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General Introduction 

The research work performed during the doctorate focused on the computational aspects 

of the kinetics of aggregation and interaction of amyloidogenic proteins involved in 

neurological disorders. 

Incorrectly folded proteins may lose their colloidal stability, resulting in the formation of 

soluble oligomers and insoluble amyloidogenic aggregates. Amyloid fibrils are protein 

aggregates characterized by a filamentous β-sheet-rich structure.1 Although specific 

amyloidogenic proteins, such as α-synuclein (α-syn), β-amyloid (Aβ), huntingtin, prion 

protein (PrP), etc., are known to be involved in neurodegenerative diseases, the current 

understanding of fibril formation mechanisms implies that at certain (sometimes non-

physiological) conditions almost every protein may form fibrillary structures.1 In the human 

organism, although there are few evidences of functional and physiological amyloids,2 these 

structures generally lead to amyloidosis by forming insoluble plaques, which accumulate in 

tissues and organs, leading to disruption of their normal functions.3,4 Some of the most 

known amyloid-related human disorders are listed below in Table 1. 

 

Disease Protein featured 

Alzheimer's disease Aβ1-40/42, Tau 

Diabetes mellitus type 2 Amylin 

Parkinson's disease α-syn 

Bovine spongiform encephalopathy PrP 

Fatal Familial Insomnia PrP 

Huntington's Disease Huntingtin 

Medullary carcinoma of the thyroid Calcitonin 

Isolated atrial amyloidosis Atrial natriuretic factor 

Atherosclerosis Apolipoprotein AI 

Rheumatoid arthritis Serum amyloid A 

Aortic medial amyloid Medin 

Prolactinomas Prolactin 

Familial amyloid polyneuropathy Transthyretin 

 Dialysis-related amyloidosis 

 

β2M 

Amyloid light-chain (AL) amyloidosis Immunoglobulin light chains 

Amyotrophic lateral sclerosis TDP-43 

 
Table 1: List of some of the most important amyloidogenic proteins and related human pathologies. 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-folding
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-aggregation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-aggregation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alpha-synuclein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amyloid-beta
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/huntingtin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/prnp
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/prnp
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amyloidosis
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Fig 1 Aggregate classification for amyloidogenic proteins. Monomers: Native and (generally) 
unfolded proteins. Oligomers: transient intermediate aggregates, soluble oligomers and protofibrils 
are known to be the most toxic species among the aggregates of amyloidogenic proteins. Oligomeric 
intermediates can either have fibrillary β-sheet structure or be in a more globular and amorphous 
state. Fibrils: last stage of aggregation, fibrils have well characterized cross β-sheet motif. Fibril 
structure, although characterized by a common cross β-sheet motif, is found be different between 
different proteins and isoforms of the same proteins (e.g. S-shape structure for Aβ1-42, U-shape 
structure for Aβ1-40). 

 

In particular, Aβ1-40 and α-synuclein (α-syn) are strictly linked to the onset and progression 

of Alzheimer’s disease (AD)5 and Parkinson’s disease (PD),6 which are the two most 

common neurodegenerative disorders. These pathologies affect more than 50 million 

people worldwide7 with enormous social and economic costs. The kinetics of the 

aggregation of amyloidogenic proteins can be very complex as both on-pathway and off-

pathway oligomeric intermediates can be formed. Furthermore, aggregates with different 

structure and different kinetic rates for growth and dissociation are possible, depending on 

the specific conditions. So, several transient species, can be formed before the formation 

of fibrils that are generally considered local minima in the energy profile of amyloidogenic 

aggregation processes.8–12 Although the mechanisms of toxicity are still not fully 

understood, what is emerging nowadays is that soluble oligomeric intermediates of Aβ and 

α-syn appear more toxic than fibrils.8 In fact, the existence of non-demented individuals with 

advanced AD neuropathology demonstrates that, at least for Aβ peptides, the plaque 

burden does not correspond to cognition impairment or degeneration,13 while both Aβ and 

α-syn oligomers were found to damage cellular membranes14–16 and to interfere with 

proteasomal function17 with a much greater extent with respect to fibrils.  

 

The first chapter of the thesis work mainly involves the biophysical aspects of the 

aggregation mechanisms of Aβ1-40, the most common and less toxic isoform of Aβ.18 

During this study, we developed a kinetic model describing the formation of oligomeric and 

fibrillary species by using data coming from solution NMR. This work started by an extensive 

literature search of the available kinetic models describing protein aggregation, from the 
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very pioneering study of Osawa19 of 1969 to the more recent models developed by of 

Knowles, Dobson and co-workers,9 that demonstrates that secondary nucleation20 can play 

an important role in the aggregation kinetics of Aβ1-42.21 Successively, we performed 

several tests to find the suitable experimental conditions for monitoring an unbiased 

aggregation by 1D 1H solution NMR experiments and, in the end, we proceeded with the 

kinetic modelling on the experimental NMR profiles of monomeric Aβ1-40. In our work we 

proved that solution NMR is a valuable technique for the investigation of the aggregation 

kinetics of the Aβ1-40 peptide that provides a complementary point of view compared to 

ThT fluorescence. We developed a computational model that fits well the trend of the 

monomer consumption and supports the existence of at least two categories of aggregates: 

oligomers and fibrils, with different rates of growth. Despite the existence of oligomeric and 

fibrillar species in Aβ1-40 aggregation is a well-established concept, the quantification of 

the aggregation rates involving these species and the development of a reliable 

computational model is an important step forward for the comprehension of Aβ aggregation 

processes. Furthermore, it makes possible to quantify the actual impact of drug candidates 

in contrasting aggregation and protein misfolding.  

 

The comprehension of the aggregation mechanism of amyloidogenic proteins has several 

possible direct applications. Among them, the recent development Protein Misfolding Cyclic 

Amplification (PMCA)22 and Real-Time Quaking Induced Conversion (RT-QuIC)23 for α-syn 

opened new doors for the early-stage diagnosis of PD and other synucleinopathies. With 

respect to this, the second chapter involves the application of the expertise earned while 

studying the aggregation kinetics of amyloidogenic proteins for the development of a 

diagnostic biophysical assay for the diagnosis of synucleinopathies. These assays work by 

amplifying the amount of α-syn aggregates in samples containing imperceptible 

concentration of aggregates. This approach makes it possible to increase the detection limit 

of α-syn aggregates present in a biological fluid or tissue homogenate, with a profound 

impact in diagnosis. The chapter starts with the review made on PMCA and RT-QuIC 

applied on synucleinopathies,24 continues with computer simulations and then, the results 

relative to the tests performed with preformed aggregates and human Cerebrospinal Fluid 

(CSF) samples are shown. In the second chapter is described, and demonstrated by several 

aggregation experiments, how the sensitivity of these assays is strongly dependent on the 

fragmentation, nucleation and elongation kinetics of α-syn aggregates, which in turn depend 

on biophysical factors such as temperature, shaking modalities, pH, ionic strength, the 
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presence of preformed aggregates, the presence of detergents, monomer starting 

concentration and the presence of CSF. 

 

From the observation that compounds present in human CSF interact with α-syn monomer 

and inhibit the aggregation of α-syn in RT-QuIC experiments, we started to investigate the 

proteostasis of α-syn in biofluids and analyzed its interaction with some of the most 

abundant compounds found in CSF and blood serum. Indeed, CSF is involved the 

spreading of α-syn aggregates in PD.25 Once some intracellular lysosomal26 and 

proteasomal17 degradation pathways are compromised (by genetics or by the action of 

fibrils and oligomers) and can no longer sustain the amount of fibrils or oligomers present 

in the cell, some of the aggregates are expelled by exocytosis25 or by passive diffusion14 in 

the extracellular environment and in CSF where some of these oligomers/fibrils can be 

transferred to blood and degraded through the brain glymphatic system.27 In chapter 3, the 

effect of some of the most abundant compounds present in CSF on α-syn aggregation was 

investigated. Surprisingly, we observed a direct interaction between monomeric α-syn and 

Human Serum Albumin (most abundant protein in CSF and serum). We found that HSA can 

interact with monomeric α-syn and to inhibit its aggregation in an ionic strength and pH 

dependent manner. This effect can be relevant in blood, due to the high concentration of 

HSA and α-syn; indeed, α-syn is found to be able to cross the Brain Blood Barrier (BBB) 

bidirectionally28 moving from CSF to blood and vice versa; moreover, it is also 

physiologically highly expressed in human red blood cells.29 Apart from being biologically 

relevant, the antiaggregatory effects of HSA on α-syn will be something to take into account 

also in future developments of α-syn RT-QuIC assays for serum samples. In chapter 3, we 

also characterized the interaction between α-syn and High-Density Lipoproteins (HDL) 

coming from human plasma, which were previously reported to inhibit Aβ aggregation in 

CSF.30 We did not observe a direct interaction between plasma HDL and monomeric α-syn 

by NMR, but we observed a drastic reduction of both oligomeric and fibrillary aggregates 

by ThT aggregation assays and conformation specific antibodies, suggesting an interaction 

between oligomeric α-syn and HDL that may exert a protective role in the human organism.  

