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ABSTRACT 

I 

 

Abstract 

 

Abnormal protein aggregation has been linked to many neurodegenerative diseases, including 

Parkinson’s disease (PD). The main pathological hallmark of PD is the formation of Lewy 

bodies and Lewy neurites, both containing the pre-synaptic protein α-synuclein (α-syn). Native 

α-syn, under normal conditions, exists in a soluble unfolded state but undergoes misfolding and 

aggregation into toxic aggregates under pathological conditions. Toxic α-syn species can cause 

oxidative stress, membrane penetration, synaptic and mitochondrial dysfunction, leading to 

neuronal death and eventually neurodegeneration. Currently, early diagnosis and treatments 

targeting PD pathogenesis are urgently needed. Given its critical role in PD, α-syn is an 

attractive target for the development of both diagnostic tools and effective therapeutics. 

 

This thesis consists of a series of published and unpublished papers. In Chapter 1, which was 

published as a review, the progress towards discovering imaging probes and aggregation 

inhibitors for α-syn was summarized. Since a key property of such required therapeutic agents 

is specific binding to the target protein, relevant strategies and techniques in the discovery of 

α-syn-targeted drugs are discussed. As my PhD project aimed to screen small molecules 

capable of binding to α-syn specifically and then discover new α-syn aggregation inhibitors 

from the screened structures, relevant techniques were discussed at the end of Chapter 1. Mass 

spectrometry was chosen to discover specific α-syn binding molecules as this technique allows 

rapid detection of direct interactions between molecules and proteins. The materials and 

methods that were used in the included publications, were summarized in detail in Chapter 2. 

 

To provide sufficient protein for our study, the in-house α-syn having equally good quality as 

the commercial protein, was successfully generated in Chapter 3. Also, high yield of pure 

protein can be acquired from medium scale of bacteria culture, saving plenty of time and money 

for preparing proteins for large-scale screening. The protein expression and purification was a 

part of the supplementary data in the publication included in Chapter 4, where an automated 

screening system based on the connection of a mass spectrometer and the auto-sampler from a 

high performance liquid chromatograph was successfully established. This system allows 

computer-controlled sample loading and data acquisition with high stability and 

reproducibility. We first discovered a new inhibitor by screening over 4,300 pure molecules. 

The new compound, 3-[(3-methoxyphenyl)carbamoyl]-7-[(E)-2-phenylethenyl]-4,7-
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dihydropyrazolo [1,5-a]pyrimidine-5-carboxylic acid, not only significantly inhibited the 

misfolding and aggregation of α-syn, protected neuroblastoma cells from α-syn toxicity, but 

also has a more specific binding site compared with positive controls. The capability of the 

MS-based screening was further extended to the discovery of active components from natural 

products (manuscript in submission). A total of 29 marine fractions from our collaborators, 

were tested by MS and a new cholesterol derivative with significant inhibition of α-syn 

aggregation, was discovered and isolated from the active fraction. This MS-guided isolation of 

active components from natural products can also be applied to investigating traditional 

Chinese medicines with known therapeutic effects. 

 

Post-translational modifications (PTMs) of α-syn, especially enzymatic glycosylation with N-

acetylglucosamine (GlcNAc) onto the proteins hydroxylated amino acid residues, have been 

reported to affect the pathogenic self-assembly of α-syn. As such, manipulation of the proteins’ 

O-GlcNAcylation statuses has been proposed to offer a therapeutic route toward addressing 

PD. In Chapter 5, small peptides with different sequences and modification sites were 

synthesized by our collaborators. In the thioflavin-T assay, which is a golden standard for 

measuring α-syn aggregation, two peptides with O-GlcNAcylation at the serine site exhibited 

significant inhibition. Therefore, small glycopeptides that couple the protective effects of O-

GlcNAc with the selectivity of recognition sequences may prove useful tools to modulate α-

syn aggregation (manuscript under review). Other sources of compounds including new 

analogs of anle138b, which is a well-studied α-syn aggregation modulator, were evaluated. 

Two derivatives of anle138b exerted promising effects on the aggregation of α-syn. 

Interestingly, these synthesized compounds and peptides did not form protein-ligand 

complexes in the mass spectra, indicating that these molecules, unlike the compounds we 

discovered in Chapter 4, may interact with α-syn aggregates instead of α-syn monomers. In the 

last chapter, general conclusions of the thesis were made and future directions were also 

discussed. 
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INTRODUCTION 

 

1.1 Parkinson’s disease 

1.1.1 Symptoms and neuropathology of PD 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that causes severe motor 

deficits. Common symptoms include rigidity, bradykinesia, tremor and postural instability[1]. 

