC purification. 
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It might also be noted that, a sizable difference between the purity of the α-

synuclein-6xHis (purified by HisTrap FF column) and that of the wt protein (both 

expressed in LB medium), existed after the first purification step (Figure 25).  

For the α-synuclein-6xHis the second size-exclusion of the protocol could be 

avoided.  

  

                   

 

                

 

Fig. 25: A) Extraction and purification of α-synuclein-6xHis. B) Purification of wt full-length α-synuclein by anion 

exchange. 

 

 

 

 

The removal of the Urea from the final sample was another critical step in the 

protocol. The presence of the denaturant was monitored by measuring 

spectrophotometrically the shifts of the absorbance of tyrosine and tryptophan at 

287-291 nm: this increasing originates from the change in refractive index of the 

solvent with the concentration of the chaotropic added.(49) (Figure 26) 
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Fig. 26: Absorbance shift at 287-291 nm of aromatic residues in presence of Urea 8M (measure performed 

using Varian Cary 50 Bio UV-VISible Spectrophotometer). 

 

 A desalting step, followed by a dyalisis allows to remove the Urea from the α-

synuclein final samples. 
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2.4.c α-synuclein samples quality check 
 

To check the monomeric state of alpha-synuclein in the final sample, Western 

Blot (WB) assays using α-synuclein Antibody (211) and α-synuclein-O2 

(immunogen: aggregated α-synuclein) were performed. At this regard, the sample 

alpha-synuclein prepared according the protocols described above have been 

analyzed and compared.  

The Figure 27 shows the difference between α-synuclein samples purified using 

the two different protocols previously described: the former (A) was prepared 

without the chemical denaturation and the back-to-back SEC purification, the latter 

(B) was produced by means of these implementations. 

The detection with α-synuclein O2 anti-α-synuclein aggregated Antibody, confirms 

the efficiency of the protocol optimizations (only the band of the monomer, without 

degradation, was observed). 

 

   

    
Fig. 27: Sample quality check. A) detection by anti-α-synuclein antibody with specifically binds aggregated 

forms of alpha-synuclein. B) monomeric alpha-synuclein detected by the same antibody.   
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2.5: Cerebrospinal fluid pH monitoring 
 
A relevant aspect to consider when biological fluids are manipulated is their 

biochemistry. 

In particular, when ex vivo pooled cerebrospinal fluid of patients not affected by 

synucleinopathies is handled, the pH can increase with respect to the original 

physiological value (pH= 7.4). In Figure 28 and in Figure 29 are reported CSF pH 

variations monitored as a function of time in the presence and in absence of 

Phosphate-buffered saline (PBS) buffer. To exclude any pH variation due to 

bacterial contamination, 0.08% of NaN3 was added to 200 µL of pooled CSF. 

After vortexing and air-exposing cyclically the fluid for several times at RT, a 

dramatic increase of the pH up to alkaline values was observed (highest pH=9.2).  

When the biological fluid is stored in Eppendorf tube with closed hermetic seal at 

4°C, the pH remained constant. 

This pH-lability suggests the relevance of biological fluids processing and storage. 

 

 

 

 
 

Fig. 28: Pooled Cerebrospinal fluid pH shifts (no buffer added).  
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Fig. 29: Pooled Cerebrospinal fluid pH shifts (PBS buffer added).  

 

 

These results are in accordance with data coming from the literature (ex vivo pH 

changes resulting from loss of CO2).(50),(51) 
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Chapter 3 
 

 

Results 
 

 

 

3.1 Aggregation kinetics of Aβ1-40 monitored by NMR 
 

In this work, the aggregation of Aβ1–40 was monitored by solution NMR. My 

specific contribution to this project was the Aβ1–40 expression and purification and 

the preparation of samples for the kinetic experiments. 

In order to obtain quantitative information about the aggregation kinetics of  

Aβ1–40, series of 1D 1H NMR spectra were acquired under quiescent conditions. 

The NMR investigation was performed using a 700 MHz (16.4 T) spectrometer on 

recombinant monomeric samples of Aβ1–40 at pH 8.5, with concentrations varying 

between 30 and 100 µM, at the temperature of 310 K. The NMR signals used for 

kinetic analysis were those originating from methyl protons; 1D spectra were 

preferred to 2D spectra because they provide a higher signal-to-noise ratio for the 

same amount of time. 

To deeply investigate the complementarity between solution NMR and 

fluorescence, the experiments were repeated by monitoring a 50 µM Aβ1–40 

sample simultaneously through NMR and ThT fluorescence in a Cary Eclipse 

spectrophotometer (Agilent). 

The decay of the monomer methyl signals from 1D 
1
H NMR experiments showed 

a behaviour complementary with respect to the growing of ThT fluorescence 

intensity. 

In our conversion kinetics model, secondary nucleation was not included and a 

direct conformational conversion from oligomers to fibrils was hypothesized in our 

conditions of concentration and pH. 
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In the Supporting Information were included all the experimental details that can 

affect the aggregation kinetics (i.e. monomer degradation, methionine-35 

oxidation, presence of preformed aggregates and electrostatic surfaces), which 

highlight how complex is the problem of reproducibility on Aβ samples. 
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3.2 Mixing Aβ1-40 and Aβ1-42 peptides generates unique amyloid 

fibrils (manuscript in preparation) 

 
This project is in the frame of an integrative study, aimed to characterize the 

structure of the mixed fibrils (containing Aβ1-42 and Aβ1-40 peptides) at atomic 

detail. My contribution to this project was to express and purify Aβ1-42 and  

Aβ1-40 monomers and to generate fibrils by mixing an equimolar ratio of 

isotopically enriched samples.  

Aβ peptides have been expressed through different labeling schemes to confirm 

the observations previously hypothesized in our lab during the past years. In our 

experimental conditions, under vigorous agitation (aimed at favoring the 

establishment of a thermodynamic equilibrium of Aβ1-40 and Aβ1-42), a very 

stable and homogeneous interlaced 1:1 assembly was formed. 

The characterization of mixed Aβ fibrils has been carried out by acquiring High-

Resolution SS-NMR Spectra in combination with microscopy (AFM and TEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 

 

Mixing Aβ(1-40) and Aβ(1-42) peptides generates unique 

amyloid fibrils 

Mixing Aβ(1-40) and Aβ(1-42) peptides generates unique 

amyloid fibrils 

Linda Cerofolini1, Enrico Ravera1, Thomas Wiglenda2, Annett Böddrich2, Bettina 

Purfuerst6, Iryna Benilova3,§, Magdalena Korsak4, Gianluca Gallo1, Sara Bologna1, 

Domenico Rizzo1, Leonardo Gonnelli1, Marco Fragai1, Bart De Strooper3,5, Erich 

E. Wanker*,2, Claudio Luchinat*,1,4  

1. Magnetic Resonance Center (CERM), University of Florence, Via L. Sacconi 6, 

and Department of Chemistry "Ugo Schiff", University of Florence, Via della 

Lastruccia 3, 50019 Sesto Fiorentino (FI), Italy 

2. Neuroproteomics, Max Delbrueck Center for Molecular Medicine, Robert-

Roessle-Strasse 10, 13125 Berlin, Germany 

3. VIB Center for the Biology of Disease, Herestraat 49, 3000 Leuven 

4. Giotto Biotech S.R.L., Via Madonna del Piano 6, 50019 Sesto Fiorentino (FI), 

Italy. 

5. KULeuven, Center for Human Genetics, Herestraat 49, 3000 Leuven. 

6. Core facility electron microscopy, Max-Delbrück Center for Molecular Medicine, 

Robert-Roessle-Strasse 10, 13125 Berlin, Germany 

 

§Present address: MRC Prion Unit, UCL Institute of Neurology, Department of 

Neurodegenerative Disease, Queen Square, London WC1N 3BG, UK. 

* To whom correspondence may be addressed. Email: 

claudioluchinat@cerm.unifi.it, ewanker@mdc-berlin.de.  

§Present address: MRC Prion Unit, UCL Institute of Neurology, Department of 

Neurodegenerative Disease, Queen Square, , London WC1N 3BG, UK. 

mailto:claudioluchinat@cerm.unifi.it
mailto:ewanker@mdc-berlin.de


88 

 

* To whom correspondence may be addressed.  

Email: claudioluchinat@cerm.unifi.it, ewanker@mdc-berlin.de.  

 

 

Authors contributions 

BDS, CL, EEW designed the research; SB, DR, MK, GG, LG expressed and 

purified the peptide; LC, MF, ER recorded the NMR experiments; LC, MF analyzed 

the data; AB, TW performed the AFM and in-vitro characterization of the fibrils; IB 

performed the cell tests; LC, BDS, MF, CL, ER, EEW, TW wrote the manuscript. 

Abstract. Formation and propagation of oligomeric aggregates of Aβ(1-42) and 

Aβ(1-40) play a critical role in the pathogenesis of Alzheimer’s disease. It is 

however unclear what constitutes exactly a toxic species and whether pure or 

mixed oligomeric species contribute to toxicity. It is commonly believed that Aβ(1-

40) and Aβ(1-42) segregate in their mixtures, and recent structural studies suggest 

that Aβ(1-40) and Aβ(1-42) generate mature amyloid fibrils of very distinct 

morphologies. Surprisingly, we describe here fibrils obtained from mixed solutions 

of Aβ(1-42) and Aβ(1-40) peptides that contain a never previously reported, 

structurally-uniform 1:1 species. This mixed species differs structurally from pure 

Aβ(1-40) fibrils obtained under the same conditions as well as from the recently 

reported structures of Aβ(1-42) fibrils. The mixed species forms preferentially even 

when a non-stoichiometric ratio of Aβ(1-42):Aβ(1-40) is used. This species appears 

to be toxic for neurons in culture. 
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Significance statement. The precise nature of the structures responsible for 

amyloid toxicity is a major question in Alzheimer’s Research. Several Alzheimer-

related amyloid-β peptides of different lengths occur together in vivo, and their 

relative amounts change during the disease. We demonstrate here that the two 

main alloforms of the amyloid peptide (Aβ(1-42) and Aβ(1-40)) are able to form 

interlaced mixed fibrils whose structure is quite different from the structures 

recently published of fibrils made from either species alone. Our findings clearly 

demonstrate an interaction between the two major Alzheimer-related peptides, and 

provide new insights into how changes in the relative ratio of these peptides can 

determine structure and function. 
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Amyloid-β (Aβ) peptides are widely considered responsible for the onset and 

progression of neurodegeneration in Alzheimer’s disease (AD) (1, 2). One of the 

principal hallmarks of AD are, indeed, amyloid plaques, constituted by largely 

fibrillar amyloid aggregates formed by aggregation-prone peptides (3, 4), which are 

present in brain parenchyma and vessels (5, 6). Aβ peptides are cleaved from the 

amyloid precursor protein (APP) by the combined action of β- and γ-secretases, 

which yields a heterogeneous mixture of peptides varying in length at their carboxy-

termini (from 37 to 43 amino acids) (7–10). The two major Aβ alloforms are 40 and 

42 amino acids long, respectively. Aβ(1-42) shows a much higher propensity to 

aggregate in vitro than the Aβ(1-40) peptide (11). Evidence has been provided for 

the ratio between the two alloforms to have a pathological significance (12, 13). In 

the plaques found post-mortem in AD afflicted people, the Aβ(1-42):Aβ(1-40) 

peptide ratio was found to range from 1:1 to 9:1 (5, 6), whereas the physiological 

ratio of the two soluble peptides is 1:9. Indeed, the ratio of Aβ(1-42) and Aβ(1-40) 

was found to be shifted to higher values (2:8/3:7) in familial AD patients caused by 

presenilin mutations (13–17), and the aggregation rate and toxicity both already 

increase with a shift in ratios from 1:9 to 3:7 (13, 18). 

The imbalance of the Aβ(1-42):Aβ(1-40) ratios determines a variation in the 

patterns of detectable oligomeric species (12, 13, 18–20), i.e. in the size and 

composition of aggregated species, and has been the subject of several studies. 

In case of excess of monomeric Aβ(1-40) (as expected under normal physiological 

conditions), the aggregation of Aβ(1-42) monomer is inhibited by Aβ(1-40), as 

indicated by in vivo studies, which show that a high percentage of Aβ(1-40) 

peptides in the brain might have a protective effect (21, 22). Monomeric Aβ(1:40) 

has also been reported to alter the stability of Aβ(1:42) aggregates, and prevent 

their conversion into mature fibrils approximately at - or above - an equimolar ratio 

(12). Kuperstein et al. (13) found that through shifting of the Aβ(1:42):Aβ(1:40) ratio 

from 1:9 to 3:7 the nucleation time of the mixture was reduced, but without a 

significant alteration of the fibril elongation time. For Aβ(1:42):Aβ(1:40) ratios 

higher than 3:7, instead, a plateau was reached and no significant variation 

neither in the nucleation time nor in the fibril elongation time were observed (13). 

Conversely, in the presence of the two alloforms (Aβ(1:42):Aβ(1:40)) in a 1:9 ratio, 

once nucleation is induced, fast aggregation into non-toxic mature fibrils occurs 
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without the formation of toxic intermediates, while in the presence of a 3:7 

Aβ(1:42):Aβ(1:40) ratio synaptotoxic intermediates were readily formed (13).  

Using a combination of solution nuclear magnetic resonance spectroscopy, 

high molecular weight mass spectrometry and cross-seeding experiments Pauwels 

et al. (18) found that Aβ(1-40) and Aβ(1-42) peptides mutually influence their 

aggregation kinetics, with the general trend that Aβ(1-42) makes the aggregation 

of Aβ(1-40) faster and Aβ(1-40) makes the aggregation of Aβ(1-42) slower. 

Surprisingly, results based on the analysis of kinetic data from ThT fluorescence-

based aggregation assays, mass spectrometry and solution NMR on more diluted 

solutions suggested the formation of heteromolecular nuclei that subsequently 

evolve into homomolecular fibrils (23). The preference for homomolecular mature 

fibrils seems corroborated by the evidence that either pure fibrillary species cannot 

cross-seed the other (24, 25), and this may have implications in the propagation of 

fibrillar seeds in brain, whether the two alloforms interplay or act separately instead 

(26). The Aβ(1-40) alloform was extensively characterized by SS-NMR in the past 

several years (27–32) and was found to yield different - although similar - fibrils 

under different conditions (33–35), in all cases featuring pairs of U-shaped 

protofilaments. Conversely, the characterization of the Aβ(1-42) alloform was 

delayed because of faster aggregation and more difficult purification (25, 36), 

leading to the formation of heterogeneous species (24, 37, 38). More recently, 

three reports of an S-shaped fibrillar species have appeared (24, 25, 36). These 

fibrils are unable to seed a solution of Aβ(1-40) monomers (24). 

Fibrils obtained by mixing Aβ(1-42) and Aβ(1-40) peptides in the 3:7 and 1:1 

molar ratios were analyzed here using solid state NMR (SS-NMR), transmission 

electron microscopy (TEM) and atomic force microscopy (AFM). We show that 

fibrils obtained from mixtures of Aβ(1-42) and Aβ(1-40) peptides (with one 

exogenous N-terminal methionine residue, Met0) in different molar ratios do co-

aggregate. In our experimental conditions, and in particular under vigorous 

agitation aimed at favoring the establishment of a thermodynamic equilibrium of 

Aβ(1-40) and Aβ(1-42), a very stable interlaced 1:1 assembly that adopts a very 

homogeneous conformation is observed.  
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Results  

 Characterization of Aβ fibrils and High-Resolution SS-NMR Spectra. 

Samples of mixed Aβ(1-42):Aβ(1-40) fibrils were analyzed by transmission 

electron microscopy (TEM) (Figure 1). Under the fibrillization conditions used in the 

present work the resulting fibrils appear short (around 100 nm) and highly 

associated in flat bundles, which do not disassemble to isolated fibrils upon 

sonication. From the STEM images (Figure S1) a rough estimate of the fibril 

breadth is around 3 -5 nm as previously observed for the fibrils of pure Aβ(1-40) 

obtained under the same conditions(29). The fibrillary preparations obtained by 

mixing Aβ(1-42) and Aβ(1-40) polypeptides in different ratios (respectively 3:7 and 

1:1), were then analyzed by NMR. 

Previous results on the toxicity of the aggregates obtained from Aβ(1-

42):Aβ(1-40) solution mixtures with a ratio of 3:7, prompted at first the investigation 

of this specific stoichiometry (13). Mature fibril samples obtained from the 3:7 

mixture, where only the Aβ(1-40)  polypeptide was isotopically enriched, were 

analyzed through 2D 13C-13C and 15N-13C correlation spectra. The spectra of 3:7 

mixed fibrils clearly show the presence of two subsets of peaks, belonging to 

different fibrillary species. A subset of peaks is almost superimposable with those 

of the fibrils formed by the pure Aβ(1-40) alloform previously characterized under 

the same experimental conditions (29) (Figure S2). The other subset thus indicates 

the presence of a second species, with a different conformation and/or contacts. 