 

The fourth chapter of the thesis is about the development of computational tools for the 

automatic assignment of 3D NOESY 1H-15N HSQC to answer the need of a fast and cost-

effective way to screen different folded proteins, with known X-ray structure. Although it may 

seem not so related to the field of neurological diseases, this project was born in late 2017 

to answer the need of a fast and cost-effective way to screen different folded proteins, with 
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known X-ray structure. This protocol can have sizeable impact in the whole structural 

biology, making possible to rapid access to NMR assignments in the large number of 

sample where the structure is already known, and without the need of 13C labelling. Since 

the approach to this problem is very general, the results of this research might be useful for 

any protein-ligand screening also outside the field of neurological disorders. 
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1 Aggregation kinetics of Aβ1-40 

1.1 Overview  

The filamentous growth processes of amyloids involve the assembly of elementary units to 

the ends of growing structures. The physical concepts of nucleation and polymerization 

applied to biofilaments date back to the work of Osawa et al.19 (1962), in which kinetic 

models have been developed to describe the formation of cytoskeletal structures. This early 

investigation of filamentous growth was focused on homogeneous nucleation of template 

units followed by linear polymerization. In the following decades, Ferrone and coworkers 

adapted these linear polymerization models for the study of protein accumulation 

diseases.10,31 In more recent years, the groups of Murphy11,12 and Dobson9,32,33 are the ones 

that more than others contributed to this field. The Dobson’s group in 2011 obtained a 

closed-form system of differential equations (also finding approximated analytical solutions) 

describing the formation of amyloidogenic fibrils, taking into account fragmentation 

mechanisms and applied the concept of “secondary surface catalyzed nucleation”32 to 

amyloid aggregation kinetics.  Apart from the growth, fragmentation, nucleation and 

secondary nucleation of fibrils, in the last years, the role of on-pathway oligomers emerged 

as a key feature of both Alzheimer’s disease and Parkinson’s disease. Recent works 

demonstrated that the formation of fibrillar aggregates depend upon the structural 

reorganization of prefibrillar oligomers.34–36 These findings suggest that considering only 

fibrillar species while studying amyloid aggregation kinetics my be too reductive. In the 

paragraph below is attached the published paper and the supporting information relative to 

the work on the aggregation of Aβ1-40 published in 2018 on Chemical Communications. 

This article is part of the themed collection “Amyloid Aggregation”,37 for which we have also 

been asked to produce an artwork for the back cover page. The supporting information is 

also provided for this work, since some of the results were not inserted in main text due to 

the strict page limit of the journal. In paragraph 1.3 are also reported some of the 

unpublished data relative to the experiments performed to find the optimal conditions to 

make the Aβ1-40 peptide aggregate in the most reproducible way. Although this data were 

not included in the publication, I think that they might be useful for other researchers. 
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1.2 Aggregation kinetics of Aβ1-40 monitored by NMR 
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1.3 Degradation issues 

The NMR experiments focused on observing the aggregation kinetics of Aβ1-40 started in 

2016, since then there have been several progresses but also problems, mainly connected 

to the degradation of the samples. Naturally unfolded proteins, like Aβ1-40 are known for 

the propensity to aggregate but, since they are very exposed to the solvent, they are also 

subjected to the action of residual proteases present in solution. Indeed, apart from the 

problems related to uncontrolled aggregation, experimenters working with recombinant 

naturally unfolded proteins may also face protein degradation issues. The very first 

experiments related to the work presented in the previous paragraph were conducted at 

298 K in an ammonium acetate buffer with 0.02% of sodium azide and a small fraction of 

SigmaFast® EDTA-free protease inhibitors (the ABSF, which is the most concentrated 

constituent of the tablet, was 10 μM in the final buffer). At first, we did not expect any 

degradation, we observed the growing of new peaks with a parallel sigmoidal decrease in 

the ones of the monomer. The sigmoidal decrease of the monomer and the concomitant 

growing of new species is shown in Fig 1.3.1 for the aromatic region (proton groups were 

assigned using a 1H -1H TOCSY experiment), but an equivalent behavior was observed for 

the methyl resonances. The sharpness of these growing peaks made us suspicious about  

the nature of the grown species, so we immediately performed a Diffusion-Ordered 

Spectroscopy (DOSY) experiment38 to obtain information about their size.  

 

Fig. 1.3.1 Series of 1D 1H NMR spectra of the aromatic region of a 60 μM sample of Aβ1-40 plotted 
together with MATLAB. Spectra were acquired with a Bruker Avance III 950 MHz NMR spectrometer, 
in ammonium acetate buffer at pH 8.5. Spectra were binned with AMIX software (bin width = 0.005 
ppm) prior to image formation. In this picture the hypothetical degradation pathways for tyrosine and 
histidine residues are shown. 
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The results of the DOSY experiment are described in table 1.3.1, gradients were not 

calibrated prior to the experiments thus, only relative diffusion constants (by using acetate 

ion diffusion constant as reference) are displayed in for peaks the in the methyl region. 

 

Table 1.3.1 Apparent diffusion coefficient ratios of methyl peaks measured with the DOSY 
experiment; the apparent values of the diffusion coefficients were rescaled on the apparent 
diffusion coefficient of acetate. DOSY experiments were performed on a Bruker Avance III 950 
MHz spectrometer at 298 K. 

 

Surprisingly, we measured apparent diffusion coefficients that were comparable to the one 

of acetate and we understood that the supposed growing species signals were rising from 

protein fragments and free amino acids. The measured apparent diffusion coefficients for 

the peaks of the new species were almost comparable the one of acetate. By applying a 

very simple formula, it is possible to give an estimate of the relative masses of these species 

by using the Stokes-Einstein relation: 

𝐷 ≅
𝐾𝑏𝑇

6𝜋𝜂𝑟
∝
1

𝑟
;  𝑚 ∝ 𝑉 ∝ 𝑟3

                            
⇒         (

𝐷𝑎𝑐𝑒
𝐷𝑖
)
3

≅
𝑚𝑖
𝑚𝑎𝑐𝑒

 

By using the measured ratios 
𝐷𝑎𝑐𝑒

𝐷𝑖
 we found that the majority of the  

𝑚𝑖

𝑚𝑎𝑐𝑒
  ratios were smaller 

than 3.4, indicating that the growing species observed were very small and probably 

produced by fragments or single amino acids detached from the initial monomer. The single 

amino acids hypothesis was also in accord with the fact that the QD resonances of three 

histidines of Aβ1-40 (they are doublets because the sample was 15N labelled) converged in 

a single doublet at the end of the experiment (Fig. 1.3.1). To understand the causes of the 

sample degradation, we started performing new experiments with a Bruker 700 MHz NMR 
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spectrometer equipped with an automatic sample changer. The use of the sample changer 

allowed us to perform many experiments at the same time at the cost of losing control on 

temperature (the sample changer was not controlled in temperature). This choice did not 

allow us to have quantitative information about the aggregation kinetics, but it was 

necessary to screen many experimental conditions in few sessions and find a way to 

prevent the degradation of Aβ1-40. The results of this screening are summarized in Table 

1.3.2. After having analysed all the data, we understood that there were two main sources 

of degradation. The most unexpected and relevant one was probably bacterial 

contamination. Indeed, adding more sodium azide or sterilizing the tube decreased the 

observed degradation; moreover, bacterial growth is compatible with the sigmoidal line 

shape observed for the decrease of monomer signals. However, we do not think that 

bacteria actively degraded the protein but rather the proteases coming from dead bacteria 

caused the degradation. It is also confirmed by literature that a quantity of 0.02% of sodium 

azide could be not sufficient to avoid contamination.39 The second hypothesized cause of 

degradation was the presence of some metalloproteases that were not blocked by the 

inhibitors, indeed, by increasing the quantity of EDTA-free inhibitors we did not stop the 

degradation, while by adding EDTA we completely stopped it (moreover EDTA at high 

concentration is also quite bactericide). In the end, we decided to use 0.2% of sodium azide 

with the previous small quantity of inhibitors (SigmaFast EDTA-free complete protease 

inhibitor cocktail) with an ABSF concentration of 10 µM and 1 mM of EDTA. To accelerate 

the kinetic processes, we also decided to raise the temperature to 310 K. With this new 

setup, we were finally able to monitor the aggregation process without degradation with 

shorter experiments in a more reproducible way. These final conditions are the one used in 

the work shown in paragraph 1.2. 
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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 

Table 1.3.2 Summary of the tests performed with the sample changer installed on a 700 MHz 
Bruker NMR spectrometer to find the optimal aggregation conditions. 
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2 Protein aggregation assays for the 

diagnosis of synucleinopathies 

2.1 Overview 

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is 

pathologically characterized by the presence, in selectively vulnerable brain regions, of 

intracytoplasmic and axonal inclusions, called Lewy bodies (LB) and Lewy neurites, 

primarily consisting of aggregated α-synuclein (α-syn).40 Accumulation and formation of 

insoluble fibrillary α-syn is usually accompanied, both as a cause and a consequence, by 

the impairment of the autophagy-lysosomal pathways, which represents one of the main 

routes implicated in the intracellular degradation of α-syn.26,41–44 The clinical diagnosis of 

PD can be very difficult in early stages of the disease, when the motor and neurological 

symptoms are still not present, with high risk of misdiagnosis. The long prodromal phase of 

PD45 provides the possibility for early therapeutic intervention, once disease-modifying 

therapies have been developed, but the lack of biomarkers for early diagnosis and 

monitoring of disease progression represents a major obstacle to the achievement of this 

goal. CSF levels of total α-syn,46 oligomeric α-syn,47 S129-phosphorylated α-syn,47 DJ-1,48 

Aβ1-42,48 tau49 and lysosomal enzymes41 are promising candidates for PD biomarkers 

although they have still low specificity and sensitivity for PD and other synucleinopathies. 

The understanding of the “prion-like” behavior of α-synuclein provided new perspectives for 

the development of new diagnostic assays. With respect to this, oligomeric and fibrillary 

aggregates of α-syn are found to spread from cell to cell both through exosomal pathways 

and by passive diffusion through CSF;25,50,51 this evidence makes the detection of misfolded 

α-syn in CSF a promising strategy for the presymptomatic diagnosis of PD. Two biophysical 

assays, born for misfolded prion protein (PrPSc) detection in biological fluids of animals and 

humans, named PMCA22 and RT-QuIC,23 have been recently applied for the detection of 

prone-to-aggregation α-syn in CSF and brain homogenates.52–55 These two assays take 

advantage on the peculiar aggregation kinetics of prion proteins by amplifying small 

amounts of aggregates in biological fluids at the expense of recombinant monomeric protein 

added in solution (further details in paragraph 2.2). The PMCA assay was also applied for 

the detection of misfolded Aβ1-42 in CSF,56 for the diagnosis of AD, but the existence of 
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accurate and reliable CSF and blood biomarkers for AD57–59 diagnosis makes the research 

on new applications of PMCA and RT-QuIC assays more valuable for PD and other 

synucleinopathies. The project of “Protein aggregation assays for the diagnosis of 

synucleinopathies” 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. The scientists involved in this research have very different 

academic background (physicians, chemists, biochemists and physicists) but they work 

together for the ambitious goal of developing assays, based on PMCA and RT-QuIC 

techniques, for the pre-symptomatic diagnosis of PD. The following chapter of the thesis 

consists on a review,24 published in 2018 in Frontiers in Neurology. This review contains all 

the relevant literature about the application of PMCA and RT-QuIC assays for the detection 

of misfolded α-syn in biological fluids and may serve as an introduction (for the sake of 

brevity the introduction of paragraph 2.3 is not included) for the unpublished results present 

in paragraphs 2.3 and 2.4. I would also like to take advantage of this thesis to report two 

very recent studies in this field that were not included in the review. The first one is the very 

interesting work of the group of Prof. A. J. Green, which  performed a pilot study to evaluate 

the ability of α-syn  RT-QuIC in stratifying PD patients;60 the second one is a comparative 

study conducted by the group of Prof. Claudio Soto in collaboration with the group of Prof. 

A. J. Green in order to validate α-syn PMCA and α-syn RT-QuIC in an independent cohort 

of patients and control individuals.61 This last study confirmed the incredible diagnostic 

potential of these two techniques. The two research groups, considering the similarities of 

α-syn PMCA and α-syn RT-QuIC agree that the name “seeding aggregation assays” (SAA) 

can group up the two techniques for the future.  
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2.2 Review on PMCA and RT-QuIC techniques applied for 

synucleinopathies 
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2.3 Impact of experimental factors on α-syn PMCA and RT-

QuIC assays (manuscript in preparation) 

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-syn. 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.62 

and Huang et al.63. 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. Surnatants 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-syn) 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-syn 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-syn is 4.67) experience an 

electrostatic repulsion that impedes the aggregation and favors the dissociation of small 

aggregates.64,65 The solution of α-syn 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 
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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.66 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.52 (T = 310 K, 29 min. incubation, 1 min. shaking at 500 rpm) 

or to the one of Groveman et al..54 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-syn 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. 

 

Results & 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.52 and by Arosio et 

al.,67 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. 2.3.1) with variable fragmentation (Fig. 

2.3.1) was enough to reproduce an approximate linear relation (see Fig. 2.3.2). This result 

is in accord with the fact that, for α-syn, secondary nucleation can be neglected with respect 

to elongation and fragmentation at pH above 6.0.68 
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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
             (2.3.1) 

 

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; 

 𝑘𝑓𝑟𝑎𝑔(𝑡) = 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒; 𝑃𝑓(𝑡) = 𝑓𝑖𝑏𝑟𝑖𝑙 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛; 𝑀𝑓(𝑡) = 𝑓𝑖𝑏𝑟𝑖𝑙 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠  

 

 

Fig. 2.3.1 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. 
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Fig. 2.3.2 By numerically integrating the differential equation system in Eq. 2.3.1 with a Runge-
Kutta69 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. 2.3.2 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. 

Variables influencing α-syn RT-QuIC 

We evaluated the impact on α-syn 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-syn is reported in 

literature to be beneficial for reducing the fibrillization time and for increasing the 

homogeneity among replicates.66 Actually, by making tests on equivalent samples with and 

without glass beads, we found that is actually the case. In Fig. 2.3.3 are shown the ThT 

fluorescence profiles of α-syn samples with seeds, subjected to a PMCA protocol, with and 

without glass beads. The replicates in Fig. 2.3.3 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. 2.3.3 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. 2.3.3 Monomeric α-syn 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. 2.3.4. 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. 2.3.4 Monomeric α-syn 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-syn aggregation 

was due to the addition of human CSF. From α-syn aggregation experiments we observed 

that CSF is able to slow down reproducibly and significantly the aggregation process, 

probably due to the interaction of α-syn with some compounds present in the human 

biofluid. We tested the antiaggregatory effect of CSF on α-syn by RT-QuIC ThT 

fluorescence assays by adding aliquots of CSF of neurological controls (Fig. 2.3.5 A). 

Results similar to the one shown in Fig. 2.3.5 A were obtained also using PBS buffer and 

CSF from other controls subjects, PD patients and DLB patients. 
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Fig. 2.3.5 A) RT-QuIC assay performed using 0.8 mg/mL of recombinant α-syn 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-syn. The smaller amplitude ratios at the N-terminus and at the NAC region of α-syn 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-syn monomers with human 

CSF with solution NMR (Fig. 2.3.5 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-syn aggregation was 
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previously reported by Shahnawaz, Soto and coworkers52 but was not further investigated. 

In 2016 Linse and coworkers30 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 seen from paragraph 3.2, 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-syn 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.70 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-syn 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. 2.3.4, 

2.3.5, 2.3.6 and Fig. 2.3.7. In Fig 2.3.4 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 of the oligomeric/fibrillary 
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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. 2.3.2), using 

OriginPro 9.0. In the non-linear curve fitting procedure used, the parameters A1, A2, t0 and 

dt of Eq. 2.3.2 were let free. 

𝑦(𝑡) = 𝐴2  +
𝐴1−𝐴2

1 +exp(
𝑡−𝑡0
𝑑𝑡
)
                                                         (2.3.2)  

The results of the fitting are shown in Fig. 2.3.4 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.52,67
 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. 

 

Fig. 2.3.4 A) RT-QuIC assay performed using 0.125 mg/mL of recombinant α-syn 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 
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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. 2.3.4 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 first part of the aggregation curves 

extracting the t0 parameters with the sigmoidal fitting (Fig. 2.3.5 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.,54 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) (2.3.3) 

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. 2.3.5 C). The averages 

of the lag-times (estimated with the threshold method of Eq. 2.3.3) 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. 2.3.5 D. 
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Fig. 2.3.5 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-syn 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. 