Importantly, no cross-peaks are observed between the two species. The ratio 

between the two species was estimated from the intensity of the signals in the 2D 

13C-13C correlation spectra to be approximately 4:3. This ratio is not consistent with 

the presence of an asymmetric dimer as basic subunit (34), which would instead 

display a 1:1 ratio. We thus postulated that the first species corresponds to the 

already described fibrils of pure Aβ(1-40) (29) (4 equivalents) while, at the same 

time, the residual Aβ(1-40) (3 equivalents) may form mixed fibrils with the 3 

equivalents of Aβ(1-42) originally present in solution, i.e. in a 1:1 ratio. These fibrils 

exhibit distinct structural features with respect to those constituted by pure Aβ(1-

40).  

A new sample of fibrils was thus prepared starting from an equimolar 

solution (i.e. 1:1) of unlabeled Aβ(1-42) and 13C-15N isotopically enriched Aβ(1-40), 

and characterized by SS-NMR. The spectra of the fibrils obtained from the 1:1 
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mixture were extremely well resolved and showed a single set of resonances, 

identical to the new species observed in the 3:7 mixture and not to the pure Aβ(1-

40) fibrils, consistent with our hypothesis (Figure 2). 

Spectra of a sample containing a 1:1 mixture of 13C-15N isotopically enriched 

Aβ(1-42) and non-enriched Aβ(1-40) polypeptides were also acquired to reveal the 

Aβ(1-42) component. The spectra of Aβ(1-42) in this 1:1 mixture appear almost 

completely superimposable to those of Aβ(1-40) in the 1:1 mixture, indicating that 

the conformations of the two peptides in the mixed fibrils are virtually the same 

(Figure S3). The few slight differences can be all attributed to the presence, in 

Aβ(1-42), of the two extra residues Ile41 and Ala42, as discussed below. 

 A sample of pure Aβ(1-42) fibrils was also prepared under the same 

fibrillization conditions. The 2D 13C-13C and 15N-13C correlation spectra of the 

fibrillary material obtained from pure Aβ(1-42) are characterized by high signal 

overlap, indicating high heterogeneity of the fibrils with several different species 

present in the assembly (Figure S4).  

Structural features of the Aβ(1-40) monomer in the Aβ(1-42):Aβ(1-40) fibrils 
 
Full assignment of the resonances of Aβ(1-40) in the newly formed 1:1 

species was achieved through SS-NMR experiments acquired on the sample of 

mixed Aβ(1-42):Aβ(1-40) fibrils (1:1 ratio) in which only Aβ(1-40) was 13C-15N 

isotopically enriched (Figure S5, BMRB ID: 30166).  

The secondary structures of the Aβ(1-40) polypeptide in the mixed fibrils, 

predicted by TALOS+, contain a β-strand-turn-β-strand motif as found in other 

Aβ(1-40) fibrils (27, 29, 40–42), with the N-terminal region also showing a β-strand 

conformation (Figure S6).  

The organization of the β-strand-turn-β-strand motif was investigated in 

detail. Signals correlating the side chains of Leu17 with Leu34/Val36, Phe19 with 

Gly33/Leu34, Ala21 with Ile32, and His13 with Val40 were detected and assigned 

unambiguously on the 13C-13C SHANGHAI spectra at different mixing times (see 

Table S1). These signals are only consistent with a U-shaped conformation of the 

monomer. The folding of the monomer, called also β–arch, was calculated with the 

same protocol reported in (29) (see Materials and methods). When the observed 

unambiguous contacts are reported on topology models of the monomer in the 

fibril, it is clear that in the current conformation of the β–arch the contacts indicate 
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a reciprocal packing of the two β-strands (β1 and β2) (Figure 3A), which is different 

from that previously calculated for the fibrils of pure Aβ(1-40) (29) (Figure 3B). 

Instead, the conformation adopted by Aβ(1-40) in the presence of Aβ(1-42) 

resembles that reported for fibrils of pure Aβ(1-40) by Tycko and coworkers (40, 

41) (Scheme 1).  

The analysis of the cross-peaks in the 13C-13C correlation spectra supports 

the presence of a parallel arrangement of the protein molecules along the β-spine. 

In particular, no cross peaks correlating the N-terminus and C-terminus of β1 or β2 

strands have been observed in the spectra. This indicates that the β-strand-turn-

β-strand motif is organized in parallel cross-β sheets as reported in the literature 

for mature fibrils of Aβ(1-40) (27, 29, 40–43). This model is further supported by 

the presence of a single pattern of signals for each residue in the SS-NMR spectra. 

For symmetry considerations, this is consistent only with the presence of a parallel 

in-registry β-spine (44). Each of the β-spines constituting the sides of the cross-β 

sheet arrangement is called “protofilament” for simplicity. 

The spectra observed on fibrils where the Aβ(1-42) component is 

isotopically enriched are virtually identical to those where the Aβ(1-40) is 

isotopically enriched, and provide the same intrafilament contacts. Therefore, both 

Aβ(1-40) and Aβ(1-42) in the mixed fibrils adopt the same U-shaped conformation. 

It is worth noting that, while this conformation belongs to the same broad 

class of U-shaped conformations observed for several Aβ(1-40) fibrils obtained 

under different conditions, it is strikingly different from the S-shaped arrangement 

of the recently reported fibrils obtained from pure Aβ(1-42) solutions (24, 25, 36). 

Interestingly, the U-shaped conformation adopted by Aβ(1-42) in the present mixed 

fibrils was proposed earlier for Aβ(1-42) by Smith et al. (42), although the data upon 

which that model was based are also  fully compatible with the S-shaped 

conformation currently accepted Aβ(1-42) (24).  

 

Inter-protofilament interactions in mature Aβ(1-42):Aβ(1-40) mixed fibrils. 

Contacts between the C-terminus and the N-terminus of the β2-strand have 

been identified from the analysis of the spectra, indicating the presence of a head-

to-tail antiparallel association of two β2-strands of different monomers. In particular, 

contacts of the side chains of Ile31 with Gly38/Val39/Val40, and of Met35 with 

Gly38/Val39, have been assigned from 13C-13C spectra (see Table S2). These 
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experimental restraints are in agreement with a two-fold rotational symmetry (also 

reported for the co-aligned homo-zipper model (44)) and with the parallel registry 

of the protofilament. The lateral association among different proto-filaments in the 

fibrils has been calculated implementing long-range distance restraints in 

HADDOCK (45). The contacts and the generated model are similar, but not 

identical, to those reported for fibrils of the pure Aβ(1-40) polypeptide (29) (Figure 

4A and B, and Scheme 1). 

As anticipated, the spectrum of the 1:1 mixture in which Aβ(1-42) instead of 

Aβ(1-40) was 13C 15N isotopically enriched was practically identical to that where 

Aβ(1-40) was enriched. The small difference between the two differently 

isotopically enriched but otherwise identical 1:1 samples is completely ascribable 

to the presence of the two additional C-terminal residues of Aβ(1-42). In the Aβ(1-

42) stretch, the chemical shifts of the Cα of Val39 and Val40 (that are the last two 

residues in the Aβ(1-40) polypeptide) undergo an upfield shift of -1 ± 0.1 ppm. This 

variation of the chemical shift is usually observed on passing from random coil to 

β-strand secondary structure. At the same time, the presence of the two additional 

residues at the C-terminus induces a chemical shift variation of about -10 ppm of 

the carbonyl of Val40 that is here involved in a peptide bond. Some new contacts 

involving Val39 and Val40 with Ile31 in the N-terminal part of the β2 stretch were 

also assigned. This data further indicate that these residues are structured in the 

Aβ(1-42) polypeptide. Some contacts between Ile31 and Ile41/Ala42 were also 

assigned (Scheme 1). Overall, apart from these differences at the C-terminus of 

the longer peptide, the structural arrangements of the two peptides in the 1:1 mixed 

fibrils appear to be identical. 

Aβ(1-42):Aβ(1-40) reciprocal association in the mixed fibrils 

In the light of the results discussed above, and particularly of the precise 1:1 

stoichiometry of the observed fibrils, we could already conclude that we are in the 

presence of a mixed fibrillary species. Three possible reciprocal packing modes of 

Aβ(1-40) and Aβ(1-42) peptides along the fibril axis were generated (Figure 5) and 

scored by HADDOCK 2.2 (45). The generated models were: homogeneous 

protofilaments (all composed of Aβ(1-40) or Aβ(1-42) peptides) that form a mixed 

cross-β structure (model A); or interlaced protofilaments that form a paired (B), or 

staggered (C) cross-β structure (for comparison, panel D reports the structural 

model of pure Aβ(1-40) fibrils (29)). Model A is readily excluded by the presence 
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in the spectra of cross-peaks between N-terminus and C-terminus of the β2 strand, 

which would not be present if all the labelled peptide molecules were in the same 

protofibril. We are thus left with the other two models (B and C), both requiring an 

interlaced arrangement. Arrangements B and C are equally possible, since the 

observed cross-peaks between N-terminus and C-terminus of the β2 strand are 

equally consistent with both of them (see Table S2). 

Although only interlaced models (B or C) are consistent with the present NMR data, 

having a further and more direct proof of an interlaced arrangement is crucial as, 

on the contrary, most of the recent literature favors segregation of Aβ(1-42) and 

Aβ(1-40), and consequently the mechanistic models for the onset of AD rarely 

include intimate interrelationships between Aβ(1-42) and Aβ(1-40). The most direct 

way to prove/disprove an interlaced arrangement at atomic level is to prepare fibrils 

by mixing e.g. 15N-enriched Aβ(1-42) and 13C-enriched Aβ(1-40) (or viceversa). 

Fibrils from 1:1 mixtures of 15N-enriched Aβ(1-42) and 13C-enriched Aβ(1-40) were 

thus prepared, and examined by SS-NMR experiments. The experiments were 

designed in such a way as to give rise to signals only when 15N and 13C nuclei are 

in close proximity. Obviously, this can only occur in intimately mixed fibrils. The 

two-dimensional nitrogen-carbon correlation experiment 2D 15N-13C hNhhC was 

acquired on this sample (Figure 6A), showing good signal intensity in several parts 

of the spectrum and particularly in the NH-carbonyl region. To rule out the 

possibility that the observed signals are arising from transfer to 13C in natural 

abundance, the experiment was repeated, under the same conditions, on a sample 

where only Aβ(1-42) is 15N-enriched while Aβ(1-40) is in natural isotopic 

abundance (Figure 6B). The absence of signals in the latter experiment clearly 

confirms that the transfer is occurring between the two alloforms. 

This finding was further confirmed by acquiring a zTEDOR nitrogen-carbon 

correlation experiment (13C(15N)-zTEDOR) in one dimension, where the mixing 

time has been optimized to minimize the HN-C’ transfer across a single bond (see 

below) and, instead, favor the correlation across different filaments, i.e. across the 

N-H…O=C hydrogen bonds. In this case, the signal of the backbone carbonyls 

appears only in the sample of 15N-enriched Aβ(1-42) and 13C-enriched Aβ(1-40), 

whereas it is absent in the spectrum of the 15N-enriched Aβ(1-42) with Aβ(1-40) in 

natural abundance. For comparison, Figure 7c shows the 13C(15N)-zTEDOR 

spectrum acquired on the sample of 15N- 13C-enriched Aβ(1-40). The spectrum 
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shows very intense resonances, but relatively lower intensity in the carbonyl region 

because the coupling across the hydrogen bond is masked by many other intra-

filament couplings. The above experiments provide the final proof that the fibrils 

obtained under the present conditions are indeed interlaced mixed fibrils. 

  

To attempt to discriminate between models B and C their structures were 

generated in silico with the program HADDOCK 2.2 starting from combinations of 

two different protofilaments, each constituted of eight interlaced Aβ(1-40)/Aβ(1-42) 

or Aβ(1-42)/Aβ(1-40) monomers. An experimental restraint-driven calculation 

between two identical interlaced Aβ(1-40)/Aβ(1-42) protofilaments provided a 

family of four structures corresponding to model B (Figure S7A). Conversely, a set 

of calculations performed starting from two different interlaced protofilaments, 

Aβ(1-40)/Aβ(1-42) and Aβ(1-42)/Aβ(1-40), respectively, provided the family of four 

structures corresponding to model C (Figure S7B). The HADDOCK-scores for the 

models of the two families are not very different, although somewhat more 

favorable for model B (Table S3), so that firm conclusions for one or the other 

model cannot be drawn.  

The pdb structures obtained for the mixed Aβ(1-42) and Aβ(1-40) fibrils have 

been deposited in the protein data bank (model B, PDB ID: 5T5R and model C, 

PDB ID: 5TD0), together with the pdb structure of the pure Aβ(1-40) fibrils 

previously reported by Bertini and co-workers (model D, PDB ID: 5TD1, BMRB ID: 

30183) (29). 

 

 Biochemical analysis of Aβ fibrils  
 
 

First, the generated fibrillar preparations (pure Aβ(1-40), pure Aβ(1-42), and 

mixed Aβ(1-42):Aβ(1-40) fibrils) were characterized in terms of their stability and 

size in native SDS gels (Figure S8A). We observed that the prepared amyloid fibrils 

are detectable in the gel pockets, while monomers or smaller protofibrillar Aβ(1-

42) oligomers, which were used as controls, can enter the separating gel. This 

indicates that all three aggregate preparations contain large, relatively stable 

structures that cannot be dissociated with native polyacrylamide gels. 
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Mixed Aβ(1-42):Aβ(1-40) fibrils show toxicity in cell-based assays 

To investigate the potential disease relevance of the mixed Aβ(1-42):Aβ(1-

40) fibrils we tested the toxicity of all fibrils preparations in a Cell-Titer blue assay 

on primary hippocampal mouse neurons (Figure 6) (13). In this assay only the 1:1 

Aβ(1-42):Aβ(1-40) fibrils exhibit a significant reduction of cell viability of about 

30 %. All other end stage aggregation products did not significantly reduce cell 

viability, indicating that they are less toxic than the 1:1 Aβ(1-42):Aβ(1-40) fibrils.  

 
 
 
Discussion 
 
 
One of the major unknowns in AD research are the mechanisms by which 

different Aβ(1-42) and/or Aβ(1-40) aggregate species cause toxicity in mammalian 

cells.  

Most biophysical studies on Aβ peptides reported in literature only deal with 

the behavior of a single alloform of the peptide, and do not consider the many Aβ 

peptides that coexist in vivo (24, 25, 29, 33, 36, 41). However, it has been widely 

demonstrated that increasing amounts of Aβ(1-42) relative to Aβ(1-40) speed up 

the aggregation kinetics and also alter the pattern of spontaneously formed 

oligomeric species (12, 13, 18–20). The present observation that a single fibrillary 

species is obtained from mixtures of Aβ(1-42) and Aβ(1-40) indicates that the 

interplay between the two alloforms may contribute to extend the number of 

possible polymorphs formed by these peptides, increasing the complexity of the 

structural landscape of the amyloid aggregates, which may correspond to 

phenotypic differences (47).  

Kuperstein et al. have previously reported that all mixtures of Aβ(1-42) and 

Aβ(1-40) peptides with ratios higher than 3:7 are equally prone to aggregation, and 

show a similar lag-phase (13). Based on this observation, it was concluded that 

toxicity results from unbalance in their natural ratio (13).  

The matching of the chemical shifts between Aβ(1-40) and Aβ(1-42) 

observed in the present mixed fibrils (obtained by labeling either Aβ(1-40) or Aβ(1-

42)), containing the two peptides in the 1:1 ratio, univocally indicates that Aβ(1-40) 

and Aβ(1-42) adopt one and the same conformation in the mixed species. The 

analysis of the fibrils formed by mixing Aβ(1-42) and Aβ(1-40) in a 3:7 ratio reveals 
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a further interesting feature: the presence in the spectra of the mixed 1:1 species, 

while only the excess Aβ(1-40) adopts the pure Aβ(1-40) fibril form. This indicates 

that Aβ(1-40) and Aβ(1-42) interplay in a preferential manner to provide mixed 

fibrils with an equimolar distribution of Aβ(1-40) and Aβ(1-42). In this respect, the 

Aβ(1-40) seems to impede the formation of aggregates of pure Aβ(1-42), while the 

latter imparts a different folding and assembly of the fibers.  

To analyze the structural features of the 1:1 Aβ(1-42):Aβ(1-40) mixed fibrils, 

the contacts observed in the correlation spectra have been compared with the data 

obtained for fibrils of pure Aβ(1-40) (29) (Scheme 1). These contacts point to a 

different conformation of the β-arch motif and to a different packing of the 

hydrophobic side-chains in the core of the protofilament with respect to those 

observed in fibrils of pure Aβ(1-40). As previously observed in fibrils of pure Aβ(1-

40) (29), also in mixed fibrils of Aβ(1-42) and Aβ(1-40), Lys28 is exposed to the 

solvent and is not involved in the formation of salt-bridges (24, 25, 30, 48).  