2.3.4 C. The tested protocol was still able to differentiate seed masses with an upper 

detection limit of 0.02 pg. In Fig. 2.3.6 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. 2.3.6 A 

and in Fig.2.3.6 B. 
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Fig. 2.3.6 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-syn 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-syn 
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-syn 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-syn 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. 2.3.6 B and Fig. 2.3.6 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. 2.3.6 A, while for the 0.08 mg/ml 

monomer concentration it was still not reached after 250 h. The increased number of beads, 
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with respect to Fig. 2.3.5 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 

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.2.3.7 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. 2.3.6 D and from Fig. 2.3.7 B. 

 

Fig. 2.3.7 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-syn 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-syn was 

extensively and accurately characterized by Otzen and coworkers71 and it is currently used 

to increase the speed and reproducibility of screening assays to measure the effects of 

antiaggregatory compounds on α-syn fibrillization.72 
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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 2.3.1: 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-syn 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 2.3.1, the addition of SDS dramatically accelerated the 

aggregation kinetics of α-syn both in seeded and unseeded experiments. The SDS-induced 

α-syn fibrils are known for containing a mixture of α-helix and β-sheet and their morphology 

differs from that of only agitation-induced α-syn fibrils. Anyway, the two morphologies can 

interconvert and, thanks to temperature and strong agitation, converge into ThT responsive 

structures rich in β-sheet motifs.71 

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 nucleated-polymerization 

kinetic models for protein aggregation,32 like the one described in Eq. 2.3.1, the monomer 

concentration dependence of the nucleation kinetics is of a higher order with respect of the 
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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.66 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 

kinetics10,73 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-syn 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-syn 

for the tested condition, this result is perfectly in accord with previous studies of Otzen and 

co-workers,71,72 who accurately characterized the SDS-induced aggregation of α-syn. 

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-syn (isoelectric point: 4.67) experience an 

electrostatic repulsion that makes nucleation and the growth of aggregates energetically 

less favorable.64,65  

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-syn and CSF was confirmed by 

solution NMR with 1H 15N HSQC 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-syn and slow 

down its aggregation. 
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2.4 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-worker52 with the addition of  glass beads, a combination which 

showed to be able to detect seed masses below 2∙10-14 g. In Fig. 2.4.1 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. 2.4.1 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. All the lag-rates were calculated as 

the inverse of the lag-times calculated as described in Eq. 2.4.3. 

 

Fig. 2.4.1 RT-QuIC assay performed  using 0.5 mg/mL (A) and 0.67 mg/mL (B) of recombinant α-
syn 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 lag-rates 
were calculated as inverse of lag-times calculated as described in Eq. 2.4.3. 

 

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-syn 
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aggregates plays a major role in these kind of assays. To diminish the spontaneous 

nucleation of α-syn 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. 2.4.2 A. 

 

Fig. 2.4.2 RT-QuIC assay performed using 0.16 mg/mL of recombinant α-syn 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. 2.4.2 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.54 These changes 

consisted in decreasing the reaction volume to 100 μl, with 85 μl of reaction buffer and 15 
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μl of CSF. The final solution consisted in 40 mM phosphate buffer (pH 8.0), 170 mM NaCl 

with 0.1 mg/ml monomeric α-syn and 10 μM ThT. The only differences with the published 

protocol were the absence of SDS, the use of wild-type α-syn 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.54 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-syn), this time some of the wells produced 

fluorescence and the results are shown in Fig. 2.4.3. Although some of the wells produced 

fluorescence, not all CSF from PD patients reacted to the added α-syn 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. 2.4.3 RT-QuIC assay performed using 0.08 mg/mL of recombinant α-syn 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 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. 2.4.4. 
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Fig. 2.4.4 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-syn 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-syn, 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 

PMCA52 and RT-QuIC53,54 for the diagnosis of synucleinopathies. In our experiments, we 

determined the antiaggregatory effect of CSF as one of the main variables affecting α-syn 

aggregation, this effect was previously observed by the group of Soto52 but not investigated. 

The unknown compounds present in CSF that can modulate α-syn 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 
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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-syn 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-syn, 

will provide information about the physiological proteostasis of α-syn in CSF and on novel 

possible targets for PD treatment or prevention strategies. The CSF plays a key role in the 

brain glymphatic system74,75 and the deficiency of one of these components, with a 

consequent decreased waste-clearing ability of CSF,76 may be implicated in the 

pathogenesis of PD and other synucleinopathies.77 

  



 

68 

 

 

  



 

69 

 

3 Proteostasis of α-syn in biological fluids 

3.1 Overview 

Since 1995, when α-syn was recognized as amyloidogenic protein78 and few years later as 

the main component of Lewy bodies,40 the scientific community started to investigate its 

physiology in the cytosol (α-syn accounts for about 1% of the cytosolic proteins in brain 

cells79) and what changes or misfunctions in the cytosolic environment can lead to the onset 

of amyloidoses.4 The interaction with membranes,80,81 molecular chaperones82–84 and the 

impairment of lysosomal26,85 and proteasomal17,86 functions showed to be some of the most 

important variables regulating the folding of α-syn and the removal of amyloidogenic 

aggregates inside the cell. Nowadays the spreading of α-syn misfolding in PD and other 

synucleinopathies is thought to be both systemic (produced by lysosomal and proteasomal 

dysfunctions) and prionic (spreading of the misfolding from cell to cell).6,7,25,87 The prion-like 

transmission of α-syn misfolding was thought to be mostly exerted through axons and 

synaptic terminals.77,88 Anyway, since almost a decade, the discovery of pathological α-syn 

aggregates in CSF25,50 led to a better comprehension of other mechanism of transmission, 

like passive diffusion and exosomal pathways.25,51,89 The presence of misfolded α-syn in 

CSF brought to development of protein aggregation assays for the detection of prone to 

aggregation α-syn in CSF. These assays opened new doors for the presymptomatic 

diagnosis of synucleinopathies,24,52–55,90 while the discovery of the aggregates clearance 

ability of the CSF-related glymphatic system in amyloid related diseases27,74,75 highlighted 

possible new therapeutic strategies.91 In this context, the comprehension of the interaction 

of α-syn with CSF and other biofluids (the subject of the following chapter) becomes 

extremely important. The data presented in paragraph 2.3.1 showed that the human 

cerebrospinal fluid somehow interacts with monomeric α-syn and strongly inhibits its 

aggregation, suggesting the existence of physiological mechanisms of α-synuclein 

proteostasis in CSF. This chapter aims to unveil some of the endogenous compounds 

present in the human CSF that are responsible for the inhibitory effect and to characterize 

their interaction with monomeric and aggregated α-synuclein.  
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We started our analysis by measuring the effects on α-syn aggregation of HSA and human 

plasma-derived HDL, since some commercial products were easily accessible and 

because: 

• HSA is the most abundant protein in serum and CSF (although is hugely diluted 

compared to serum) and recently showed an inhibitory effect on α-synuclein 

aggregation.  

• CSF HDL showed anti-aggregation properties, inhibiting the aggregation of Aβ,30 

and it is also established that α-syn has many similarities with apolipoproteins and 

interacts with them.92 

Solution NMR with 15N labelled recombinant α-synuclein and protein aggregation assays 

were used to characterize the interaction and quantify the strength of the inhibitory effect of 

each selected commercially available compound on α-synuclein aggregation.  

The outcome of this line of research will provide a better comprehension of the onset of 

neurological disorders and the impact of ageing on α-synuclein proteostasis in CSF and 

other biofluids, highlighting endogenous compounds that may be suitable targets for drug 

discovery. Moreover, a better understanding of the inhibitory effect of CSF would be of great 

interest for further developments of the RT-QuIC assay for the diagnosis of 

synucleinopathies, which mainly relies on the monitoring of the aggregation of α-synuclein 

in presence of CSF. 
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3.2 Human serum albumin and α-synuclein (accepted 

manuscript)  
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3.3 Human plasma HDL prevents the formation of α-synuclein 

oligomers and fibrils (manuscript in preparation) 

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),93–

95 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).96 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).97 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.95,98,99 While apoE is found to be the main constituent of HDL particles in CSF (see 

Table 3.3.1), apoA1 is the main constituent of HDL in plasma.94,100 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.101 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.96 HDL are reported have an impact in many neurodegenerative disorders. 

apoE plays a crucial role in AD, mild cognitive impairment102 and Creutzfeldt-Jakob disease 

(CJD).103,104 In particular, the APOE ε4 allele is strongly associated with the sporadic late-

onset AD.105–107 Conversely, no association was found between apoE and PD,108 while lower 

levels of apoA1 were rather measured in the plasma of PD patients with respect to 

controls.109–111 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)112 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),113 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 carriers.114 

https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Lipoprotein
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Recently, CSF HDL was shown to retard Aβ42 aggregation in an apoE ε4-dependent 

manner.30 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-syn aggregation.92 In this work we investigate the effect of plasma HDL, rich in 

apoA1 apolipoproteins, on α-syn aggregation and if the inhibitory effect of human CSF on 

α-syn aggregation, observed in a previous study (paragraph 2.3), may be produced by HDL. 