Concerning the distribution of the Aβ(1-40) and Aβ(1-42) within the 

protofilament and the assembly of the two protofilaments to form the fiber, the 

structural models obtained by taking into account the experimental restraints 

provide information on the arrangement of this mixed fibril. A fibril constituted by 

the assembly of a protofilament of Aβ(1-40) with one of the Aβ(1-42) is inconsistent 

with the presence of contacts between the isotopically labelled N-termini and C-

termini of the β2 strand. Moreover, the contacts between the two β2 strands in the 

cross-section formed by two β-strand-turn-β-strand units in the mixed fibril and in 

the fibril of pure Aβ(1-40) are almost the same (see Scheme 1, panel G and H). In 

this respect it is hard to imagine how Aβ(1-40) and Aβ(1-42) can interplay to 

provide a new folding of the β-arch. Therefore, only an assembly of two identical 

protofilaments, each constituted by an interlaced arrangement of the Aβ(1-40) and 

Aβ(1-42) monomers, is consistent with the presence of the contacts between the 

N-terminus and the C-terminus of the β2-strand and with the well-defined 1:1 molar 

ratio of Aβ(1-40) and Aβ(1-42) monomers. The intimate relationship between Aβ(1-

40) and Aβ(1-42) monomers in the present fibrils is definitely proved by the 15N-

13C close proximity observed when one monomer is 15N-enriched and the other is 

13C-enriched. It is interesting to notice that the presence of an interlaced 

arrangement, although without atomic structural details, had been proposed by 

EPR spectroscopy for mixed fibrils of Aβ(1-40) and Aβ(1-42) peptides obtained in 



100 

 

different experimental conditions, but in a 1:1 stoichiometric ratio (49). To 

summarize, the “mixed” fibrils obtained with 1:1 stoichiometry can be definitely and 

more correctly referred to as “interlaced”. 

It is more difficult to discriminate between the “paired” and the “staggered” 

assembly of the two protofilaments, corresponding to model B and model C in 

Figure 5, even if the Haddock-score seems to suggest that model B is slightly 

preferred over model C (Table S3), and model B has a lower score also with 

respect to the fibrils of pure Aβ(1-40) refined under the same conditions (Table S4). 

Moreover, the presence of a heterogeneous mixture of “paired” and “staggered” 

fibrils cannot be excluded by the experimental and computational data. Actually, 

the different symmetry of the “paired” and “staggered” assembly should result in 

non-identical spectra, and therefore in the splitting of signals especially in the loop 

region facing residues Ile41 and Ala42. In this respect, only residue G25 shows a 

splitting in the NCA spectrum, with two signals of comparable intensity. Therefore, 

the whole of the present data is probably not enough to demonstrate or exclude 

the presence of a mixture of “paired” and “staggered” – but anyway interlaced - 

fibrils in the sample. 

Concerning the mechanism that drives the formation of the interlaced 

distribution of Aβ(1-40) and Aβ(1-42) peptides, the analysis of the models may 

provide an indication on the driving force that leads to this very specific and 

apparently favorable structural arrangement, and at the same time on the less 

favorable formation of pure Aβ(1-42) fibrils under our experimental conditions. In a 

not interlaced protofilament of Aβ(1-42), Ile41 and Ala42 could form two hydrogen 

bonds that would provide a valuable contribution to the stabilization of the structure. 

However, visual inspection of the model (model A) suggests the presence of 

possible steric clashes among the side-chains of the two terminal residues. 

Conversely, the analysis of models B and C shows a good packing of the Ile41 and 

Ala42 residues in the interlaced conformation. The presence of a steric hindrance 

involving the side chains of residues Ile41 and Ala42 could thus also explain both 

the heterogeneity and the lower overall stability of the fibrils of pure Aβ(1-42) in 

model A with respect to the 1:1 interlaced conformation. In fact, in Aβ(1-42):Aβ(1-

40) mixed fibrils the C-terminus of Ala42 is not involved in a stabilizing salt bridge 

with Lys28 as observed in the S-shaped fibrils of pure Aβ(1-42) (24, 25, 36), that 

exhibit a larger contact buried surface area between the two protofilaments, as 
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revealed by the HADDOCK refinement of a recently released structure (Table S4) 

(25). We can conclude that Aβ(1-42), due to the presence of Ile41 and Ala42, is 

less stable than Aβ(1-40) in its U-shaped form (29). Instead, a shift in register of 

the C-terminal contacts, as observed in another U-shaped form of Aβ(1-40) (40) 

and as also proposed for Aβ(1-42) (42), could be preferentially adopted by Aβ(1-

42) under many circumstances. 

Summarizing, the present results demonstrate that, under our experimental 

conditions, a well-defined 1:1 Aβ(1-42):Aβ(1-40) species is preferentially obtained. 

This behavior is favored when vigorous agitation is applied. Solutions containing 

mixtures of the two alloforms are more toxic than either solutions of the pure 

peptides (Figure 6). It is therefore tempting to speculate that mixed oligomeric 

species preferentially form from mixtures of the two alloforms. Even in experiments 

that report on segregation of the two forms, mixed oligomeric species have been 

proposed to exist at the early stages of the process (23). The mixed mature fibrils 

observed by us under the present conditions are obviously in good agreement with 

this picture. The heterogeneity observed in the SS-NMR spectra of pure Aβ(1-42) 

under the present conditions may reflect the endpoint of a fast aggregation 

reaction, which is instead prevented by the formation of the more stable 1:1 product 

when Aβ(1-40) and Aβ(1-42) are present simultaneously in solution. Along with 

these species, in the presence of a molar excess of Aβ(1-40) the pure Aβ(1-40) 

species previously characterized in (29) is also formed. Structures formed by a 

molar excess of Aβ(1-42) were not analyzed, but Aβ(1-42) by itself yields a strongly 

heterogeneous mixture under the present conditions, with the heterogeneity 

possibly arising from steric hindrance by the two additional terminal residues and 

from the known tendency of Aβ(1-42) to fibrillate fast. In the present interlaced 

fibrils, the observed U-shape register ideally accommodates the requirements of 

both filaments, and also provides an extra stabilization by preventing the steric 

clashes potentially caused by Ile41 and Ala42 because these two residues are 

alternatively present and absent in the interlaced fibrils. 
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Materials and Methods 

 

Expression, purification, and sample preparation of Aβ(1-42):Aβ(1-40) 

mixed fibrils 

 

Both Aβ(1-42) and Aβ(1-40) bear the exogenous N-terminal Met0 due to the 

introduction of a translation start codon that has been shown previously to not 

significantly influence aggregation or toxicity of Aβ aggregates (50, 51). Both 

peptides were expressed using the Marley method (52), and purified as reported 

in literature (29, 50, 53–55) but using a combination of anion-exchange and size 

exclusion chromatography (29). These two-steps of purification allowed us to 

obtain highly pure products with the yield in the range of 10 mg for Aβ(1-40) and 

5-10 mg for Aβ(1-42) per liter of culture. 

The fibrils for SS-NMR studies were produced as described in (29). Some 

samples were obtained by mixing 13C, 15N-uniformly enriched Aβ(1-40) polypeptide 

with Aβ(1-42) in natural isotopic abundance. Solutions containing Aβ(1-42) and 

Aβ(1-40) (total concentration of 100 μM) in 50 mM ammonium acetate (pH 8.5) 

were incubated at 310 K under agitation (950 rpm) for 5 weeks. The 3:7 mixture 

sample was prepared using 30 μM and 70 μM of Aβ(1-42) and Aβ(1-40) 

respectively, while the 1:1 sample was produced using the same concentration (50 

μM) of both proteins. Fibrils were collected by ultracentrifugation at 60,000 rpm and 

277 K for 24 h. The pellet was washed with fresh and cold ultrapure water 

(Millipore) for three times (1 mL per time). About 14 mg of wet material were packed 

into a 3.2 mm ZrO2 magic angle spinning (MAS) rotor at 277 K using an 

ultracentrifugal device (GiottoBiotech) (56, 57). The fibril samples were kept fully 

hydrated during all steps.  

An equimolar mixture of 13C, 15N-uniformly enriched Aβ(1-42) polypeptide 

(50 μM) and Aβ(1:40) polypeptide (50 μM) in natural isotopic abundance was 

prepared using the same protocol.  
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13C, 15N-uniformly enriched Aβ(1:42) fibrils were also grown, incubating the 

Aβ(1:42) polypeptide at the concentration of 20 μM to slow down the 

oligomerization process.  

Equimolar mixtures of Aβ(1-42) and Aβ(1-40) polypeptides with different 

labeling schemes [15N-uniformly enriched Aβ(1-42)/13C-uniformly enriched Aβ(1-

40) and 15N-uniformly enriched Aβ(1-42)/natural isotopic abundance Aβ(1-40)] 

were also prepared following the same protocol.  

 Microscopic characterization 

NMR samples of mixed fibrils of Aβ(1-42):Aβ(1-40) and fibrils formed by the 

Aβ(1-42) polypeptide alone, were removed from the NMR rotors and used for AFM 

measurements. For Aβ(1-40) fibrils, freshly prepared samples not subjected to 

MAS were used for AFM analysis. For the AFM measurements, sheet mica 

(Nanoworld) was glued to a microscope slide and samples (20 μL, 10 µM) were 

adsorbed for 10 min onto the freshly cleaved mica, washed with freshly filtered 

deionized water (4×30 μl) and dried overnight. Dry AFM images were recorded on 

a Nanowizard II/Zeiss Axiovert setup (JPK, Germany) using intermittent contact 

mode and FEBS cantilevers (Veeco, USA).  

 

 Preparation of A(1-42) monomer solutions and A(1-42) protofibrillar 

aggregates  

Synthetic A(1-42) peptide produced by Bachem (Bubendorf, 

Schwitzerland) was dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) for 

three days, aliquoted and then lyophilized. Monomeric A(1-42) solutions were 

prepared by dissolving peptides in 10 mM NaOH, sonication for 5 min and dilution 

to the final concentration in low salt buffer (LSB, 1.9 mM KH2PO4, 8.1 mM K2HPO4, 

10 mM NaCl, pH 7.4). Synthetic A(1-42) peptide produced by the laboratory of 

Dr. Volkmar-Engert (Institute for Medical Immunology, Charité, Berlin, Germany) 

was dissolved in HFIP overnight, sonicated for 30 min, aliquoted and then 

lyophilized. HFIP-treated peptide was dissolved in 100 mM NaOH, sonicated for 5 

min and diluted in LSB to a final concentration of 200 µM. The solution was 

incubated for 6 h in an Eppendorf Thermomixer (Wesseling-Berzdorf, Germany) at 

310 K and 300 rpm. The protofibrillar aggregate species was aliquoted and stored 

at 193 K. 
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 Separation of A(1-42) aggregates by native gels.  

 

Aβ aggregates or monomers (4.5 µL, 10 µM) were diluted with NativePAGE 

4x sample buffer (2.5 µL, Invitogen/Thermo Scientific, Dreieich, Germany) and 

LSB. Samples were loaded onto a Novex Bis-Tris 4-16% gel (Invitogen/Thermo 

Scientific, Dreieich, Germany) and separated. Aggregates were transferred to a 

nitrocellulose membrane (GE Healthcare, Freiburg, Germany) and visualized using 

the 6E10 antibody (BioLegend, San Diego, US) and a mouse anti-POD detection 

antibody (Sigma, Taufkirchen, Germany). Secondary antibody binding was 

detected by chemiluminescence using ChemiGlow West Substrate (Alpha 

Innotech, Kasendorf, Germany); luminescence was measured using a FujiFilm 

LAS-3000 imager (Fuji, Kleve, Germany).  

 Thioflavin T assays.  

Samples of 25 µM Aβ fibrils or monomers were incubated with Thioflavin T 

(25 µM final) at 298 K for 10 min. Thioflavin T fluorescence was recorded using a 

plate reader (Infinite M200, Tecan, Austria) using an excitation wavelength of 420 

± 9 nm and an emission wavelength of 485 ± 20 nm. Data points represent mean 

± SD, n = 4. 

 Cell viability assay 

Primary hippocampal neurons were prepared from trypsinized brains of 17-

days old mouse embryos, grown in B27-supplemented Neurobasal medium 

(Invitrogen) for 1 week, and then were treated with 10 µM of pre-aggregated Aβ(1-

40), Aβ(1-42) and a mixture thereof. After 72 h treatment, 10 µl Cell-Titer-Blue dye 

(Promega) was added to 200 µl of the culture medium on the cells. After 3 h, the 

fluorescence intensity of the samples was measured at an excitation wavelength 

of 560 nm and an emission wavelength of 590 nm. Statistical significance is 

indicated by ***, p<0.001, unpaired t-test, n=3-4. 

NMR measurements 

15N 13C NCA and NCO (2D), NCACX, NCOCX, NCACB, N(CO)CACB and 

CANCO (3D) experiments were performed either on a Bruker Avance III 850 MHz 

wide-bore spectrometer (20.0 T, 213.7 MHz 13C Larmor frequency), or on a Bruker 

Avance II 700 MHz wide-bore spectrometer (16.4 T, 176.1 MHz 13C Larmor 
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frequency) using 3.2 mm DVT MAS probeheads in triple-resonance mode. MAS 

frequency (ωr/2π) was set to 17.0, 14.0 or 12.0 kHz (± 2 Hz) depending on the 

experiment. The NCA, NCO, NCACX, NCOCX, NCACB, N(CO)CACB and CANCO 

experiments were carried out using the pulse sequences reported in the literature 

(58). At 700 MHz NC transfers were achieved by optimal-control derived pulses 

(59, 60). Backwards CN transfer was achieved with a time-reversal of the same 

optimal-control pulses. 

2D 13C-13C proton-driven spin diffusion (PDSD) (61), dipolar-assisted 

rotational resonance (DARR) (61, 62) and Second-order Hamiltonian among 

Analogous Nuclei Generated by Hetero-nuclear Assistance Irradiation 

(SHANGHAI) (63) correlation spectra with different mixing times (15 to 800 ms) 

were recorded on the 700 MHz instrument. For these experiments, the MAS 

frequency was stabilized at 12 kHz (± 2 Hz).  

Bidimensional (2D 15N-13C hNhhC, 500 µs HH mixing time) and 

monodimensional (zTEDOR, 10 ms mixing time) nitrogen and carbon correlation 

spectra were recorded on a Bruker AvanceIII spectrometer operating at 800 MHz 

(19 T, 201.2 MHz 13C Larmor frequency) equipped with Bruker 3.2 mm Efree NCH 

probe-head. The spectra were recorded at 16 kHz (± 2 Hz) MAS frequency; the 

number of scans was 2048 for the bidimensional and 10240 or 40960 (according 

to the fibril amount) for the monodimensional experiments, respectively.  

In all cases, 1H decoupling was applied at 80-100 kHz (optimized on the 

basis of the 13C' echo lifetime (64)) using swfTPPM (65–67). During the 

experiments, the sample was cooled by a dry, cold air flow (> 935 L/h), and the 

effective sample temperature was estimated to be ∼283 K (57).  

Spectra were analyzed by the program CARA (Computer Aided Resonance 

Assignment, ETH Zurich) (68).  

SS-NMR data analysis and structural modeling. 

 Sequential assignment of the new species present in the Aβ(1-42):Aβ(1-40) 

mixed fibrils, where either Aβ(1-40) or Aβ(1-42) was 13C, 15N-uniformly enriched, 

was performed using the same procedure for both samples, starting from the 

identification of the residues 31Ile-32Ile. These two consecutive residues can be 

identified following the signals of the two sidechains, which can be easily 
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distinguished in the 2D 13C-13C correlation spectra. Starting from these residues, 

the sequential assignment was obtained by analyzing the 3D 15N 13C spectra 

according to the procedure reported in (29). The secondary structure was predicted 

by TALOS+ (69) using the chemical shifts of the N, C, Cα and Cβ.  

For model building, the length of the β1 and β2 strands was based on the 

secondary structure predicted by TALOS+. The β1- and β2-strands were then 

docked to one another by HADDOCK (45) using all the experimental long-range 

β1-β2 restraints. HADDOCK calculations were performed on the WeNMR GRID 

(http://www.wenmr.eu/, Guru interface, see supporting information for details).  

The β-sheets were then generated by duplicating the β1 and β2 strands 

along the direction of the backbone N-H and C=O bonds with PYMOL, using the 

inter-strand distance of 4.8 Å (70), typical of the parallel register (see Results 

section). Eight β-strands for each β1 and β2 sheets were generated, considering 

for the β2-sheet an interlaced arrangement of the Aβ(1-40) and Aβ(1-42) 

monomers. 

The turn regions were randomly generated using MODELLER (71) and the 

final one was selected from the resulting pool of 50 structures.  

The inter-protofilament structural models were generated by docking 

calculations starting from two β2-sheets belonging to two different protofilaments, 

and imposing non-crystallographic symmetry restraints between the two β2-sheets 

(see supporting information for details).  
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Figures:   

          
 
 

Figure 1. Analysis of 1:1 Aβ(1-42):Aβ(1-40) mixed fibrils by AFM (A, B) and TEM (C, D). B) and D) show a 

detail from A and C in higher magnification (see frames). A) and B) color gradient: 0-40 nm height. D) The line 

and the arrow heads illustrate how the length and breadth of fibrils were determined. For length determination 

592 fibrils have been measured which show an average length of 106,61 nm (SD = 54,75). For breadth 

determination 244 fibrils have been analysed which show an average breadth of 3.25 nm (SD = 0,67).   
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Figure 2. A) 2D 13C-13C-SHANGHAI spectrum of the Aβ1-42:Aβ1-40 mixed fibrils in the 1:1 molar ratio (green) 

overlaid with the 2D 13C-13C-DARR spectrum of fibrils of pure Aβ1-40 (red). Magnetic field: 700 MHz (16.4 T), 

dimension of rotor: 3.2 mm (~14 mg of fibrils), 12 kHz spinning, 100 kHz 1H decoupling, B) 2D 15N-13C NCA 

spectrum of the Aβ1-42:Aβ1-40 mixed fibrils in the 1:1 molar ratio (green) overlaid with the 2D 15N-13C NCA 

spectrum of fibrils of pure Aβ1-40 (red). Magnetic field: 700 MHz (16.4 T), dimension of rotor: 3.2 mm (~14 mg 

of fibrils), 14 kHz spinning, 100 kHz 1H decoupling. 
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Figure 3. Folding of the monomeric Aβ1-40 peptide in the model of 1:1 Aβ1-42:Aβ1-40 mixed fibrils (A) and 

in the model obtained for the fibrils of pure Aβ1-40 (29) (B).  

 

 

 

Figure 4. Lateral packing of two different protofilaments in the model of 1:1 Aβ1-42:Aβ1-40 mixed fibrils (A) 

and in the model of the fibrils of pure Aβ1-40 (29) (B).  

 

 



116 

 

Figure 5. Structural models of the three possible reciprocal packing modes of Aβ1-40 and Aβ1-42 polypeptides 

in the mixed fibrils (panel A, B, C). The Aβ1-42 polypeptide is colored magenta and the Aβ1-40 polypeptide in 

blue. The model of pure Aβ1-40 fibrils is also displayed (panel D). 

 

 

 

 

Figure 6. 2D 15N-13C hNhhC spectra of the Aβ1-42:Aβ1-40 mixed fibrils in the 1:1 molar ratio, where A) Aβ1-

42 is 15N-enriched and Aβ1-40 is 13C- enriched, B) Aβ1-42 is 15N-enriched and Aβ1-40 is in natural abundance. 

Magnetic field: 800 MHz (19 T, 201.2 MHz 13C Larmor frequency), dimension of rotor: 3.2 mm, 16 kHz spinning, 

80 kHz 1H decoupling; number of scans: 2048. 

 

 

 

Figure 7. 1D zTEDOR spectra of the Aβ1-42:Aβ1-40 mixed fibrils in the 1:1 molar ratio, where A) Aβ1-42 is 

15N-enriched and Aβ1-40 is 13C-enriched and B) Aβ1-42 is 15N-enriched and Aβ1-40 is in natural abundance, 

and C) Aβ1-42 is in natural abundance and Aβ1-40 is 15N-13C-enriched. Magnetic field: 800 MHz (19 T, 201.2 

MHz 13C Larmor frequency), dimension of rotor: 3.2 mm, 16 kHz spinning, 80 kHz 1H decoupling. The number 

of scans was tuned according to the sample amount (10240, for sample A and C, and 40960 for sample B). 
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Figure 8. Viability of primary hippocampal neurons after treatment with 10 µM of pre-aggregated pure Aβ1-

40, Aβ1-42, and mixture of Aβ1-42:Aβ1-40 peptides in different ratios. 
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Scheme 1. Different β-strand zippers in various SS-NMR-derived structural models of Aβ fibrils. The topologies 

of the β1-turn-β2 motif identified in the present work (A) and in other previously studied Aβ1-40 fibrils (B, C) 

(29, 40, 41) and Aβ1-42 fibrils (D, E, F) (24, 25, 42) are shown in the left column. The dashed/dotted lines 

represent unambiguous experimental restraints used to derive the corresponding topology. In the schematic 

description of distinct structures of the U-shaped motif, the hydrophobic, acidic/basic, and other types of 

residues are shown in white, black, and gray, respectively. The topologies of the interprotofilament interface 

(β2-β2 zippers) in the fibrils determined in the present work (G) and proposed in previous studies (H, I, J, K) 

(25, 29, 40, 41) are shown in the right column. The dashed lines represent unambiguous experimental 

restraints used to derive the corresponding topology. The filled black circles represent the Cε of the Met35 

residue. Other residues included in SS-NMR-observed structural restraints for linking the two β2-strands are 

shown as hollow circles. Residues Ile41 and Ala42, in the present model of the mixed fibrils, are indicated with 

dashed circles to stress that both Aβ1-40 and Aβ1-42 share the same arrangement. 
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Expression and purification of Aβ1-42 and Aβ1-40 polypeptides. 

The cDNAs encoding the Aβ1-40 and Aβ1-42 polypeptides were cloned in 

the pET3a vector using the NdeI and BamHI restriction enzymes. The peptides 

were expressed in the BL21 (DE3)pLys E. coli strain. 

The peptides were purified as reported in the literature (1–5) with the modification 

of using a combination of anion-exchange and size-exclusion chromatography. All 

the manipulations were performed at slightly alkaline pH in order to avoid the 

formation of structural contaminants produced by isoelectric precipitation. The 

inclusion bodies were first solubilized with 8 M Urea and then purified by ion 

exchange chromatography performed in batch. All the obtained fractions of the 

diluted proteins were concentrated to a final volume using an Amicon device. The 

next step of purification was gel-filtration, which was performed using the 

preparative column Sephadex 75 HiLoad 26/60 with 50 mM (NH4)OAc pH 8.5 as a 

buffer. The obtained fractions were collected together and concentrated. During all 

the purification steps, the protein purity was analysed by SDS-PAGE, whereas the 

protein concentration was estimated spectrophotometrically. 

Structural modeling using HADDOCK 

During HADDOCK calculations, first the β1- and β2-strands were docked to 

one another, using all the experimental long-range β1-β2 restraints of β1- and β2-

strands. The lower distance cutoff was set to 3.0 Å, and the upper to 6.0 Å for the 

shorter mixing times (100 and 200 ms) and to 7.5-8.0 Å for longer mixing (300 and 

400 ms). The charges on the N- and C-termini of the β1-strands and on the N-

termini of the β2-strands were not included in the calculations in order to prevent 

electrostatic interactions, which do not exist when the two β-strands are linked by 

a turn region. The histidine protonation states were automatically determined by 

the Molprobity module embedded in the HADDOCK server. During the rigid 

docking calculations, 1000 structures were generated, then the best 200 structures 

were selected for the semi-rigid simulated annealing in torsion angle space, and 

finally refined in Cartesian space with explicit solvent. 

mailto:claudioluchinat@cerm.unifi.it
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The structural models were then generated by implementing in the 

calculations all the observed intermolecular β2-β2 long-range contacts and inter-

strand distance restraints. All the restraints were duplicated symmetrically between 

the two β2-sheets using the same protocol used for structural calculations of 

symmetric protein dimers. Since these long range distance restraints could be 

identified only using long mixing times, the upper distance cutoffs in the HADDOCK 

calculation was set to 8.0 Å. Semi-flexible refinement was enabled on both β2-

sheets.  

 

 

 

 

 

Figure S1. Transmission electron microscopy (TEM) micrographs of the mixed fibrils of Aβ1-42 polypeptide in 

natural isotopic abundance and 13C-15N isotopically enriched Aβ1-40 polypeptide in the 3:7 molar ratio. 
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Figure S2. A) 2D 13C-13C-SHANGHAI spectrum of the Aβ1-42:Aβ1-40 mixed fibrils in the 3:7 molar ratio 

(green) overlaid with the 2D 13C-13C-DARR spectra of fibrils of pure Aβ1-40 (red). Magnetic field: 700 MHz 

(16.4 T), dimension of rotor: 3.2 mm (~14 mg of fibrils), 12 kHz spinning, 100 kHz 1H decoupling; B) 2D 15N-

13C NCA spectrum of the Aβ1-42:Aβ1-40 mixed fibrils in the 3:7 molar ratio (green) overlaid with the 2D 15N-

13C NCA spectra of fibrils of pure Aβ1-40 (red). Magnetic field: 700 MHz (16.4 T), dimension of rotor: 3.2 mm 

(~14 mg of fibrils), 14 kHz spinning, 100 kHz 1H decoupling. 

 

     

 

Figure S3. A) 2D 15N-13C NCA spectrum of Aβ1-40 (red) overlaid with the 2D 15N-13C NCA spectrum of Aβ1-

42 (blue) in the 1:1 Aβ1-42:Aβ1-40 mixed fibrils. Magnetic field: 700 MHz (16.4 T), dimension of rotor: 3.2 mm 

(~14 mg of fibrils), 12 kHz spinning, 100 kHz 1H decoupling, T = 283 K; B) 2D 13C-13C- SHANGHAI spectrum 

of Aβ1-40 (red) overlaid with the 2D 13C-13C- SHANGHAI spectrum of Aβ1-42 (blue) in the 1:1 Aβ1-42:Aβ1-40 

mixed fibrils. Mixing time = 100 ms. Magnetic field: 700 MHz (16.4 T), dimension of rotor: 3.2 mm (~14 mg of 

fibrils), 12 kHz spinning, 100 kHz 1H decoupling, T = 283 K. 
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Figure S4. A) 2D 13C-13C-SHANGHAI spectrum of the Aβ1-42 fibrils. Magnetic field: 700 MHz (16.4 T), 

dimension of rotor: 3.2 mm (~14 mg of fibrils), 12 kHz spinning, 100 kHz 1H decoupling; B) 2D 15N-13C NCA 

spectrum of the Aβ1-42. Magnetic field: 700 MHz (16.4 T), dimension of rotor: 3.2 mm (~14 mg of fibrils), 14 

kHz spinning, 100 kHz 1H decoupling. 

 

Figure S5. 2D 15N-13C NCA spectrum of the mixed fibrils in 1:1 molar ratio; the full assignment of the spectrum 

is shown. 
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Figure S6. Secondary structural analysis of Aβ1-42:Aβ1-40 mixed fibrils (1:1 ratio). Chemical shift differences 

in respect to the corresponding random coil values (panel A) and residue specific β-probabilities predicted by 

TALOS+ (panel B) are displayed. In panel A the red line indicates the cutoff of -1.4 ppm and the ∆δCα shifts 

for the glycines are displayed in light-grey. 
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Figure S7. Family of the best four structures corresponding to model B (A) and model C (B), obtained with an 

experimental restraint-driven calculation with HADDOCK 2.2. Two identical interlaced Aβ1-40/Aβ1-42 

protofilaments (A) and two different interlaced protofilaments, Aβ1-40/Aβ1-42 and Aβ1-42/Aβ1-40 (B) have 

been considered, respectively, in the calculations.  

 

 
Figure S8. A) Native gel electrophoresis of mature fibrils showing no sign of smaller aggregates; B) ThT 

fluorescence of the same fibrillar preparations. 
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Table S1. Long-range intramolecular contacts between β1- and β2-strands observed and used for deriving the 

structural models of Aβ1-42:Aβ1-40 mixed fibrils in present work. 

 

Number Contacts Source spectra 

1 H13 C1 - V40 C DARR (300 ms) 

2 H13 C- V40 C2 DARR (300 ms) 

3 H13 C- V40 C DARR (300 ms) 

4 L17 C- L34 C2 DARR (100 ms) 

5 L17 C- L34 C1 DARR (100 ms) 

6 L17 C- L34 C DARR (100 ms) 

7 L17 C1 - V36 C1 DARR (100 ms) 

8 L17 N - L34 C2 PAIN(10ms) 

9 L17 N - L34 C1 PAIN(10 ms) 

10 F19 C1 - L34 C2 DARR (200 ms) 

11 F19 C- G33 C DARR (100 ms) 

12 A21 C- I32 C2 DARR (300 ms) 

13 A21 C- I32 C1 DARR (100 ms) 

14 A21 C- I32 C DARR (300 ms) 

15 D23 C- A30 C DARR (100 ms) 
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Table S2. Long-range intermolecular contacts between two β2-strands observed and used for deriving the 

structural models of Aβ1-42:Aβ1-40 mixed fibrils in present work. 

 

 

Number Contacts Source spectra 

1 M35 C- V39 C DARR (200 ms) 

2 M35 C- G38 C DARR (400 ms) 

3 I31 C1 - G38 C DARR (400 ms) 

4 I31 C2 - G38 C DARR (400 ms) 

5 I31 C- V39 C1 DARR (200 ms) 

6 I31 C1 - V39 C2 DARR (200 ms) 

7 I31 C2 - V39 C DARR (100 ms) 

8 I31 C2 - V39 C DARR (200 ms) 

9 I31 C2 - V39 C2 DARR (100 ms) 

10 I31 C2 - V40 C1 DARR (200 ms) 

 

Table S3. HADDOCK statistics evaluated on the 200 water refined models. The reported data are related to 

the best four structures of the clusters with the lowest HADDOCK-scores. The packing density and number of 

cavities have been evaluated using the Voronoia plugin in Pymol (6). 

 

 

Model B Model C 

HADDOCK-Score -353 ± 5 -267 ± 2 

HADDOCK-Score 

(without EAIR)  
-394 ± 5 -299 ± 2 

N° of structures of 

the cluster 
199 200 

RMSD 0.3 ± 0.2 0.3 ± 0.2 

Desolvation Energy -185 ± 4 -150 ± 5 

Buried surface 

area (BSA) 
4862 ± 33 4686 ± 21 
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Ambiguous 

interaction 

restraint energy 

(EAIR) 

418 ± 23 321 ± 8 

Average packing 

density 
0.81 ± 0.01 0.82 ± 0.01 

Number of cavities 22 ± 4 29 ± 5 

 

 

Table S4. HADDOCK statistics evaluated on the water refined models of model B, fibrils of pure Aβ1-40 and 

fibrils of pure Aβ1-42 in the S-shaped conformation after HADDOCK minimization. The reported data are 

related to the best four structures of the clusters with the lowest HADDOCK-scores.  

 

 

Model B Aβ1-40 (1) 
Aβ1-42 (7) S-shaped 

conformation 

HADDOCK-Score -353 ± 5 -322 ± 3 -407 ± 0.4 

HADDOCK-Score 

(without EAIR)  
-394 ± 5 -326 ± 3 -408 ± 0.4 

RMSD 0.3 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 

Desolvation Energy -185 ± 4 -135 ± 4 -104 ± 5 

Buried surface area 

(BSA) 
4862 ± 33 4073 ± 30 5617 ± 71 

Ambiguous 

interaction restraint 

energy (EAIR) 

418 ± 23 38 ± 4 15 ± 2 
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3.3 Impact of experimental factors on α-synuclein PMCA and 

RT-QuIC assays (manuscript in preparation) 

 

This work is part of a project entitled “Protein aggregation assays for the diagnosis 

of synucleinopathies” and was born from a collaboration between CERM (Centro 

Risonanze Magnetiche) of the University of Florence and the Laboratory of Clinical 

Neurochemistry of the University of Perugia. Several scientists with different 

academic background have been involved in this research to achieve the objective 

of developing SAA (seeding aggregation assays) for the pre-symptomatic 

diagnosis of PD and other synucleinopathies. 

My personal contribution to the realization of this project was to express and purify 

human recombinant α-synuclein used in SAA with synthetic seeds (preformed 

aggregates). My goal have been the obtaining monomeric and ultrapure 

α-synuclein without preformed aggregates that could affect the seeding reaction. 
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Introduction 

 

Protein-Misfolding Cyclic Amplification (PMCA) and Real-Time Quaking-Induced 

Conversion (RT-QuIC) consist of two ultrasensitive protein amplification methods 

for detecting pathological protein aggregates in patients affected by protein 

misfolding disorders(1-3). The first PMCA protocol was born by Soto’s group in 2001 

to detect the misfolded prion protein (PrPSc).(4) The multiplication of the template 

units was realized by sonication followed by an incubation phase to let the 

aggregates grow. The PMCA technique was then tested in the years on biological 

samples coming from animals and patients affected by transmissible spongiform 

encephalopathy.(5),(6) On the other hand, the QuIC assay was developed by 

introducing some variants in the PMCA protocol(7),(8): the PrPC substrate coming 

from hamsters BH was replaced by recombinant PrPC and sonication was 

replaced with a vigorous intermittent shaking which promoted seeded aggregation 

of the monomeric substrate. Starting from the successful application in the 

diagnosis of human prion diseases, these techniques were recently tested for the 

detection of misfolded α-synuclein in brain homogenates and cerebrospinal fluid 

samples of patients affected by synucleinopathies. 

The positive results obtained from different studies, confirm that α-synuclein PMCA 

and RT-QuIC are suitable assays for detecting a-syn aggregates in CSF 

samples.(9-11) The high sensitivity and specificity of these tests in detecting 

synucleinopathies, even at the pre-clinical stage, suggest their possible use as 

diagnostic tools. 