Our hypothesis is that these compounds naturally prevent the formation of fibrils and 

oligomers by interacting with α-syn aggregates and not directly with α-syn monomers. 

Fluid matrix apo E (mg/dl) apo A1 (mg/dl) 

CSF 

0.3 ± 0.2115 0.3 ± 0.2115 

1.0 ± 0.1116 0.33 ± 0.05116 

0.4 ± 0.2117 0.4 ± 0.2117 

0.5 ± 0.3118 0.3 ± 0.2118 

Plasma 
7 ± 5115 140 ± 50115 

8 ± 1118 270 ± 20118 

Table 3.3.1: 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.62 and Huang et al.63. 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. Surnatants derived from these two centrifugation steps, were 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 
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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-syn) 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-syn aggregation experiments  

The lyophilized aliquots α-syn 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-syn is 4.67) experience an 

electrostatic repulsion that impedes the aggregation and favors the dissociation of small 

aggregates.64,65 The solution of α-syn 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.66 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.52 (T = 310 K, 29 min. incubation, 1 min. shaking at 500 rpm). Once every 

30 minutes, the 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 
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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-syn 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-syn 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 

experiment119 for both the sample containing HDL and the reference one. 

Results and Discussion 

To test the effects of HDL on α-syn 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.120 We applied the PMCA shaking/incubation protocol of Shahnawaz, Soto and 

coworkers52 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-syn alone consisted in 100 μM monomeric α-syn, 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-syn 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-syn and HDL (averaged on 
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replicates).  By looking at the ThT fluorescence profiles of Fig. 3.2.1, it is evident that the 

addition of increasing quantities of HDL to the solution had an impact on α-syn aggregation. 

 

Fig. 3.3.1 Monomeric α-syn 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. 3.3.1), 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. 

𝑦(𝑡) = 𝐴2  +
𝐴1−𝐴2

1 +exp(
𝑡−𝑡0
𝑑𝑡
)
        (3.3.1) 

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 
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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) 

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 3.3.2. In the Table, the values relative to the 

experiments performed in PBS with α-syn and HSA (Paragraph 3.1), Which were measured 

during the same acquisition, on the same plate and with the same batch of α-syn, are also 

reported for comparison. 

Sample tlag (h) t0 (h) A2 - A1 (a.u.) 

α-syn alone 28.3 ± 0.5 105 ± 2 (1.7 ± 0.2) ∙ 104 

α-syn + 12 mg/dL HDL 44 ± 4 176 ± 6 (1.4 ± 0.3) ∙ 103 

α-syn + 58 mg/dL HDL 82 ± 7 119 ± 9 (3.7 ± 0.9) ∙ 102 

α-syn + 4.5 μM HSA 30 ± 1 116 ± 3 (2.2 ± 0.2) ∙ 104 

α-syn + 100 μM HSA 61 ± 1 114 ± 2 (1.33 ± 0.07) ∙ 104 

α-syn + 640 μM HSA 130 ± 10 141 ± 6 (8 ± 2) ∙ 103 

Table 3.3.2: Measured tlag, t0 and A1-A2 values for samples containing α-syn 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-syn 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 3.3.2 by the A2-A1 parameter. The measured amplitudes are also 

depicted in the column plot present in Fig. 3.3.2, which can better show the difference in 

the A2-A1 values of the sample containing α-syn and HDL from the ones containing α-syn 

and HSA or α-syn alone. 
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Fig. 3.3.2 Measured A1-A2 values coming from the sigmoidal fitting of the ThT profiles relative to 
samples containing α-syn 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.107  

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 oligomers122 
and recently showed the ability to impair the proteasome function.17 As can be seen from 
Fig. 3.3.3 and Fig. 3.3.4, control samples without α-syn did not bind to any of the two 
antibodies, while the samples containing α-syn and HDL produced some OC and A11 
oligomers but in a much lower quantity with respect to the samples containing α-syn and 
HSA. This result is in accord with the ThT measurements which reported a lower quantity 
of fibrils for samples containing α-syn and HDL. 
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Fig. 3.3.3 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-syn 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. 3.3.4 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-syn 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 Allsop92 showed that α-syn, apoA1, apoJ and apoE could be 

detected by immunoprecipitation in plasma both with anti-α-syn and anti-apolipoprotein 

antibodies, suggesting a possible direct or indirect interaction between α-syn and plasma 

HDL. To test if the inhibitory effect of plasma HDL on α-syn aggregation could be produced 

by the direct interaction with α-syn monomer, we performed a 2D 15N 1H NMR HSQC 

experiment with 15N isotopically enriched α-syn. After having acquired a reference spectrum 

with α-syn 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-syn) are shown in Fig. 

3.3.5. 

 

Fig. 3.3.5 Intensity decreases of the signals of 2D 15N 1H HSQC experiments acquired at 950 MHz 
on α-syn (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. 3.3.5, that no relevant interactions were observed 

between the tested quantities of human plasma HDL particles and monomeric α-syn. 

Conclusions 

In our experiments human plasma HDL decreased significantly the quantity of fibrillary and 

oligomeric aggregates produced by α-syn. We did not observe any relevant interaction 

between monomeric α-syn and HDL from NMR experiments. These findings suggest that 

the interaction between HDL and α-syn may not involve the primary nucleation of the 

aggregates and we hypothesize that HDL may instead interact with α-syn oligomers 
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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 effects33 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.109–111,113 We hypothesize that apoA1-

containig HDL, may have a protective role against PD, impeding the transmission and the 

growth of α-syn aggregates from cell to cell. Since from other works it was also shown that 

HDL particles are able to bind α-syn,102 and from our data it seems that monomeric α-syn 

is not able to bind plasma HDL, apoA1 rich HDL may also be responsible for the 

transportation of small α-syn aggregates out of the brain. The antiaggregatory effect of 

plasma HDL on α-syn probably contributes to the antiaggregatory effect observed for 

human CSF on α-syn aggregation52 (Fig. 2.3.5). 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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4 Automatic assignment of 3D NOESY 

1H-15N HSQC for protein-ligand, protein-

protein interaction studies. (manuscript in 

preparation)  

4.1 Introduction 

This last chapter of my PhD thesis involves the problematics of automatic assignment of 

1H-15N HSQC (Heteronuclear Single Quantum Coherence spectroscopy)119 which is a 

current crucial problem in the NMR and drug-discovery communities.123 AD and PD, which 

are the two most common neurodegenerative disorders affecting humans, still lacks in 

therapeutic agents able to stop or decrease the protein accumulation and misfolding 

processes that lead to neurodegeneration. Many groups in the scientific community are 

investigating the role of small molecules in inhibiting α-syn70,124 and Aβ125–127 misfolding but 

nowadays some of them are considering also the therapeutic effect of proteins and 

antibodies.128,129 Drug discovery and testing with NMR is usually conducted by performing 

1H-15N HSQC  experiments. 1H-15N HSQC is a powerful experiment to quickly test if there is 

an interaction between a 15N labelled protein (e.g. an anti-Aβ antibody) and another ligand 

or an unlabeled protein/peptide (e.g. Aβ or α-syn). The amide protons are in fact very 

sensitive both to the variations of the chemical environment and the dynamics of complex 

formation, providing residue specific information (except for prolines). A limiting step of 

these kind of experiments is the assignment procedure, which is usually very time 

consuming and requires triple resonance experiments with expensive 13C labelling, to obtain 

the backbone sequential assignment. Some programs, like FLYA130 and MARS,131 make 

use of 1H-13C HSQCs, 1H-15N HSQCs and 3D 13C and 15N NOESY experiments to perform 

automatic backbone assignment. For drug discovery purposes it will be very intriguing to 

perform faster experiments by using only 15N labelled samples. A first trial of a program of 

this kind was made in 2004 by Langmead and Donald with the developing of NVR,132 a 

MATLAB package for automatic assignment of HSQCs that makes use of protein X-ray 

structure, chemical shifts, Nuclear Overhauser Effects (NOEs), Residual Dipolar Couplings 
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(RDCs) and hydrogen/deuterium exchange rates to perform automatic backbone 

assignment using bipartite graph matching routines133 and an expectation/minimization 

algorithm.  