Several physical (temperature and sonication/shaking), chemical (ionic strength, 

pH, monomer concentration, detergents) and exogenous factors, affect  

α-synuclein aggregation kinetics(12),(13). During the development of this project, 

different screening tests were performed in order to find the most reliable and 

repeatable results to make PMCA and  RT-QuIC trials as reproducible as 

possible. 
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Materials and Methods  
 
α-synuclein expression and purification 
 
Escherichia Coli BL21(DE3) Gold were transformed with pT7-7 vector cloned with 

the gene encoding α-synuclein. The overnight preculture of transformed cells was 

diluted 100-fold in LB medium and induced at an OD600 value of 0.6-0.8 with 1 mM 

Isopropyl-β-D-thiogalactoside and, after 5 hours incubation at 37 °C, the cells were 

harvested at 4000 rpm (JA-10, Beckman Coulter). The extraction was carried out 

through osmotic shock using 100 ml of buffer TRIS 30 mM, EDTA 2 mM and 

sucrose 40%, at pH 7.2 according to Shevchik et al.(14) and Huang et al.(15) . The 

suspension was then ultracentrifuged at 20000 rpm (Type 70 Ti rotor, Beckman 

Coulter) for 25 min and pellet was collected and resuspended with 90 ml precooled 

ultrapure water additioned with 38µL of MgCl2 1 M and then ultracentrifuged a 

second time. Supernatants derived from these two centrifugation steps, were 

joined and dialyzed against 4 liters of buffer 20 mM TRIS/HCl at pH 8.0. The protein 

then was loaded in the FPLC system and an anion exchange chromatography was 

carried out with 0-50% linear gradient NaCl 1 M (GE Healthcare HiPrep™ Q HP 

16/10 Column). The collected fractions were lyophilized and resuspended in 10 

mM TRIS/HCl, 1 mM EDTA and Urea 8 M at pH 8.0 for the chemical denaturation. 

To eliminate all the protein formed aggregates, two size-exclusion 

chromatographies (HiLoadTM 16/600 SuperdexTM 75 pg Column) were performed 

with 20 mM phosphate and 0.5 mM EDTA at pH 8.0 as elution buffer. Purified α-

synuclein (α-synuclein) was dialyzed against Milli-Q water and lyophilized in 

batches for long-term storage. Roche cOmplete™ protease inhibitor cocktail was 

added only during the extraction step in the quantity suggested by the producer. 

 

Setup of the RT-QuIC experiments  
 
The lyophilized aliquots α-synuclein were resuspended in NaOH 3.5 mM (pH 

11.54) right before the experiments to avoid the instantaneous formation of 

aggregates. At high pH, the negatively charged monomers (the isoelectric point of 

α-synuclein is 4.67) experience an electrostatic repulsion that impedes the 
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aggregation and favors the dissociation of small aggregates.(16),(17) The solution of 

α-synuclein and NaOH was brought to the desired pH by adding concentrated 

buffer. Thioflavin-T (ThT) was also added in a final concentration of 10 μM. To 

avoid the possible growth of bacteria during the experiment, a 0.08% of NaN3 was 

present in the reaction buffer. Each sample was then split in 3 replicates that were 

then put in a TECAN clear-bottom 96-well plate. We added acid-washed glass 

beads in each well, of different size and number depending on the experiment, to 

enhance the aggregation speed and increase homogeneity among replicates.(18) 

The plates were always sealed with a sealing tape to minimize evaporation during 

the experiments. Successively, plates were inserted in a BMG LABTECH 

ClarioStar fluorimeter and subjected to the incubation/shaking protocol of 

Shahnawaz et al.(19) (T = 310 K, 29 min. incubation, 1 min. shaking at 500 rpm) or 

to the one of Groveman et al..(20) Once every 30 minutes, the fluorescence was 

read from the bottom using an excitation and emission wavelength of 450 nm and 

480 nm, respectively. 

 

Preformed seeds preparation 
 

Monomeric α-synuclein at the concentration of 2 mg/ml was incubated in PIPES 

buffer with 500 mM NaCl at 310 K in two wells (250 μl per well) under constant 

agitation at 500 rpm. One of the two wells contained 10 μM ThT in order to monitor 

the aggregation. Once the plateau of the aggregation ThT profiles was abundantly 

passed (usually after seven days), the sample without ThT was subjected to cycles 

of sonication, using an immersion sonicator, in order to obtain smaller aggregates. 

Usually 5 repetitions of cycles of 15 sec sonication (12 μM amplitude) and 15 

seconds rest were enough for the purpose. The solution containing the preformed 

aggregates was then split in aliquots, diluted to the desired concentrations and 

stored at -80°C for later use. 
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Results and Discussion 
 
Ab initio simulations 
 

We started our analysis by making simulations to understand what kind of models 

could rely under the RT-QuIC/PMCA techniques. Before working on experimental 

data, we wanted to reproduce the linear relation observed by Shahnawaz et al.(19) 

and by Arosio et al.,(21) between the 𝑡1/2  (time to the half of the maximum value) 

and the logarithm of the seed (preformed aggregates) mass concentration (mass 

of the preformed aggregates present in solution). A nucleated polymerization 

model (Eq. 3.3.1) with variable fragmentation (Fig.3.3.1) was enough to 

reproduce an approximate linear relation (see Fig. 3.3.2). This result is in accord 

with the fact that, for α-synuclein, secondary nucleation can be neglected with 

respect to elongation and fragmentation at pH above 6.0.(22) 

𝑓𝑖(𝑡) = +𝑘𝑛𝑚(𝑡)𝑛0𝛿𝑖,𝑛0
− 𝑘𝑜𝑛𝑚(𝑡)𝑓𝑖(𝑡) + 𝑘𝑜𝑛𝑚(𝑡)𝑓𝑖−1(𝑡) − 𝑘𝑜𝑓𝑓𝑓𝑖(𝑡) + 𝑘𝑜𝑓𝑓𝑓𝑖+1(𝑡)

− 𝑘𝑓𝑟𝑎𝑔(𝑡)(𝑖 − 1)𝑓𝑖(𝑡) + 2𝑘𝑓𝑟𝑎𝑔(𝑡) ∑ 𝑓𝑗(𝑡)

∞

𝑗=𝑖+1

 

𝑃𝑓(𝑡) = ∑ 𝑓𝑖(𝑡)

∞

𝑖=𝑛0

  ;   𝑀𝑓(𝑡) = ∑ 𝑖𝑓𝑖(𝑡)

∞

𝑖=𝑛0

 

 ({

𝑑𝑃𝑓(𝑡)

𝑑𝑡
= 𝑘𝑓𝑟𝑎𝑔(𝑡)[𝑀𝑓(𝑡) − (2𝑛0 − 1)𝑃𝑓(𝑡)] + 𝑘𝑛𝑚(𝑡)𝑛0

𝑑𝑀𝑓(𝑡)

𝑑𝑡
= (𝑚(𝑡)𝑘𝑜𝑛 − 𝑘𝑜𝑓𝑓 − 𝑘𝑓𝑟𝑎𝑔(𝑡)𝑛0(𝑛0 − 1)) 𝑃𝑓(𝑡) + +𝑛0𝑘𝑛𝑚(𝑡)𝑛𝑐

        

 

(Eq. 3.3.1) 

 

𝑓𝑖(𝑡) = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑖𝑏𝑟𝑖𝑙𝑠 𝑚𝑎𝑑𝑒 𝑏𝑦 𝑖 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠; 𝑘𝑛

= 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡; 

 𝑚(𝑡) = 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛; 𝑛0 = 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 (2); 𝛿𝑖𝑗

= 𝐾𝑟𝑜𝑛𝑒𝑐𝑘𝑒𝑟′𝑠 𝑑𝑒𝑙𝑡𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛; 

𝑘𝑜𝑛 = 𝑓𝑖𝑏𝑟𝑖𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡; 𝑘𝑜𝑓𝑓

= 𝑑𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡; 
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 𝑘𝑓𝑟𝑎𝑔(𝑡) = 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒; 𝑃𝑓(𝑡) =

𝑓𝑖𝑏𝑟𝑖𝑙 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛; 𝑀𝑓(𝑡) = 𝑓𝑖𝑏𝑟𝑖𝑙 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠  

 

 

Fig. 3.3.1 The variable fragmentation constant, in the model of differential equations used for the simulations, 
varies according to the incubation/shaking cycles of a PMCA protocol. 

 

 

Fig. 3.3.2 By numerically integrating the differential equation system in Eq. 4.3.1 with a Runge-Kutta(23) 

routine, it was possible to extract the 𝑡1/2 . In this way, it was possible to demonstrate the existence of a 

range of preformed aggregates (seeds) concentrations (starting from arbitrary kinetic constants) in which the 
relation between the logarithm of the initial mass of the seeds and the 𝑡1/2  of the “sigmoidal” growth of the 

fibrillary species is linear. 

 

Obviously, the simulated linear range of seed masses in Fig. 3.3.2 is arbitrary and 

not related to experimental values. The range of seed masses, for which it is 

possible to obtain this linear relation depends on the kinetic constants of the 

processes, which themselves depend on the nature of the protein-protein 

interaction and on experimental variables like temperature, pH, shaking cycles, 

protein concentrations and ionic strength. Optimizing the experimental variables, 

in order to maximize the differentiation between seed masses, is nowadays the 

crucial part of the development of PMCA and RT-QuIC techniques for the diagnosis 

of synucleinopathies. 
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Variables influencing α-synuclein RT-QuIC 
 
We evaluated the impact on α-synuclein aggregation of some experimental 

variables like the addition of glass beads, size and number of glass beads and the 

addition of human CSF. The addition of glass beads to wells containing ThT and 

monomeric α-synuclein is reported in literature to be beneficial for reducing the 

fibrillization time and for increasing the homogeneity among replicates.(18) Actually, 

by making tests on equivalent samples with and without glass beads, we found 

that is actually the case. In Fig. 3.3.3 are shown the ThT fluorescence profiles of 

α-synuclein samples with seeds, subjected to a PMCA protocol, with and without 

glass beads. The replicates in Fig. 3.3.3 A produced very different fluorescence 

lineshapes and, at 160 h, they still did not reach the final plateau of the aggregation 

profiles. The replicates in Fig. 3.3.3 B instead produced very similar fluorescence 

lineshapes and reached the final plateau of the aggregation profiles in about 100 

h. 
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Fig. 3.3.3 Monomeric α-synuclein 0.125 mg/ml (8.7 μM) was left aggregating in the presence of ThT 10 µM 
and 0.2 ng of preformed seeds. The experiments were performed in duplicate in a 96-wells plate in PIPES 
buffer pH 6.5 (with 500 mM NaCl). The plate was subjected to cycles of shaking (1 min. shaking 500 rpm, 29 
min. rest) at 310 K, inside a BMG Labtech ClarioStar fluorimeter. In A) no glass beads were added while, in 
B), 37 mg of 0.5 mm diameter glass beads were added to the samples. 
 

A second experiment was performed to evaluate the impact of different size and 

number of glass beads in three different buffers, the results are shown in Fig. 4.3.4. 

From this image, it is possible to appreciate that a single bead of 3 mm of diameter 

produced a faster aggregation with respect to 17 beads with a diameter of 0.5 mm. 

moreover for any beads size and number, the buffers with higher pH produced a 

slower aggregation. 
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Fig. 3.3.4 Monomeric α-synuclein 0.08 mg/ml (6.9 μM) was left aggregating in the presence of ThT 10 µM 
and 20 ng of preformed seeds. The experiments were performed in duplicate in a 96-wells plate in three 
different buffers: PIPES buffer pH 6.5 (with 500 mM NaCl), PBS buffer pH 7.4 and PBS buffer pH 8.2. The 
plate was subjected to cycles of shaking (1 min. shaking 500 rpm, 29 min. rest) at 310 K, inside a BMG 
Labtech ClarioStar fluorimeter. The displayed data is the result of average of the two replicates for each 
sample. In A) 17 glass beads with a diameter of 0.5 mm were added, in B), a single bead with a diameter of 
3 mm was added to the samples. 

 

Among the tested experimental variables, one of the major effects on α-synuclein 

aggregation was due to the addition of human CSF. From α-synuclein aggregation 

experiments we observed that CSF is able to slow down reproducibly and 

significantly the aggregation process, probably due to the interaction of α-synuclein 

with some compounds present in the human biofluid. We tested the 

antiaggregatory effect of CSF on α-synuclein by RT-QuIC ThT fluorescence 

assays by adding aliquots of CSF of neurological controls (Fig. 3.3.5 A). Results 

similar to the one shown in Fig. 3.3.5 A were obtained also using PBS buffer and 

CSF from other controls subjects, PD patients and DLB patients. 
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Fig. 3.3.5 A) RT-QuIC assay performed using 0.8 mg/mL of recombinant α-synuclein in PIPES pH 6.5 (500 
mM NaCl) with (light grey) and without (dark grey) 40 μl of hydrocephalus CSF (final volume of 200 μl). 21 
glass beads with a diameter of 0.5 mm were added in each well. The data shown are the averages of three 
replicates on a 96-wells plate. The experiment was repeated in PBS buffer with 137 mM NaCl at pH 7.4 and 
at pH 8.0 with similar results. B) Amplitude ratios (corrected for dilution) of peaks coming from 2D 15N-1H 
HSQC NMR experiments performed at T = 283 K, using a Bruker 950 MHz NMR spectrometer. 100 μl of CSF 
were added to PBS buffer containing 50 μM of 15N labelled α-synuclein. The smaller amplitude ratios at the N-
terminus and at the NAC region of α-synuclein are a sign of interaction with unknown CSF constituents. The 
ratios highlighted as “most decreased” are the ones which are smaller by one or more standard deviation with 
respect to the average value. The ones highlighted as “overlapped” come from intensity measurements of 
partially overlapped peaks in the 2D 15N-1H HSQC spectrum and are less reliable. 

 

We also investigated the possible interaction of 15N labelled α-synuclein monomers 

with human CSF with solution NMR (Fig. 3.3.5 B) and we found that the 

resonances relative to peaks in the N-terminus and NAC region of α-synuclein had 

decreased intensity in the presence of human CSF. The resonances relative to the 

amide protons of the C-terminus increased their intensities suggesting an 

increased mobility in the presence of CSF. No relevant changes in chemical shifts 

were observed, suggesting that the interacting compounds might be of high 

molecular weight. The inhibitory effect of CSF on α-synuclein aggregation was 

previously reported by Shahnawaz, Soto and coworkers(24) but was not further 

investigated. In 2016 Linse and coworkers(25) observed a similar effect produced 

by human CSF on the Aβ aggregation kinetics, they found that possible candidates 

for that inhibition could be high-density lipoproteins (HDL). However, as can be 
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seen from the Chapter 3.5, we found that the addition of human HDL (from human 

plasma), although it significantly reduced the quantity of both oligomeric and 

fibrillary aggregates, could not produce the intensity decrease observed by NMR 

experiments resulting from the addition of human CSF. However, there is the 

possibility that the effect on monomeric α-synuclein and the effect on the 

aggregation can be two distinct phenomena, since it is known that aggregation 

inhibitors can interact with oligomeric and prefibrillar species and not with the 

monomer.(26) In this respect, we cannot exclude that lipoproteins may be 

responsible for the antiaggregatory effect of human CSF. 

 

RT-QuIC tests with preformed seeds 

PMCA and RT-QuIC protocols were tested by using CSF coming from a 

hydrocephalus subjects not suffering from neurodegenerative diseases. This 

choice was made because we had abundant aliquots from these types of patients 

and because CSF samples of healthy subjects and PD patients are very rare and 

must be used only for validation tests, once the protocols have been already 

optimized. The sensitivity and the differentiation capability of the assays were 

tested by adding in-lab made preformed aggregates (seeds) in different quantity in 

each well, the protocol used to produce α-synuclein seeds is reported in the 

Materials and Methods section. The incubation/agitation protocol and the reaction 

buffer (PIPES buffer pH 6.5 with NaCl 500 mM) of Shahnawaz, Soto and coworkers 

(29 minutes agitation, 1 minute shaking at 500 rpm) were used for all the 

experiments described in Fig. 3.3.4, 4.3.5, 3.3.6 and Fig. 3.3.7. In Fig 3.3.4 A are 

reported the kinetic traces, averaged on three replicates for each seed quantity, 

relative to an RT-QuIC experiment performed with 37 mg of glass beads (diameter 

of 0.5 mm) per well. From the figure it can be appreciated the fact that for samples 

containing seeds the fluorescence profiles have two inflection points: a first 

inflection point, situated between 0 h and 25 h and a second one, situated between 

60 h and 70 h. The unseeded samples instead showed only one inflection point, at 

~30 h for the sample without CSF and at ~70 h for the sample with CSF. The fact 

that the second inflection point of the seeded samples precedes of few hours the 

one of the unseeded sample without CSF made us hypothesize that the increase 

in fluorescence in correspondence of the first inflection point is due to the growth 
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of the oligomeric/fibrillary seeds while the second increase of fluorescence 

happens because of the spontaneous nucleation (and consequent fibrillization) of 

the free monomer in solution. The decrease of the fluorescence after having 

reached the maximum value is probably produced by the formation of macroscopic 

insoluble aggregates, which are able to entrap the molecules of ThT. To accurately 

measure the position of the first inflection point (t0), the first parts of the aggregation 

profiles were fitted with a Boltzmann’s sigmoidal function (Eq. 4.3.2), using 

OriginPro 9.0. In the non-linear curve fitting procedure used, the parameters A1, 

A2, t0 and dt of Eq. 3.3.2 were let free. 

𝑦(𝑡) = 𝐴2  +
𝐴1−𝐴2

1 +exp(
𝑡−𝑡0

𝑑𝑡
)
                              (3.3.2)  

The results of the fitting are shown in Fig. 4.3.4 B. The measured t0 parameters 

were then plotted against the natural logarithm of the mass (in ng) of the added 

seed. From the linear regression shown in Fig. 2.3.4 C we can see that there is a 

good linearity between the t0 parameters (R2~1) and the logarithm of the seed 

mass, as was expected from simulations and literature.(21),(24)
 The linear response 

was maintained up to 0.02 pg (0.1 pg/ml) of seed, which coincides with upper 

detection limit for this protocol. 
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Fig. 3.3.4 A) RT-QuIC assay performed using 0.125 mg/mL of recombinant α-synuclein in PIPES pH 6.5 (500 
mM NaCl) with 40 μl of CSF (final volume of 250 μl) in the presence of different quantities of preformed 
aggregates and 37 mg of glass beads with a diameter of 0.5 mm. The data shown are the averages of three 
replicates on a 96-wells plate while the error bars were calculated as the standard deviations of the averages. 
B) The first part of the aggregation curves was fitted with a Boltzmann’s sigmoidal function, using OriginPro 
9.0, to extract the position t0 of the inflection point. C) The measured t0 values were plotted against the 
logarithm of the added quantity of seed and fitted with a line with the linear regression tool of Microsoft Excel. 
  

What we learnt from this experiment is that, to optimize the assay, it is necessary 

to promote the “seeded” aggregation and limit the spontaneous aggregation of the 

free monomer in order to obtain the maximum possible differentiation of the 

masses of the added seeds. From the linear regression of Fig. 3.3.4 B, it is possible 

to notice that, although the R2 coefficient is almost 1, the slope of the line is pretty 

low, which represent the fact that the first inflection point of the aggregation profiles 

lays in in a short range of time (5 h - 20 h) for all the curves. In the second trial we 

lowered the monomer concentration from 1.25 mg/ml to 0.8 mg/ml. This choice 

was made to discourage the primary nucleation kinetics, which is thought to 

depend on the square of the monomer concentration while the polymerization 

kinetics of the fibrils is thought to depend linearly from that. We also decreased the 

amount of glass beads per well from 37 mg to a fixed number of 15, this was made 

because we noticed that with the previous quantity, the beads arranged in a way 

that limited their motion during the shaking, thus probably diminishing the impact 

of the fragmentation kinetics produced by agitation. As before, we analyzed the 
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first part of the aggregation curves extracting the t0 parameters with the sigmoidal 

fitting (Fig. 3.3.5 A) but we tried also to estimate the so-called lag-time to quantify 

the time at which the fluorescence starts to deviate significantly from its initial value. 

We defined it, in a way similar to the one used by Groveman et al.,(9) as the time at 

which the fluorescence (𝐹) of each well becomes higher than the average 

fluorescence of the first 10 h (𝐹(𝑡)̅̅ ̅̅ ̅̅
𝑡<10 ℎ) of the sample without seeds plus 5 

standard deviations (5𝜎) for 5 consecutive measurements:  

𝐹(𝑡𝑙𝑎𝑔 + 𝑖𝛥𝑡) ≥ 𝐹(𝑡)̅̅ ̅̅ ̅̅
𝑡<10 ℎ + 5𝜎(𝐹(𝑡))

𝑡<10 ℎ
;  ∀ 𝑖 ∈ (0, 1, 2, 3, 4) (3.3.3) 

Where 𝛥𝑡 is the time between two consecutive measurements (30 minutes in this 

case). The inverse of the lag-time, the lag-rate, is usually used in the RT-QuIC 

literature to visualize the data since it provides a faster and easier way to examine 

together the outcome of multiple experiments with respect of plotting the 

fluorescence profiles for all the samples in the same graph (an example of this 

representation is provided in Fig. 3.3.5 C). The averages of the lag-times 

(estimated with the threshold method of Eq. 3.3.3) on the three replicates were 

plotted against the natural logarithm of the seed masses, the result of the linear 

regression procedure is shown in Fig. 3.3.5 D. 
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Fig. 3.3.5 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-synuclein in PIPES pH 6.5 (500 mM 
NaCl) with 40 μl of CSF (final volume of 250 μl) in the presence of different quantities of preformed aggregates 
and 15 glass beads with a diameter of 0.5 mm. A) The first part of the aggregation curves, averaged on the 
three replicates, was fitted with a Boltzmann’s sigmoidal function, using OriginPro 9.0, to extract the position 
t0 of the inflection point. B) The measured t0 values were plotted against the logarithm of the added quantity of 
seed and fitted with a line with the linear regression tool of Microsoft Excel. C) The lag-rates are calculated as 
the inverse of the lag-times for each sample. D) The measured lag-times, averaged on the three replicates, 
were plotted against the logarithm of the added quantity of seed and fitted with a line with the linear regression 
tool of Microsoft Excel. 

 

The R2 values and the slopes of the linear regressions for the t0 values and the lag-

times were similar, as expected, with the slope being more than twice the one 

calculated in Fig. 4.3.4 C. The tested protocol was still able to differentiate seed 

masses with an upper detection limit of 0.02 pg. In Fig. 4.3.6 is reported a summary 

of the measured t0 value for different bead size and initial monomer concentrations. 

The t0 parameter was calculated both on the first and on the second inflection point 

in the same conditions in Fig. 3.3.6 A and in Fig.3.3.6 B. 
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Fig. 3.3.6 Linear regression analyses, performed with the linear regression tool of Microsoft Excel, of the t0 
relative to RT-QuIC assays performed in in PIPES pH 6.5 (500 mM NaCl) with 40 μL of CSF (final volume of 
250 μl) in the presence of different quantities of preformed aggregates. The t0 parameters were obtained by 
fitting the first or the second part of the normalized and averaged fluorescence profiles with Boltzmann’s 
sigmoidal functions in OriginPro 9.0. In A) a starting concentration of 0.16 mg/mL monomeric α-synuclein was 
used together with 21 glass beads with a diameter of 0.5 mm. The t0 parameters were obtained by fitting the 
second part of the normalized and averaged fluorescence profiles. In B) a starting concentration of 0.16 mg/mL 
monomeric α-synuclein was used together with 21 glass beads with a diameter of 0.5 mm. The t0 parameters 
were obtained by fitting the first part of the normalized and averaged fluorescence profiles. In C) a starting 
concentration of 0.08 mg/mL monomeric α-synuclein was used together with 21 glass beads with a diameter 
of 0.5 mm. The t0 parameters were obtained by fitting the first part of the normalized and averaged 
fluorescence profiles. In D) a starting concentration of 0.08 mg/mL monomeric α-synuclein was used together 
with 1 glass bead with a diameter of 3 mm. The t0 parameters were obtained by fitting the normalized and 
averaged fluorescence profiles. 

 
All the tested conditions produced satisfactory differentiations between seed 

masses with a good linear correlation between the measured t0 parameters and 

the logarithm of the added seed masses. By looking at Fig. 3.3.6 B and Fig. 3.3.6 

C it is possible to notice that, as expected from the considerations on the nucleation 

and polymerization kinetics, the samples with a monomer starting concentration of 

0.08 mg/ml produced an increased slope compared to the ones with 0.16 mg/ml; 

although the overall experiment duration was also longer. The second inflection 

point showed also to be discriminative for the 0.16 mg/ml monomer concentration, 

as can be seen from Fig. 3.3.6 A, while for the 0.08 mg/ml monomer concentration 

it was still not reached after 250 h. The increased number of beads, with respect 

to Fig. 3.3.5 C, did not produce neither a significative increase in the aggregation 

speed nor seed mass discrimination, nor any effect on the presence of the two 
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inflection points. However, by substituting the 21 beads with a diameter of 0.5 mm 

with a single bead with a diameter of 3 mm (the total bead mass is ~ 10 times 

greater) we observed the disappearance of the first inflection point (Fig.3.3.7 A). 

The t0 values and the lag-times measured for this kinetics produced good results 

in terms of R2 and slope of the linear regression, as can be seen from Fig. 4.3.6 D 

and from Fig. 3.3.7 B. 

 

Fig. 3.3.7 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-synuclein in PIPES pH 6.5 (500 mM 
NaCl) with 40 μl of CSF (final volume of 250 μl) in the presence of different quantities of preformed aggregates 
and 1 single glass bead with a diameter of 3 mm. The data shown are the averages of three replicates on a 
96-wells plate while the error bars were calculated as the standard deviations of the averages. 

 

Another variable that emerged in some protocols present in literature53,54 is the 

presence of detergents, such as Sodium Dodecyl Sulphate (SDS), which is 

commonly used in the RT-QuIC protocols for the detection of PrPSc. The SDS-

induced fibrillization of α-synuclein was extensively and accurately characterized 

by Otzen and coworkers(12) and it is currently used to increase the speed and 

reproducibility of screening assays to measure the effects of antiaggregatory 

compounds on α-synuclein fibrillization.(13) 
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SDS 
(%) 

seed (pg) lag-time 
(h) 

0.00 0.00 > 120  

0.05 0.00 > 120  

0.25 0.00 18 ± 7 

0.50 0.00 17 ± 5 

0.00 0.01 > 120  

0.05 0.01 39.0 ± 
0.7 

0.25 0.01 10 ± 3 

0.50 0.01 7 ± 1 

 
Table 3.3.1: Effect of the addition of different quantities of SDS to the reaction buffer. The lag times were 
evaluated for each well using the formula in Eq. 2.3.3 by considering the average fluorescence of the first 5 h 
instead of 10 h due to the high aggregation propensity of samples containing seeds and 0.5% SDS. 

 

We tested the addition of SDS using α-synuclein 0.8 mg/ml in PBS pH 7.4, 6 x 1 

mm diameter glass beads and 15 μl of pooled CSF from control subjects for a final 

volume of 100 μL per well. As can be evinced from Table 4.3.1, the addition of SDS 

dramatically accelerated the aggregation kinetics of α-synuclein both in seeded 

and unseeded experiments. The SDS-induced α-synuclein fibrils are known for 

containing a mixture of α-helix and β-sheet and their morphology differs from that 

of only agitation-induced α-synuclein fibrils. Anyway, the two morphologies can 

interconvert and, thanks to temperature and strong agitation, converge into ThT 

responsive structures rich in β-sheet motifs.(12) 

Conclusions 
 
The results of the experiments performed for this work showed the impact on RT-

QuIC experiments of some experimental variables like monomer concentration, 

addition of glass beads, size and number of glass beads, buffer pH and 

composition and the effect of human CSF on seeded and unseeded experiments. 

For most of the seeded experiments we usually observed the presence of two 

inflection points. We associated the first one to the seeded aggregation (growth of 

preformed aggregates) and the second to the spontaneous nucleation of new 

aggregates from the monomer present in solution. The monomer starting 

concentration affects the speed of both the seeded and unseeded aggregation. 

Decreasing the starting monomer concentration increased the experiment duration 

but produced a greater slope in seeded aggregation experiments, thus increasing 

the differentiation between the masses of the added seeds. By taking into account 
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nucleated-polymerization kinetic models for protein aggregation,(28) like the one 

described in Eq. 3.3.1, the monomer concentration dependence of the nucleation 

kinetics is of a higher order with respect of the growth of preformed aggregates. 

Consequently, the decrease of the monomer concentration affects more the 

unseeded aggregation than the seeded one.  

The addition of glass beads increased both the aggregation speed and the 

homogeneity among replicates of seeded experiments, a result that is in accord 

with the results previously published by Giehm and Otzen.(18) The size and the 

number of the beads showed to play a major role also in the differentiation of added 

seeds. Increasing the number and size of the beads, in a way that they were able 

to move and did not scatter the light too much, we found that the assay was able 

to better differentiate among seeds with greater slopes in linear regression 

analyses. These findings can be motivated by considering the fragmentation 

kinetics(29),(30) of prion-like proteins: preformed aggregates, when fragmented, 

produce more template units, which can then act as new seeds for the fibrillization 

process. This result implies that RT-QuIC and PMCA experiments with α-synuclein 

may benefit from the use of beads inside samples to increase the reproducibility of 

the assay, decrease the experiment duration and increase the differentiation 

among CSF containing different quantities of preformed aggregates.  

The addition of SDS in the reaction buffer significantly accelerated the aggregation 

of α-synuclein for the tested condition, this result is perfectly in accord with previous 

studies of Otzen and co-workers,(29),(31) who accurately characterized the SDS-

induced aggregation of α-synuclein. 

Three reaction buffers were also tested: PIPES buffer 100 mM pH 6.5 with NaCl 

500 mM, PBS buffer pH 7.4 and PBS buffer pH 8.2. we observed a decrease in the 

aggregation speed by moving to higher pH in seeded conditions. This is in accord 

to the fact that, at high pH, the negatively charged monomers of α-synuclein 

(isoelectric point: 4.67) experience an electrostatic repulsion that makes nucleation 

and the growth of aggregates energetically less favorable.(32),(33)  

Among the tested experimental variables, the addition of CSF showed to have one 

of the major impacts. The addition of CSF, also in small quantities (15% of the total 

volume), is sufficient to slow down the aggregation process of dozens of hours. 

This slowdown was observed for different buffers and the interaction between α-

synuclein and CSF was confirmed by solution NMR with 1H 15N HSQC 
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experiments. This finding implies that the presence of aggregates may not be the 

only variable influencing the outcome of PMCA and RT-QuIC assays for the 

diagnosis of synucleinopathies and that there are unknown compounds present in 

CSF that physiologically interacts with monomeric or oligomeric α-synuclein and 

slow down its aggregation. 
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Tests with CSF coming from patients and controls (preliminary results) 
 
The good results obtained while testing RT-QuIC assays allowed us to start 

performing tests on patients with the knowledge of some of the experimental 

variables influencing these assays. To perform tests on CSF coming from patients 

we scaled the total sample volume from 250 μL to 200 μL to decrease the amount 

of protein needed for the experiments but maintaining the CSF added volume of 

40 μl. The increased CSF/buffer ratio brought us to increase also the monomer 

concentration in order to obtain a reasonable experimental time for this diagnostic 

assay. We continued to use the buffer and incubation/shaking protocol of 

Shahnawaz, Soto and co-worker(19) with the addition of glass beads, a combination 

which showed to be able to detect seed masses below 2∙10-14 g. In Fig. 4.3.8 A are 

present the results, in terms of lag-rates, of a preliminary test performed in 

quadruplicate on CSF of 2 PD patients, 2 normal-pressure hydrocephalic (NPH) 

patients and 2 patients with other neurological disease (OND). In this test, 21 glass 

beads were used in each sample and a monomer concentration of 0.5 mg/ml was 

used. In Fig. 3.4.1 B are present the results of another preliminary test performed 

in triplicate on CSF of 2 PD patients, 1 DLB patient, 1 NPH patient and 1 OND 

patient. In this test, 21 glass beads were used in each sample while the monomer 

concentration was risen to 0.67 mg/ml.  

 

Fig.3.3.8 RT-QuIC assay performed using 0.5 mg/mL (A) and 0.67 mg/mL (B) of recombinant α-synuclein in 
PIPES pH 6.5 (500 mM NaCl) with 40 μl of CSF (final volume of 200 μl) coming from PD, DLB, OND and NPH 
patients in the presence of 21 glass beads with a diameter of 0.5 mm.  

 

The differentiation between CSF of PD and DLB from the CSF of OND and NPH, 

appear very poor and the only sample which is showing a significantly higher lag-

rate with respect to OND and NPH samples (considering the internal variability 

among replicates) is the sample without CSF, Thus confirming that CSF 

constituents different from preformed α-synuclein aggregates plays a major role in 

these kind of assays. To diminish the spontaneous nucleation of α-synuclein 
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aggregates with respect to the growth of preformed ones we brought the monomer 

concentration to 0.2 mg/ml and used 6 glass beads with a diameter of 1 mm in 

each well to further promote the fragmentation kinetics (we increased the total 

volume of glass beads of more than 2 times). For this last test, the CSF of 9 OND, 

5 PD and 4 DLB patients was used. The measured lag-rates for this experiment 

are shown in Fig. 4.3.9 A. 

 

Fig. 3.3.9 RT-QuIC assay performed using 0.16 mg/mL of recombinant α-synuclein in PIPES pH 6.5 (500 mM 
NaCl) with 40 μl of CSF (final volume of 200 μl) coming from PD, DLB, OND and NPH patients in the presence 
of 6 glass beads with a diameter of 1.0 mm. In A) the lag-rates relative to all the samples are shown, while in 
B) and C) the summary box plots relative to the t0 parameters and lag-times are shown. The t0 parameters 
were obtained by fitting the first part of the normalized and averaged fluorescence profiles. 