Our first attempt to obtain the automatic backbone assignment from only 15N labelled 

samples was performed in 2017, the software was thought to use only RDCs and chemical 

shifts for the automatic assignment procedure. Although we obtained very good 

assignments for proteins with NMR refined structures134 (more than 90% of the assignments 

were correct) the majority of other proteins with not refined (by NMR) X-ray structures had 

a too much high Q-factor to produce a reliable fitting of the alignment tensor. Therefore, we 

recycled most of the algorithms we already developed to build a new software that uses 

NOEs as the main source of information together with the X-ray structure and chemical 

shifts. The core algorithm that it is used in the current strategy is the so-called Hungarian 

method, which is a combinatorial optimization algorithm that exactly solves the assignment 

problem by the minimization of a global cost function in polynomial time.135 In our case, we 

set the global cost function as the sum of the “distances” (see 4.3.2) between experimental 

and simulated peaks. The general strategy I followed for the development of this project 

consisted on simulating a 3D 1H 15N NOESY HSQC spectrum, by using published PDB files 

and predicted chemical shifts, and assigning the crosspeaks and the NOE strips of the 

simulated HSQC to the experimental ones by the Hungarian routine. 

 

4.2 Scheme of the software 

The current implementation of the Python 2.7 assignment software is summarized and 

schematized in the following paragraphs: 

4.2.1 Input  

The goal of the proposed assignment strategy is to “squeeze” as much information as 

possible from 1H-15N NMR spectra and published X-ray structures without relying on much 

more expensive 13C labeled samples and more time-consuming NMR experiments. Thus, 

here are the requested inputs of the current implemented strategy: 

Optional simulated NOEs (CORMA), RDCs  

Required: protein PDB, experimental 3D 1H 15N NOESY HSQC peaklist, ShiftX2 

simulated CS. 

https://en.wikipedia.org/wiki/Combinatorial_optimization
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Assignment_problem
https://en.wikipedia.org/wiki/Assignment_problem
https://en.wikipedia.org/wiki/Polynomial_time
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The major source of information of the current assignment procedure are the SHIFTX2 

chemical shift predictions.136 Other chemical shift predictors were tested (SPARTA+,137 

SHIFTX138 and CAMSHIFT139) on a set of 2D 1H 15N HSQC spectra of GB3, ubiquitin, 

MMP12, S100β and lysozyme, but SHIFTX2 produced the best results in every trial in terms 

of root mean square deviation between simulated and experimental chemical shifts. 

4.2.2 Assembly of the simulated 3D 1H 15N NOESY HSQC 

The simulated NOEs are modelized by considering the atom coordinates and distances 

(from the protein PDB file) between the amide protons (NH) and all the other spin groups in 

the following way: 

  𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑁𝑂𝐸 =
𝑚

𝑟6
      (4.2.1) 

Where r is the distance between the NHs and the spin groups and m is the number of spins 

composing the group (i.e. 3 for methyl groups). A threshold of (4.5 Å)
−6

 is used to exclude 

too weak NOEs from the analysis. This simplistic way to describe NOEs neglects spin-

diffusion and it is a current limit of the software. A more accurate description of the NOE 

should, and will be used in a next implementation. In a previous attempt, CORMA140,141 was 

used to predict NOEs from a protein PDB knowing the mixing time of the experiment, 

however, the very old implementation of this software made it very impractical to be used 

for proteins with more than 100 residues.  

The 1H and 15N frequencies are taken from the SHIFX2 output file (eventual missing 

frequencies are taken from the statistical BMRB values) and linked to the NOE values to 

form the simulated spectrum organized in a python list of lists. 
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Fig 4.2.1 Graphical representation of simulated (green) and experimental (light red) 3D 1H 15N 
NOESY HSQC spectra of ubiquitin. The experimental spectrum was obtained at pH 7.0 at 293 K with 
a mixing time of 0.8 ms, the simulated one was originated from a crystallographic structure (PDB 
code: 3NHE).  

 ↓ 

4.2.3 Filtering of datasets 

The experimental peaklist is filtered by a static threshold of 10-4 that eliminates negative 

peaks and peaks originated from noise. Double peaks are also removed by discarding NOE 

duplicates originating from automatic peak picking, the double peak remover always 

includes at least one auto-peak. If a second peak is found, which differs from the HN 

frequency, within a tolerance of 0.055 ppm, then it is discarded. The difference in frequency 

between duplicated peaks is calculated in absolute value but also with sign in order to 

identify possible static biases. The crosspeaks intensities are then normalized to one.  

Both the experimental NOE intensities and the simulated ones, calculated through Eq. 

4.2.1, are clustered in 3 classes (3 = strong, 2 = medium, 1 = weak) by a K-means 

algorithm.142 At the end of the clustering procedure, the crosspeaks intensities are replaced 

by the labels of the clusters (3, 2, 1). 

4.2.4 Assignment 

The experimental peaks in the HSQC are assigned to the peaks in the simulated spectrum 

with the Hungarian algorithm (Kuhn-Munkres algorithm135). This algorithm provides an 

optimal solution to assignment problems by minimizing a global cost function. In practice, it 

works by moving rows and columns of a distance matrix in order to find the global minimum 

of the trace, thus the assignment obtained in this way is an exact solution that depends only 
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on how the cost matrix was build. In this case each element Dij of the distance matrix is 

evaluated by considering the differences in chemical shifts and magnitude of NOEs 

between the experimental ith element and the simulated jth element. The exact definition and 

implementation of the “distance” between experimental and simulated points of the 3D 1H 

15N NOESY HSQC is described in paragraph 4.3.1. 

4.2.5 Reliability 

The reliability of the Hungarian assignment can be assessed with the gaussian density 

(fast execution) or STAUCSY (very accurate but slow execution) estimators. These 

original algorithms for assignment reliability estimation are described in the section 4.3.2. 

 

4.3 Original Methods 

4.3.1 Distance estimators 

In order to perform the Hungarian assignment procedure, it is necessary to give an estimate 

of the “distance” between each simulated and experimental strip of the 3D 1H 15N NOESY 

HSQC. This distance that gave us the best results, that we dubbed 𝑑3𝐷, is computed in the 

following way: 

𝑓𝑠
𝑘(𝑥) = ∑

𝑎𝑖,𝑘

√2𝜎𝑖
𝑒

(𝑥−𝑥𝑖,𝑘)
2

2𝜎𝑖
2

𝑁𝑠𝑖𝑚
𝑘

𝑖=0 

;  𝜎𝑖 =
𝜎𝑖,𝐵𝑀𝑅𝐵
3

 

𝑓𝑒
𝑙(𝑥) = ∑

𝑎𝑖,𝑙

√2𝜎
𝑒
(𝑥−𝑥𝑖,𝑙)

2

2𝜎 
2

𝑁𝑒𝑥𝑝
𝑙

𝑖=0 

;  𝜎 =
𝜎𝑎𝑣𝑔,𝐵𝑀𝑅𝐵
  

3
 

𝑑𝑁𝑂𝐸(𝑙, 𝑘) = ∫ |𝑓𝑠
𝑘(𝑥) − 𝑓𝑒

𝑙(𝑥)|𝑑𝑥 

𝑑3𝐷
 (𝑙, 𝑘) = (1 − 𝑤0)√

𝑑𝐻𝑁
2 (𝒙𝑙 , 𝒙𝑘)

𝜎𝐻𝑁,𝐵𝑀𝑅𝐵
2 +

𝑑𝑁
2 (𝒙𝑙 , 𝒙𝑘)

𝜎𝑁,𝐵𝑀𝑅𝐵
2 +𝑤0𝑑𝑁𝑂𝐸

 (𝑙, 𝑘) 

In the above formulae, 𝑑𝐻𝑁
2  is the squared difference between the proton chemical shifts in 

the HSQC spectrum, 𝑑𝑁
2  is the squared difference between the proton chemical shifts in the 

HSQC spectrum, the 𝜎𝐻𝑁,𝐵𝑀𝑅𝐵
2  and 𝜎𝑁,𝐵𝑀𝑅𝐵

2  are the variances for the amide proton and 
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nitrogen taken from the BMRB statistics. 𝑑𝑁𝑂𝐸
  is a distance obtained by calculating the 

integral of the absolute value of the difference between linear combination of gaussian 

functions built to represent the experimental and the simulated NOE crosspeaks. The 

amplitudes of the gaussians 𝑎𝑖,𝑘 and 𝑎𝑖,𝑙 are set to the values 1, 2, 3, which were assigned 

to the resonances by the K-means clustering of the simulated and experimental crosspeaks, 

the 𝜎𝑖 are the standard deviations for the simulated NOE crosspeaks, which are set to one 

third of standard deviation value taken from the BMRB statistics for the specific proton and 

type of residue, the 𝜎 are the standard deviations relative to the experimental NOE 

crosspeaks, since the assignment is not known, they are set to one third of the average 

standard deviation of proton chemical shifts values taken from the BMRB statistics, 𝑥𝑖,𝑘 and 

𝑥𝑖,𝑙 are the chemical shifts relative to the simulated and experimental crosspeaks on which 

the gaussian functions are centered. The weight 𝑤0, up to now, is empirically optimized but 

it can be also automatically set to a minimum cost value by applying a L-curve regularization 

approach.143 

Another distance that was used in some tests, that we dubbed 𝑑3𝐷𝐻 , is computed in the 

following way: 

𝑑3𝐷𝐻
2 (𝒙𝑖; 𝒙𝑗) = (1 − 𝑤0)√

𝑑𝐻𝑁
2 (𝒙𝑖; 𝒙𝑗)

𝜎𝐻𝑁
2 +

𝑑𝑁
2 (𝒙𝑖; 𝒙𝑗)

𝜎𝑁
2 +𝑤0𝑑𝑁𝑂𝐸

2 (𝒙𝑖; 𝒙𝑗) 

𝑑𝑁𝑂𝐸𝐻
2 (𝒙𝑖; 𝒙𝑗) = min

𝑙(𝑘)
(∑𝑑𝐻𝑁𝑂𝐸

2 (𝑥𝑘; 𝑥𝑙(𝑘)) + 𝑤3𝑑𝑟𝑎𝑛𝑘
2

𝑘

(𝑥𝑘; 𝑥𝑙(𝑘))) 

Where 𝑑𝐻𝑁
2  is the squared difference between the proton CS in the HSQC, 𝑑𝑁

2  is the squared 

difference between the proton CS in the HSQC, 𝜎𝐻𝑁
2  and 𝜎𝑁

2 the respective variances 

(calculated from the simulated CS) and 𝑤0, 𝑤1 and 𝑤2 are weights empirically optimized. 

𝑑𝐻𝑁𝑂𝐸
2  is the squared difference between the CS of a crosspeak present in the simulated 

strip with another in the experimental one, 𝑑𝑟𝑎𝑛𝑘
2  is the difference in ranks (e.g. 3, 2 and 1 

for strong, medium and weak) between the same crosspeaks and 𝑑𝑁𝑂𝐸𝐻
2  is calculated as 

the minimum of the sum of 𝑑𝐻𝑁𝑂𝐸
2 +𝑤3𝑑𝑟𝑎𝑛𝑘

2  obtained by performing an Hungarian algorithm 

to assign (the assignment is represented by the term 𝑙(𝑘) in the equations) the crosspeaks 

in the simulated strip to the experimental ones. Although this last strip to strip distance 

estimator 𝑑3𝐷𝐻
2  provides some advantages, it is very time consuming and less robust than 

the 𝑑3𝐷 estimator. 
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4.3.2 Reliability estimators 

The Montecarlo STAUCSY algorithm was developed in order to find a way to estimate the 

reliability and consistent alternatives of an assignment without knowing the correct solution. 

The algorithm, was inspired by the Kendall’s tau correlation coefficient144 and the 

STOCSY145 experiment (used in metabolomics). The instructions to perform the algorithm 

and the pseudocode of the Montecarlo STAUCSY are present below: 

- Perturbate randomly 𝑛 times both the 1H and 15N chemical shifts of the simulated 
dataset. 

- Perform the chemical shift assignment for 𝑛 times and build an assignment matrix 
A whose rows contains the assigned residues corresponding to the same peak 
identified by the row number, if you have 𝑚 experimental 2D points to assign, A 

should be an 𝑚 𝑥 𝑛 matrix. 
- Evaluate a “pseudo-Kendall’s tau” between the rows of the assignment matrix A 

and build the Montecarlo STAUCSY matrix S: 
𝑓𝑜𝑟 𝑖 ∈ [0,𝑚] 
    𝑓𝑜𝑟 𝑗 ∈ [0,𝑚] 
        𝑐 = 0 
        𝑓𝑜𝑟  𝑘 ∈ [0, 𝑛] 
           𝑓𝑜𝑟  𝑙 ∈ [0, 𝑛] 
                𝑖𝑓  𝐴𝑖𝑘 = 𝐴𝑗𝑙  

         
→   𝑐 = 𝑐 + 1 

        𝑆𝑖𝑗 =
𝑐

𝑛2
 

 
The Montecarlo algorithm allow us to obtain a more robust assignment with alternatives. To 

better visualize the outcome of the STAUCSY algorithm the pseudo-tau values are 

organized in a matrix 𝑆𝑖𝑗  whose columns and rows are sorted with a reversed Cuthill–McKee 

algorithm146 in order to minimize the bandwidth of this almost sparse matrix (see Fig. 4.3.1). 

By just looking at how many times during the Montecarlo procedure a certain experimental 

strip has been assigned to a simulated one it is possible to find alternatives to the minimum 

cost assignment. Moreover, by looking at the STUCSY matrix 𝑆𝑖𝑗, if a row has a low tau 

value with itself and a non-zero tau with another row it might mean that the assignments of 

those rows can be exchanged with a minimum variation of the cost function. 
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Fig. 4.3.1 Heatmap showing the STAUCSY matrix relative to an assignment performed on ubiquitin. 
White diagonal elements in the matrix never change their assignment during the Montecarlo 
perturbation, don’t have any off-diagonal correlation and are placed on the bottom right side of the 
matrix, thanks to the reversed Cuthill–McKee algorithm. Darker elements instead are the ones that, 
during the Montecarlo perturbation change their assignment, a flux of exchange between assignment 
manifests as an off-diagonal correlation. If there is a single intense off-diagonal correlation, as in the 
example above for residues 65 and 33, may imply that the backbone assignment of these two 
residues can be exchanged with a minimum increase in the global cost. 

 

Montecarlo STAUCSY is computational costly (up to 2 h of execution time with a 

performant laptop) and the random perturbation is arbitrary. If you are not interested in 

assignment alternatives, sometimes it can be better to give a fast reliability score with the 

“gaussian density score” that can be computed in this way: 

𝜌𝑗
𝑔𝑎𝑢𝑠𝑠

∝
𝑒−𝑑3𝐷

2 (𝒙𝑗,𝑐𝑎𝑙𝑐;𝒙𝑗,𝑒𝑥𝑝)

∑ 𝑒−𝑑3𝐷
2 (𝒙𝑗,𝑐𝑎𝑙𝑐;𝒙𝑖,𝑐𝑎𝑙𝑐) 𝑁𝑐𝑎𝑙𝑐

𝑖=1,𝑖≠𝑗  ∑ 𝑒−𝑑3𝐷
2 (𝒙𝑗,𝑒𝑥𝑝;𝒙𝑖,𝑒𝑥𝑝)𝑁𝑒𝑥𝑝

𝑖=1,𝑖≠𝑗

 

Where, the 𝒙𝑗,𝑐𝑎𝑙𝑐 are the simulated points of a strip (containing both crosspeaks and HSQC 

frequencies) and the 𝒙𝑗,𝑒𝑥𝑝 are the experimental ones. The higher is this score, the more 

the assignment is reliable. This “gaussian density” takes into account the distance between 

an experimental point and its assigned simulated ones considering that if the simulated and 

experimental point are in a dense region the assignment could be not so reliable. Although 

the gaussian reliability is faster than the Montecarlo STAUCSY, the latter one usually 

produces better discrimination between correct and incorrect assignments. 
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4.4 Results and Discussion 

Up to now, this last version of the software, written in Python 2.7 on an Ubuntu virtual 

machine, has been tested only on ubiquitin and MMP12 providing 81% and 78% of 

maximum correct assignments, by optimizing the 𝑤0 weights for each protein (𝑤0
𝑀𝑀𝑃12 =

0.73;𝑤0
𝑢𝑏𝑖 = 0.87), respectively. By using an average weight between the optimal weights 

for the two proteins (𝑤0 = 0.8), it is possible to obtain a 75% of correctly assigned residues 

for both proteins. The difference in the optimal 𝑤0 parameter from MMP12 and ubiquitin 

depends on the fact that the spectra of the two proteins have different number of HSQC 

peaks (145 vs 67) and NOE crosspeaks (1466 vs 687). The distribution of reliability ranks 

of MMP12 and ubiquitin, from most reliable (1) to the least (145 or 67), obtained with the 