 

As can be noticed from the box charts of Fig. 4.3.9 B and C, the RT-QuIC protocol 

used for this test did not provide a good performance in differentiating patients 

affected by synucleinopathies (PD and DLB) from OND. In fact, none of the three 

groups showed a significative difference for all the parameters analyzed. 

Considering these results, we switched to the incubation/shaking protocol and 

buffer of Groveman et al.(20) These changes consisted in decreasing the reaction 

volume to 100 μl, with 85 μl of reaction buffer and 15 μl of CSF. The final solution 
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consisted in 40 mM phosphate buffer (pH 8.0), 170 mM NaCl with 0.1 mg/ml 

monomeric α-synuclein and 10 μM ThT. The only differences with the published 

protocol were the absence of SDS, the use of wild-type α-synuclein instead of the 

mutated form K23Q which the scientists used in their work and the monomerization 

procedure with NaOH that is described in paragraph 2.3. In each well we also put 

6 glass beads with a diameter of 1 mm each. The incubation/shaking protocol of 

Groveman et al.(20) consists of cycles of 1 minute shaking at 400 rpm and 1 minute 

rest at the temperature of 42°C. In our experiments we did not observe any 

increase of fluorescence in any sample containing CSF within 140 h. We performed 

again this test by substituting the reaction buffer with PBS at pH 7.4 (with the same 

concentrations of ThT and α-synuclein), this time some of the wells produced 

fluorescence and the results are shown in Fig. 3.3.10. Although some of the wells 

produced fluorescence, not all CSF from PD patients reacted to the added α-

synuclein monomer while other samples, in which the CSF of OND subjects was 

inserted, reacted earlier. At this pH, still we detected poor aggregation and the 

samples which produced relevant amounts of fibrils were the ones without CSF 

and the ones with a preformed quantity of synthetic seeds. 

 

Fig. 3.3.10 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-synuclein in PBS pH 7.4 with 15 μl 
of CSF (final volume of 100 μl) coming from PD, DLB, OND and NPH patients in the presence of 6 glass beads 
with a diameter of 1.0 mm. The lag-rates relative to all the samples are shown. 

 

The experiment was successively repeated on four patients and four controls 

(OND) by adding with respect to this last case 0.015% SDS and bringing the final 
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NaCl concentration to 500 mM. The protein concentration was also raised from 

0.08 to 0.3 mg/ml. A box-plot relative to this last set of experiments is shown below 

in Fig. 3.3.11. 

 

Fig. 3.3.11. The lag-times relative to patients and controls, averaged on replicates were calculated by the 
formula in Eq. 2.3.3 by using the average fluorescence on the first 5 h instead of 10 h. the RT-QuIC assay was 
performed using 0.1 mg/mL of recombinant α-synuclein in PBS pH 7.4 with 15 μl of CSF (final volume of 100 
μl) coming from 2 PD and 2 DLB patients and 4 OND controls in the presence of 6 glass beads with a diameter 
of 1.0 mm. The lag-times relative to all the samples are shown. The samples were subjected to 
incubation/shaking protocol of cycles of 1-minute shaking at 400 rpm and 1-minute rest at the temperature of 
42°C. 

 

Although the changes on the experimental condition accelerated too much the 

aggregation of α-synuclein, this last trial produced a better discrimination between 

samples containing CSF coming from patients affected by synucleinopathies and 

OND controls. 

Discussion and perspectives 
 
Although in the last set of experiments we obtained a better differentiation in a 

small number of CSFs coming from patients and controls (Fig. 2.4.4), still we 

cannot explain why other tests we performed did not provide such differentiation. 

Among all the groups working on these techniques in Italy (Bologna, Milan, 

Perugia, Padova, Verona and Rome) no one is nowadays able to reproduce the 

results obtained by the three major groups working on PMCA(19) and RT-

QuIC(24),(34) for the diagnosis of synucleinopathies. In our experiments, we 

determined the antiaggregatory effect of CSF as one of the main variables affecting 

α-synuclein aggregation, this effect was previously observed by the group of 
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Soto(19) but not investigated. The unknown compounds present in CSF that can 

modulate α-synuclein aggregation may be responsible to the high variability 

between the lag-times measured for different CSFs, the fact that some authors 

obtained good results also considering this effect may imply that certain 

experimental strategies (e.g. the addition of SDS, sample handling and storage) 

may be useful to compensate or normalize the antiaggregatory effect of human 

CSF. Apart from increasing the number of CSFs in our tests and optimizing the 

experimental setup, due to the clinical importance of the development of this assay, 

for the future we hope to get more in contact with other groups working on RT-

QuIC and PMCA to figure out the best strategies to optimize the sensitivity and 

specificity of the technique. The multiple variables influencing α-synuclein 

aggregation in the presence of biofluids imply that a global effort should be 

performed in order to test as many conditions as possible and standardize the 

experimental procedures. Although the antiaggregatory effect of CSF is 

dramatically important for the development of protein aggregation assays for the 

diagnosis of synucleinopathies, the isolation of the endogenous macromolecules 

able to interfere with the aggregation of α-synuclein, will provide information about 

the physiological proteostasis of α-synuclein in CSF and on novel possible targets 

for PD treatment or prevention strategies. The CSF plays a key role in the brain 

glymphatic system(34),(35) and the deficiency of one of these components, with a 

consequent decreased waste-clearing ability of CSF,(37) may be implicated in the 

pathogenesis of PD and other synucleinopathies.(38) 
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3.4 Dissecting the Interactions between Human Serum 

Albumin and α‑Synuclein: New insights on the Factors 

Influencing α‑Synuclein Aggregation in Biological Fluids 

 

In this study, was investigated the inhibitory effect of Human serum albumin (HSA) 

on α-synuclein aggregation.  

This work was born starting from some unexpected observations arising from SAA 

and NMR experiments involving the aggregation of α-synuclein in the presence of 

small aliquots of Cerebrospinal fluid (project: "Protein aggregation assays for the 

diagnosis of sinucleinophaties”). A slowing-down of the aggregation process in the 

presence of this biofluid was observed: for this reason a screening of the CSF 

components had begun, starting from HSA, the most abundant protein in CSF and 

other biological fluids . 

The effect of HSA on α-synuclein aggregation was characterized by ThT 

fluorescence both in low ionic strength and physiological conditions at the albumin 

concentration found in serum and CSF. Moreover, by high-field solution Nuclear 

Magnetic Resonance (NMR) spectroscopy, was determined the binding region of 

HSA on α-synuclein that is driven by hydrophobic interactions at the N-terminus in 

physiological experimental conditions, and by electrostatic interactions at the C-

terminus at low ionic strength. 

The NMR spectra (2D 15N 1H HSQC) were acquired at 283 K with a Bruker Avance 

III HD NMR spectrometer operating at 950 MHz 1H Larmor frequency while the 

aggregation of α-synuclein in the presence of increasing concentrations of HSA 

were monitored using a BMG Labtech ClarioStar fluorimeter. I contributed to this 

project by expressing α-synuclein and by optimizing its purification protocol to 

obtain samples with high degree of purity. The presence of preformed aggregates 

could have affected our interaction/aggregation experiments.  
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3.5 Human plasma HDL prevents the formation of α-synuclein 

oligomers and fibrils (manuscript in preparation) 

 

This project, as well as the research focused on the study of the interaction 

between α-synuclein and HSA, was born from some unexpected observations 

coming from α-synuclein aggregation experiments in presence of CSF: the 

aggregation process was significantly and reproducibly slowed down, due to the 

interaction of α-synuclein with high-molecular weight compounds present in this 

human biofluid. The antiaggregatory effect of CSF on α-synuclein was tested by 

SAA by adding aliquots of CSF coming from neurological controls (see Fig. 3.3.5 

A). 

Since was excluded that effect observed for CSF could have been caused by HSA, 

an investigation of the role of lipoproteins (abundant high-molecular weight 

constituents of CSF and plasma), was started. 

Lipoproteins are complex particles with a central hydrophobic core of non-polar 

lipids (primarily cholesterol esters and triglycerides), surrounded by a hydrophilic 

membrane consisting of phospholipids, free cholesterol and apolipoproteins. 

Lipoproteins are divided into seven classes based on size, lipid composition, and 

apolipoprotein content.  

In particular, the tested compound in this work was HDL (High Density Lipoprotein). 

To characterize this interaction, SAA and NMR investigations were exploited.  

My role in this project mainly concerned the expression and purification of high 

quality samples α-synuclein both for aggregation and interaction experiments. 
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Introduction 
 
Lipoproteins are complex particles composed of multiple proteins that transport 

lipids around the body within the aqueous environment outside the cells. High-

density lipoproteins (HDL) are the smallest particles among the five major groups 

of lipoproteins (10–22 nm),(1–3) they are also the most dense because the high 

protein content with respect to the lipid part. The most characterized and most 

abundant protein constituents of HDL are apolipoprotein-A1 (apoA1) and 

apolipoprotein-E (apoE).(4) The Central Nervous System apoE is completely brain-

specific, and there is no exchange between plasma-derived apoE and brain apoE 

because of the boundary of the Brain-Blood Barrier (BBB).(5) Also due to the 

different composition in terms of apolipoproteins, the CSF HDL are bigger in size 

than plasma HDL and smaller than Low-Density Lipoproteins (LDL), their density 

is between LDL and HDL.(3),(6-7) While apoE is found to be the main constituent of 

HDL particles in CSF, apoA1 is the main constituent of HDL in plasma.(2),(8) 

However, apoA1 also contributes for lipid transportation and delivery in the brain 

and the apoA1 levels of CSF and plasma have been shown to be correlated.(9) 

Since there is no evidence of apoA1 synthesis in the brain, apoA1 or apoA1 rich 

HDL, in contrast to apoE, is thought to be able to cross the BBB.(4) HDL are 

reported have an impact in many neurodegenerative disorders. apoE plays a 

crucial role in AD, mild cognitive impairment and Creutzfeldt-Jakob disease 

(CJD).(10-11) In particular, the APOE ε4 allele is strongly associated with the 

sporadic late-onset AD.(12-14) Conversely, no association was found between apoE 

and PD,(15) while lower levels of apoA1 were rather measured in the plasma of PD 

patients with respect to controls.(16-18) These findings were confirmed again in late 

2015, when plasma apoA1 and high-density lipoprotein at baseline were measured 

in 254 research volunteers (154 patients with PD and 100 normal controls) enrolled 

in the Parkinson's Progression Markers Initiative (PPMI)(19) study (without any 

ongoing levodopa treatment). In this latter study, lower levels of apoA1 were found 

to be associated with the age of PD onset and severity of motor symptoms (p-

values < 0.05),(20) suggesting that apoA1 or apoA1-rich lipoproteins may be both a 

protective factor and a candidate biomarker for PD. The mechanism underlying the 

protective role of HDL in neurodegenerative diseases remains unknown but, for 

AD, it seems to be intimately linked to increased risk of brain Aβ aggregation in ε4 

https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Lipoprotein
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carriers.(21) Recently, CSF HDL was shown to retard Aβ42 aggregation in an apoE 

ε4-dependent manner.(22-23)In this study, the addition of CSF fractions containing 

HDL produced an extended lag-phase of the ThT fluorescence profiles, which 

implies an interference with the primary nucleation of the aggregates. Although the 

protective role of HDL was extensively investigated for AD, few previous studies 

have focused on the role of HDL in the context of PD and α-synuclein 

aggregation.(4) In this work we investigate the effect of plasma HDL, rich in apoA1 

apolipoproteins, on α-synuclein aggregation and if the inhibitory effect of human 

CSF on α-synuclein aggregation may be produced by HDL. Our hypothesis is that 

these compounds naturally prevent the formation of fibrils and oligomers by 

interacting with α-synuclein aggregates and not directly with α-synuclein 

monomers. 

Fluid matrix apo E (mg/dl) apo A1 (mg/dl) 

CSF 

0.3 ± 0.2 (24) 0.3 ± 0.2 (24) 

1.0 ± 0.1 (25) 0.33 ± 0.05 (25) 

0.4 ± 0.2 (26) 0.4 ± 0.2 (26) 

0.5 ± 0.3 (27) 0.3 ± 0.2 (27) 

Plasma 7 ± 5 (24) 140 ± 50 (24) 

8 ± 1(27) 270 ± 20 (27) 
Table 3.5.1: Reported values of Apolipoprotein E and A1 levels in CSF and plasma of healthy individuals. 

 

Materials and Methods 
 
α-synuclein expression and purification 
 
Escherichia Coli BL21(DE3)Gold were transformed with pT7-7 vector cloned with 

the gene encoding α-synuclein. The overnight preculture of transformed cells was 

diluted 100-fold in LB medium and induced at an OD600 value of 0.6-0.8 with 1 mM 

Isopropyl-β-D-thiogalactoside and, after 5 hours incubation at 37 °C, the cells were 

harvested at 4000 rpm (JA-10, Beckman Coulter). The extraction was carried out 

through osmotic shock using 100 ml of buffer TRIS 30 mM, EDTA 2 mM and 

sucrose 40%, at pH 7.2 according to Shevchik et al.(28) and Huang et al.(29) . The 

suspension was then ultracentrifuged at 20000 rpm (Type 70 Ti rotor, Beckman 

Coulter) for 25 min and pellet was collected and resuspended with 90 ml precooled 

ultrapure water additioned with 38 µL of MgCl2 1 M and then ultracentrifuged a 

second time. Supernatants derived from these two centrifugation steps, were 
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joined and dialyzed against 4 L of buffer 20 mM TRIS/HCl at pH 8.0. The protein 

then was loaded in the FPLC system and an anion exchange chromatography was 

carried out with 0-50% linear gradient NaCl 1 M (GE Healthcare HiPrep™ Q HP 

16/10 Column). The collected fractions were lyophilized and resuspended in 10 

mM TRIS/HCl, 1 mM EDTA and Urea 8 M at pH 8.0 for the chemical denaturation. 

To eliminate all the protein formed aggregates, two size-exclusion 

chromatographies (HiLoadTM 16/600 SuperdexTM 75 pg Column) were performed 

with 20 mM phosphate and 0.5 mM EDTA at pH 8.0 as elution buffer. Purified α-

synuclein (α-synuclein) was dialyzed against Milli-Q water and lyophilized in 

batches for long-term storage. Roche cOmplete™ protease inhibitor cocktail was 

added only during the extraction step in the quantity suggested by the producer. 

 

α-synuclein aggregation experiments  
 

The lyophilized aliquots α-synuclein were resuspended in NaOH 3.5 mM (pH 

11.54) right before the experiments to avoid the instantaneous formation of 

aggregates. At high pH, the negatively charged monomers (the isoelectric point of 

α-synuclein is 4.67) experience an electrostatic repulsion that impedes the 

aggregation and favors the dissociation of small aggregates.(30),(31) The solution of 

α-synuclein and NaOH was brought to pH 7.4 and protein concentration of 100 μM 

by adding concentrated PBS buffer (e.g. 1 mL of NaOH solution with 1 mL of 2x 

PBS solution). Thioflavin-T was also added in a final concentration of 10 μM. To 

avoid the possible growth of bacteria during the experiment, a 0.08% of NaN3 was 

present in the reaction buffer. We added different volumes of HDL derived from 

human plasma (LP3-5MG from SIGMA-ALDRICH, HDL concentration 11.64 mg/mL). 

Subsequently, each sample was split in 3 replicates of 200 μl each that were put 

in a TECAN (REF: 30122306) clear-bottom 96-well plate. We added 6 acid washed 

glass beads with a diameter of 1 mm in each well to enhance the aggregation 

speed and increase homogeneity among replicates.(32) The plates were always 

sealed with a sealing tape to minimize evaporation during the experiments. 

Successively, plates were inserted in a BMG LABTECH ClarioStar fluorimeter and 

subjected to the incubation/shaking protocol of Shahnawaz et al.(33) (T = 310 K, 29 

min. incubation, 1 min. shaking at 500 rpm). Once every 30 minutes, the 
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fluorescence was read from the bottom using an excitation and emission 

wavelength of 450 nm and 480 nm, respectively. 

Dot blot assays 
 
The dot blot assay was performed using A11 anti-oligomer antibodies 

(ThermoFisher Scientific) and OC anti-fibril antibodies (Sigma-Aldrich) on the 

samples used for the fluorimetric assay, by collecting together the replicates for 

each concentration of HDL and HSA. Volumes of 2 μL of each sample where 

dropped on a nitrocellulose membrane, previously soaked with TBS-T (0.1%) and 

were let dry for 60 minutes. The substrate was then fixed to the membrane by 

soaking it in PBS with 0.4% PFA for 30 minutes. The blocking was subsequently 

performed by soaking the membrane in a solution of dry milk (2%) and TBS-T 

(0.1%) for 60 minutes at room temperature. The blocking buffer was then poured 

off and the membrane was incubated with A11/OC antibodies (1:1000) in a solution 

of dry milk (5%) and TBS-T (0.1%) at 4°C for 60 minutes. The membrane was then 

washed and incubated with HRP anti-rabbit secondary antibodies (1:5000) and a 

solution of dry milk (5%) and TBS-T (0.1%) for 30 minutes. The data were 

subsequently processed and analyzed using ImageJ. 