Gaussian and STAUCSY estimators is shown in the following pictures for both correctly 

assigned and incorrectly assigned residues, both for optimal weights and average weights, 

in order to compare the reliability estimators. For the STAUCSY algorithm a random 

perturbation of 25% of the standard deviation of the experimental NH proton chemical shifts 

was applied to all the proton frequencies, while a perturbation of 25% of the standard 

deviation of the experimental amide nitrogen chemical shifts was applied to the 15N chemical 

shifts. 
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Fig. 4.4.1: Rank distributions of correctly and incorrectly assigned residues for the “optimal weight” 
assignment (𝑤0 = 0.73 for MMP12 and 𝑤0 = 0.87 for ubiquitin). A) Distribution of the reliability ranks 
for ubiquitin using the Gaussian reliability estimator. B) Distribution of the reliability ranks for ubiquitin 
using the STAUCSY reliability estimator. C) Distribution of the reliability ranks for MMP12 using the 
Gaussian reliability estimator. D) Distribution of the reliability ranks for MMP12 using the STAUCSY 
reliability estimator. 
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Fig. 4.4.2 Rank distributions of correctly and incorrectly assigned residues for the “average weight” 
assignment (𝑤0 = 0.8 for MMP12 and 𝑤0 = 0.8 for ubiquitin). A) Distribution of the reliability ranks for 
ubiquitin using the Gaussian reliability estimator. B) Distribution of the reliability ranks for ubiquitin 
using the STAUCSY reliability estimator. C) Distribution of the reliability ranks for MMP12 using the 
Gaussian reliability estimator. D) Distribution of the reliability ranks for MMP12 using the STAUCSY 
reliability estimator. 

 

The development of this software can provide several advantages for NMR spectroscopists, 

especially on saving time in assigning 1H-15N HSQC experiments needed for drug discovery 

and testing. In particular, the algorithms developed to predict the reliability of assignments 

seem to work in ranking the assignments from the strongest to weakest. In particular, with 

the STAUCSY algorithm we obtained better discrimination (both with optimized and average 

weights) between correctly and incorrectly assigned residues with respect to the Gaussian 

reliability predictor. The algorithm also provides alternative assignments that can be used 

to make corrections by the user. 

4.5 Perspectives 

We are currently adjusting the features of the last version of the program in order to train 

the software on peaklists coming from more proteins and then validate the results. In the 



 

124 

 

next implementation, the 𝑤0 parameter of the 𝑑3𝐷
  estimator will be automatically set by a 

proper training, in function of the number of experimental NOEs and residues, or through 

the use of a L-curve routine.143 I am currently developing a python version of CORMA141 to 

be implemented in the software in order to substitute the naive approach of Eq 4.2.1 with a 

more rigorous calculation of a relaxation matrix. We are also considering the idea of adding 

TOCSY and T1 sequences in the protocol. The 15N-TOCSY-HSQC experiment,147 when 

doable, provides information about the residue type, while T1 measuring experiments148 

provide information about mobility. The information about mobility gives the possibility of 

assigning lower weights to the most mobile residues, which probably will have very different 

values of chemical shifts with respect to the ones calculated by SHIFTX2 from the protein 

PDB. Once better results will be obtained, in terms of number of proteins tested and 

correctness of the assignment, a proper graphical user interface will be developed for this 

software. 
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5 Conclusions 

The relatively recent comprehension of the “prionic” and amyloidogenic nature of the 

proteins involved in the onset of Alzheimer’s disease and Parkinson’s disease radically 

changed the approach of scientists and clinicians in dealing with these neurodegenerative 

disorders by gathering the scientific community on studying the processes that lead to 

protein misfolding and aggregation. In this context, biophysics and computation methods 

managed to play a role in this process providing tools for the comprehension of the complex 

mechanisms of protein fibrillization and oligomerization.  

This doctorate thesis dealt with different problems concerning the study of 

neurodegenerative diseases, particularly focusing on kinetics of aggregation, new 

diagnostic strategies, drug discovery and drug screening methodologies. In the first chapter 

I analyzed the aggregation kinetics of Aβ1-40. I carried out the analysis by performing 

unbiased (no fluorophore addition) NMR experiments to monitor the disappearance of the 

monomer signals. The data obtained in this way could not accurately fit with previously 

developed kinetic models based on a strong role of the secondary nucleation of fibrils. Thus, 

I developed an alternative kinetic model introducing a conversion step between reversible 

oligomers and fibrils. In the kinetic analysis I performed, I did not exclude secondary 

nucleation, but I did not find a significant contribution from secondary nucleation, a process 

that maybe can be more relevant at lower pH values, with respect to our experimental 

conditions. In the same work I highlighted the complementarity between liquid state NMR 

spectroscopy and ThT fluorescence. Parallel NMR and fluorescence experiments allowed 

me to parallelly monitor fibril formation and monomer depletion at the same time. The 

second chapter was instead dedicated to diagnostics. 

The comprehension of the prion-like nature of α-syn brought the scientific community to the 

recent development of PMCA and RT-QuIC assays for the detection of α-syn aggregates 

in biological fluids. The sensitivity of these assays revealed to be strongly dependent on the 

fragmentation, nucleation and elongation kinetics of α-syn aggregates, which in turn depend 

on biophysical factors such as temperature, shaking modalities, pH, ionic strength, 

presence of preformed aggregates, presence of detergents and monomer starting 

concentration. Many of these variables were tested and the effects were analyzed in terms 

increase of detection sensitivity and differentiation among the added seed masses. In 

particular, I found that the linear relation between the logarithm of the seed mass and the 
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t1/2 in PMCA/RT-QuIC experiments can be explained by applying a nucleated 

polymerization kinetic model with time dependent fragmentation. Fragmentation kinetics 

was found to play a major role in these protein aggregation assays, by enhancing 

fragmentation of fibrillary aggregates by the addition of glass beads particularly enhanced 

the detection sensitivity and the differentiation among added seeds. Among the tested 

variables we also found that the addition of human CSF decreased significantly the 

aggregation of α-syn. 

The discovery of an antiaggregatory effect of human CSF on α-syn made all the scientists 

involved in this project question about which compounds present in biofluids could be the 

cause of this effect. From this observation, I started the “drug discovery” phase of the 

doctorate project, described in chapter 3, which began with the characterization of the 

effects of two biospecimens abundant in CSF and serum, namely HSA and HDL. HSA, at 

the physiological concentration found in human serum interacted with monomeric α-syn in 

a pH and ionic strength dependent manner and slowed the aggregation of α-syn 

significantly. This chaperone-like behavior of HSA, which is probably not responsible for the 

strong antiaggregatory effect observed for CSF, can be relevant in blood and serum, where, 

apart from the high level of HSA, high levels of α-syn are also physiologically present (it is 

highly expressed in red-blood cells). The understanding of the effects of HSA on the 

aggregation of α-syn will be for sure useful for manage the PMCA/RT-QuIC responses of 

blood-contaminated CSF samples or for the future developments of α-syn PMCA/RT-QuIC 

of plasma and serum samples. 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-syn. Differently from what if was observed for HSA, 

we did not observed any relevant interaction between monomeric α-syn and HDL from 1H 

15N HSQC NMR experiments, suggesting that a “remodeling” of α-syn aggregates may 

occur in the presence of apoA1-rich HDL. The observed antiaggregatory effect of plasma 

HDL on α-syn aggregation probably contributes to the antiaggregatory effect observed for 

human CSF and may also motivate the recent associations of lower apoA1 levels with 

decreased age at PD onset.111,113   

This “drug-discovery in biofluids” line of research is currently ongoing. A more detailed 

characterization of the effects of lipoproteins on α-syn aggregation and a more general 

screening of the compounds present in CSF samples is currently being performed to find 

novel drug targets and to better understand the proteostasis of α-syn in CSF. 
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This experience I developed in protein-protein interaction studies made me realize the 

amount of job needed to perform drug screening by solution NMR and I started guessing if 

it was possible to find a way to automatically assign peaks of 1H-15N HSQC NMR spectra 

by using only 15N labeled protein samples of a known structure (X-ray or good quality 

cryoEM structure). We observed that just using a 3D 1H 15N NOESY-HSQCs experiments 

together with chemical shift predictions by SHIFTX2, we can arrive to accurately assign 

about 75-80 % of the residues, reporting also a rank parameter related to the confidence of 

the specific residue assignment. Most of the algorithms used for this software (e.g. the 

reliability and distance estimators) were originally implemented in the context of the 

doctorate project.  

Alzheimer’s disease and Parkinson’s disease are the two most common neurodegenerative 

disorders; together, they affect around 50 million people worldwide7. The social burden and 

medical costs of these progressive highly disabling disorders represent a tremendous 

challenge, also considering the progressive ageing of the population in developed countries. 

Nowadays, only symptomatic therapies are available for AD and PD patients and the 

journey to a full understanding of these diseases is still far from a conclusion. In this context, 

I hope that my modest work will be somehow useful, also for other scientists, to tackle this 

global health challenge. 
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