NMR experiments 
 

All the NMR spectra were acquired at 283 K with a Bruker Avance III HD NMR 

spectrometer operating at 950 MHz 1H Larmor frequency, equipped with a 

cryogenically cooled probe. The spectra were processed with the Bruker TOPSPIN 

4.0 software packages and analyzed by the program Computer Aided Resonance 

Assignment (ETH Zurich; Keller, 2004). During the NMR titration of α-synuclein 

with HDL, 1 aliquot (5 μL) of a concentrated 11.64 mg/mL solution of human 

HDL (LP3-5MG from SIGMA-ALDRICH) were added to the buffered solution 

containing 15N isotopically enriched α-synuclein at the concentration of 100 μM in 

PBS (pH 7.4, 137 mM NaCl). For the NMR experiments, standard 3 mm glass 

tubes were used with a final sample volume of of 200 μL. We acquired a 1D 1H 

experiment and 2D 1H 15N HSQC experiment(34) for both the sample containing 

HDL and the reference one. 
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Results and Discussion 
 
To test the effects of HDL on α-synuclein aggregation we performed ThT 

aggregation experiments. In these kind of experiments, the ThT fluorophore reports 

the formation of fibril-like aggregates due to its affinity to the beta-sheet motifs 

typical of amyloid aggregates.(35) We applied the PMCA shaking/incubation 

protocol of Shahnawaz, Soto and coworkers(33) to speed-up the aggregation and 

added 6 glass beads (with a diameter of 1 mm) per well to further promote the 

aggregation process and increase the homogeneity among replicates (further 

details in the Materials and Methods section). The experiments were performed in 

well plates in triplicate (final volume of 200 μl per well), the control samples with α-

synuclein alone consisted in 100 μM monomeric α-synuclein, 10 μM ThT and 

0.08% of NaN3 in PBS buffer. The samples containing HDL had the same 

composition except for the quantity of HDL that was of 12 mg/dL and 57 mg/dL 

respectively. We also prepared control samples containing 12 mg/dl and 57 mg/dL 

HDL without α-synuclein to subtract any possible background fluorescence. 

Although the background fluorescence was almost negligible, we subtracted the 

fluorescence data relative to samples containing only HDL (averaged on replicates) 

from the data relative to samples containing both α-synuclein and HDL (averaged 

on replicates). By looking at the ThT fluorescence profiles of Fig. 3.5.1, it is evident 

that the addition of increasing quantities of HDL to the solution had an impact on 

α-synuclein aggregation. 



181 

 

 

Fig. 3.5.1 Monomeric α-synuclein 100 µM was left aggregating in the presence of ThT 10 µM and increasing 
quantities of HDL. The experiments were performed in triplicate in a 96-wells plate in PBS pH 7.4, T = 310 K. 
Glass beads (6x 1mm diameter) were added to the samples. The plate was subjected to cycles of shaking (1 
min. shaking 500 rpm, 29 min. rest) inside a BMG Labtech ClarioStar fluorimeter. The data shown are the 
averages of three replicates with background removed. The error bars were calculated as the standard 
deviation of the mean value calculated on the three replicates. 

 
The kinetic profiles, which were used to produce the averaged curves depicted in 

Fig. 3.3.1, were fitted with Boltzmann’s sigmoidal functions (Eq. 3.5.1), using 

OriginPro 9, in order to obtain an estimate of the aggregation time. In the non-linear 

curve fitting procedure used, the parameters A1, A2, t0 and dt of Eq. 3.3.1 were let 

free.1111 

𝑦(𝑡) = 𝐴2  +
𝐴1−𝐴2

1 +exp(
𝑡−𝑡0

𝑑𝑡
)
        (3.5.1) 

The parameter t0 corresponds to the inflection point of the sigmoidal curves used 

to fit the data and can be used to quantify the time necessary to produce a 

consistent quantity of fibrillary aggregates. Another parameter which can be useful 

to characterize the speed of the aggregation is the time at which the fluorescence 

starts to deviate significantly from its initial value (tlag). This parameter quantifies 

the time at which fibrils start to form. We defined it, in the same way of Paragraph 

3.2, as the time at which the fluorescence (𝐹) of a well becomes higher than the 

average fluorescence (on the same well) of the first 5 h (𝐹(𝑡)̅̅ ̅̅ ̅̅
𝑡<5 ℎ) plus 2 standard 

deviations (2𝜎) for 5 consecutive measurements: 

 

𝐹(𝑡𝑙𝑎𝑔 + 𝑖𝛥𝑡) ≥ 𝐹(𝑡)̅̅ ̅̅ ̅̅
𝑡<5 ℎ + 2𝜎(𝐹(𝑡))

𝑡<5 ℎ
;  ∀ 𝑖 ∈ (0, 1, 2, 3, 4) 
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Where 𝛥𝑡 is the time between two consecutive measurements. The measured t0 

and tlag values, together with the A2-A1 values of the sigmoidal fitting, which report 

for the amplitude of the sigmoids, are reported in Table 3.5.2. In the Table, the 

values relative to the experiments performed in PBS with α-synuclein and HSA. 

Which were measured during the same acquisition, on the same plate and with the 

same batch of α-synuclein, are also reported for comparison. 

Sample tlag (h) t0 (h) A2 - A1 (a.u.) 

α-synuclein alone 28.3 ± 0.5 105 ± 2 (1.7 ± 0.2) ∙ 104 

α-synuclein + 12 mg/dL HDL 44 ± 4 176 ± 6 (1.4 ± 0.3) ∙ 103 

α-synuclein + 58 mg/dL HDL 82 ± 7 119 ± 9 (3.7 ± 0.9) ∙ 102 

α-synuclein + 4.5 μM HAS 30 ± 1 116 ± 3 (2.2 ± 0.2) ∙ 104 

α-synuclein + 100 μM HSA 61 ± 1 114 ± 2 (1.33 ± 0.07) ∙ 104 

α-synuclein + 640 μM HSA 130 ± 10 141 ± 6 (8 ± 2) ∙ 103 

Table 3.5.2: Measured tlag, t0 and A1-A2 values for samples containing α-synuclein and different quantities of 
HDL and HSA. 

 

While some differences on the t0 parameters may be observed for samples 

containing HDL with respect for the samples containing α-synuclein alone, minor 

differences are present for the tlag values. The most pronounced effect was rather 

the change of the maximum fluorescence value, quantified in Table 3.5.2 by the 

A2-A1 parameter. The measured amplitudes are also depicted in the column plot 

present in Fig. 3.5.2, which can better show the difference in the A2-A1 values of 

the sample containing α-synuclein and HDL from the ones containing α-synuclein 

and HSA or α-synuclein alone. 
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Fig. 4.5.2 Measured A1-A2 values coming from the sigmoidal fitting of the ThT profiles relative to samples 
containing α-synuclein and different quantities of HDL and HSA. 

 

To better clarify if the much lower ThT intensity was produced by a lower quantity 

of aggregates we performed a dot blot on the samples containing HDL and HSA 

with OC and A11 antibodies.(36)  

The OC and A11 antibodies bind to different oligomeric conformations: the OC 

antibody binds fibrils and fibrillary oligomers while the A11 is sensitive to more 

amorphous oligomeric aggregates. Particularly, A11 oligomers showed to be more 

toxic than the OC oligomers and recently showed the ability to impair the 

proteasome function(36). As can be seen from Fig. 3.5.3 and Fig. 3.5.4, control 

samples without α-synuclein did not bind to any of the two antibodies, while the 

samples containing α-synuclein and HDL produced some OC and A11 oligomers 

but in a much lower quantity with respect to the samples containing α-synuclein 

and HSA. This result is in accord with the ThT measurements which reported a 

lower quantity of fibrils for samples containing α-synuclein and HDL. 
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Fig. 3.5.3 The dot blot assay was performed using A11 anti-oligomer antibodies and OC anti-fibril antibodies 
on the samples used for the fluorimetric assay which contained 100 μM α-synuclein and different amounts of 
HSA and HDL. The dot images were processed and analyzed with ImageJ. Control samples n° 6, 7, 8, 9 and 
10 did not react with any of the two antibodies used. 

 

 

Fig. 3.5.4 The dot blot assay was performed using A11 anti-oligomer antibodies and OC anti-fibril antibodies 
on the samples used for the fluorimetric assay which contained 100 μM α-synuclein and different amounts of 
HSA and HDL. The dot images were processed (window/levels adjustments) and analyzed with ImageJ. 
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In 2017 Emamzadeh and Allsop(37) showed that α-synuclein, apoA1, apoJ and 

apoE could be detected by immunoprecipitation in plasma both with anti-α-

synuclein and anti-apolipoprotein antibodies, suggesting a possible direct or 

indirect interaction between α-synuclein and plasma HDL. To test if the inhibitory 

effect of plasma HDL on α-synuclein aggregation could be produced by the direct 

interaction with α-synuclein monomer, we performed a 2D 15N 1H NMR HSQC 

experiment with 15N isotopically enriched α-synuclein. After having acquired a 

reference spectrum with α-synuclein 100 μM in PBS pH 7.4 in a 3 mm diameter 

NMR tube (final sample volume 200 μl), we added 5 μL of human plasma HDL in 

the NMR tube (HDL final concentration 28.4 mg/dL, final sample volume 205 μL). 

No relevant shifts in the 2D 15N 1H NMR HSQC were observed so we evaluated 

the intensity ratios by dividing the amplitude of the crosspeaks relative to the 

experiment with HDL by the ones relative to the reference spectrum. The ratios 

calculated in this way (corrected for the dilution factor of α-synuclein) are shown in 

Fig. 4.5.5. 

 

Fig. 3.5.5 Intensity decreases of the signals of 2D 15N 1H HSQC experiments acquired at 950 MHz on α-
synuclein (100 μM) after the addition of 5 μl HDL (final concentration 28.5 mg/dL) at T = 283 K in PBS (NaCl 
137 mM) pH 7.4. The intensity ratios corresponding to overlapping peaks are highlighted in red and should be 
not taken into account. 

 

By considering the experimental uncertainties on the measure of the intensity of 

the crosspeaks, we can say, by looking at Fig. 3.5.5, that no relevant interactions 

were observed between the tested quantities of human plasma HDL particles and 

monomeric α-synuclein. 

Conclusions 
 
In our experiments human plasma HDL decreased significantly the quantity of 

fibrillary and oligomeric aggregates produced by α-synuclein. We did not observe 

any relevant interaction between monomeric α-synuclein and HDL from NMR 
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experiments. These findings suggest that the interaction between HDL and α-

synuclein may not involve the primary nucleation of the aggregates and we 

hypothesize that HDL may instead interact with α-synuclein oligomers preventing 

them to grow and to convert into fibrillar amyloids. This observation is also in accord 

with the lag-time measurements, which are primarily influenced by primary 

nucleation effects(38) and showed lower tlag values with respect to the experiments 

performed with HSA. ApoA1 is the main component of HDL in plasma but it is also 

necessary for cholesterol transportation in the central nervous system. The plasma 

level of apoA1 was found to be lower in PD patients than that in normal individuals, 

indicating a possible role for apoA1-deficency in the pathogenesis of PD.(39–41),(21) 

We hypothesize that apoA1-containig HDL, may have a protective role against PD, 

impeding the transmission and the growth of α-synuclein aggregates from cell to 

cell. Since from other works it was also shown that HDL particles are able to bind 

α-synuclein,(10) and from our data it seems that monomeric α-synuclein is not able 

to bind plasma HDL, apoA1 rich HDL may also be responsible for the transportation 

of small α-synuclein aggregates out of the brain. The antiaggregatory effect of 

plasma HDL on α-synuclein probably contributes to the antiaggregatory effect 

observed for human CSF on α-synuclein aggregation(33) . However, ApoA1 rich 

HDL is only one type of lipoproteins among the ones present CSF and we cannot 

exclude that VLDL, LDL or ApoE-rich HDL, may be involved in the antiaggregatory 

effect. 
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Chapter 4 
 

 

 

 

 

Conclusions and perspectives 
  
This PhD research project, entitled “Expression and characterization of human 

proteins involved in neurodegenerative diseases”, was focused on the application 

of molecular biology techniques and development of experimental protocols to 

express and purify α-synuclein and Aβ peptides. The proteins expressed during 

my research activity have been used to design and carry out experiments aimed 

to investigate i) the structural features of Aβ mixed filbrils assembly, ii) the 

interaction of α-synuclein with cerebrospinal fluids components, iii) the kinetics of 

the aggregation mechanism of Aβ1–40. 

The biophysical characterization of the investigated proteins has been carried out 

using NMR spectroscopy and ThT fluorescence assay. 

In detail, the analysis of the aggregation kinetics of Aβ1–40 has been obtained 

analyzing a series of 1D 1H NMR spectra of the peptide under quiescent conditions. 

The quality of the peptide in terms of purity from contaminant proteases was crucial 

to obtain reliability and reproducibility of the kinetics analysis. At this regard, one 

important results of my research activity has been the development of a protocol 

to prevent/remove the contamination of the samples from bacterial proteases 

which dramatically degrade the protein in solution and prevent the kinetic studies 

The purification of monomeric amylogenic peptides from pre-formed aggregates is 

another important goal for the analysis of the aggregation kinetics, for the 

preparation of samples of fibrils for structural studies, and for the development of 

new analytical methodologies. During this study, different protocols for Aβ and  

α-synuclein monomerization and strategies to avoid protein aggregation in the 

different steps of the samples preparation have been designed and successfully 

tested. 
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The back-to-back size-exclusion chromatography technique combined with the 

alkaline treatment of the α-synuclein and Aβ peptides samples allowed the 

obtainment monomeric final samples due to the fractionation capability of gel-

filtration purification, which let the separation of different population of oligomers 

as well as relatively pure populations of monomers, dimers and trimmers. 

In addition, Aβ degradation was then completely abolished by adding a protease 

inhibitor cocktail containing high concentration of ethylenediaminetetraacetic acid 

(EDTA), a divalent metal ions cheletors with a specific activity against 

metalloproteases, the SigmaFast EDTA-free complete protease inhibitor cocktail  

and sodium azide (NaN3) to block the proteolysis catalyzed by the residual  

bacterial contamination. The common features of the amyloidogenic proteins make 

possible the application of these experimental conditions as general standard 

protocol for the preparation of final samples of any neurodegenerative-related 

protein. 

In particular, α-synuclein, purified according the protocols developed during my 

PhD has been fundamental to analyze the interaction of this intrinsically disordered 

protein with human serum albumin. The analysis of the interaction α-synuclein with 

other biological fluids components (i.e. lipoparticles) is currently in progress, as  

well as the development of diagnostic PMCA and RT-QuIC assays for detection of 

misfolded α-synuclein in samples of CSF from patients suffering from neurological 

diseases. 

On the other hand, all the implementations done to Aβ expression and purification 

protocols were crucial to produce pure monomers for mixed fibrils assembly and 

for aggregation kinetics investigation. The reliability and the reproducibility of the 

expression profile, despite the general improvements, could be increased taking 

as a template what was achieved during this PhD thesis work. 

After their production, Aβ peptides and α-synuclein were the substrate of different 

projects focused on the investigation of the aggregation mechanism in the 

neurodegenerative process. 

To summarize all the progress done during this PhD, the investigation of the 

aggregation kinetics of the AβM1-40 peptide can be performed by in solution NMR , 

giving a complementary point of view compared to ThT fluorescence. 
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Furthermore, the “mixed” fibrils of Aβ peptides obtained with 1:1 stoichiometry can 

be definitely and more correctly referred to as “interlaced”, as was confirmed by 

SSNMR analysis. 

Concerning α-synuclein-related projects, we found that, HSA, at the concentration 

found in human serum, slows down the aggregation of α-synuclein significantly, 

supporting the hypothesis of the chaperone-like behavior of HSA. The interaction 

between HSA and α-synuclein occurred in an ionic strength and pH dependent 

manner, as was proved by NMR and ThT fluorescence assays.    . 

Finally, a stronger antiaggregatory effect was observed for Human plasma HDL 

(rich in apoA1), which decreased significantly the quantity of fibrillary and 

oligomeric aggregates produced by α-synuclein. 

 

 

 

Among the hundreds of different neurodegenerative disorders, so far the main 

attention has been given only to a small group of them, including Alzheimer disease 

(AD) and Parkinson disease (PD). It was estimated that, over the next generations, 

the proportion of elderly citizens will double and, with this, the proportion of persons 

suffering from some kind of neurodegenerative disorder. To increase the social 

impact of neurological diseases there is the evidence that, several approved drugs, 

are only symptomatic and do not stop the progression of the degenerative process. 

For this reason, in this context, all the scientific community needs further efforts to 

deeply understand the mechanisms behind these diseases of our Century: lots of 

work has been done, but there is still much to be done. 
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