With disease progression, nonmotor symptoms, such as depression, psychosis, falls, and sleep 

disturbance, also emerge[2]. Globally, 1.5% of the population over 65 years of age[3] and more 

than 5 million people[4] are affected by this devastating disease. PD is pathologically 

characterized by the substantial loss of dopamine (DA)-containing neurons in the midbrain[5] 

and the presence of intraneuronal cytoplasmic inclusions[6], known as Lewy bodies and Lewy 

neurites[7], both of which comprise α-synuclein (α-syn) aggregates. 

 

1.1.2 Diagnosis and therapeutic interventions for PD 

A definitive diagnosis of PD has to rely on histopathological postmortem analysis and requires 

the detection of dopaminergic cell loss and the presence of Lewy bodies and Lewy neurites. 

For living patients, several clinical diagnostic criteria have been formulated, including the UK 

Parkinson’s Disease Society Brain Bank (UKPDSBB)[8], the National Institute of Neurological 

Disorders and Stroke (NINDS) criteria[9] and the Movement Disorder Society Clinical 

Diagnostic Criteria for PD[10]. However, the diagnostic accuracy obtained by using these 

criteria is only between 75-85%[11, 12]. Compared with the observation of clinical symptoms, 

neuroimaging may help to increase diagnostic precision. Clinically available imaging 

approaches include positron emission tomography (PET), single-photon emission computed 

tomography (SPECT) and magnetic resonance imaging (MRI). PET and SPECT use a variety 

of radiotracers to quantitatively measure the metabolic and neurochemical changes in the brains. 

For example, fluorine-18-L-dihydroxyphenylalanine (18F-Dopa) PET can mark dopaminergic 

deficiencies in the brains of patients with PD[13]. MRI uses different sequences and contrasts to 

study brain structure and function[14]. Although substantial progress has been made in PD 

neuroimaging, currently, it can only be used as a supplementary tool to clinical examination[15]. 

 

Increasing evidence suggests that prior to the motor phase of classical PD there is a prodromal 

period that lasts for several years[16]. After the appearance of typical motor features, the disease 

can continue to progress for many years or even decades, although it is impossible to predict 
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the trajectory of this progression at diagnosis[17]. The pathological changes in the central 

nervous system during the prodromal phase, such as the formation of α-syn aggregates, appear 

to mirror the occurrence of motor and nonmotor symptoms. A timeline of PD from onset to 

death has been proposed[17], which not only promotes a comprehensive understanding of the 

overall disease process but is also a reminder that before a patient shows any PD-related clinical 

symptoms, the disease may have progressed severely and possibly irreversibly as a result of 

neuronal dysfunction and cell loss[18, 19]. 

 

In the future, the traditional symptom-based clinical examination may be pre-empted by the 

use of biomarkers that may assist in identifying early disease-specific changes by early 

prodromal diagnosis, namely detecting specific changes in biomarkers during the early 

development of PD[20]. Since diagnosis informs treatment, novel therapeutics targeting the 

potential pathological culprits need to be developed. 

 

Until now, no neuroprotective or neurorestorative therapy has been found for the treatment of 

PD. Existing treatments predominantly target dopamine-related symptoms. Few, if any, target 

nondopaminergic symptoms, which cause a severe burden for patients in the advanced stages 

of the disease. In addition, current PD treatments provide little or no relief for disease 

progression because they do not alter the rate or extent of neuronal cell loss[21, 22]. Therefore, 

for the future direction of PD medications, the priority is the development of neuroprotective 

or neurorestorative drugs that can stop or at least relieve disease progression and the relevant 

nonmotor symptoms[23]. To realize this goal, it is necessary to identify and target the key culprit 

underlying the pathogenesis of PD. 

 

1.2 α-Synuclein protein 

1.2.1 Structure of α-synuclein and its functional role 

Native α-syn is a small protein encoded by the gene SNCA, with a molecular mass of 14.5 kDa 

(140 amino acids)[24]. Its primary structure (Figure 1) shows three different regions: the N-

terminal region (residues 1-60) that is characterized by repetitions of a highly conserved lysine-

rich motif KTK(E/Q)GV, the hydrophobic central part [residues 61-95, known as the non-

amyloidogenic component (NAC) region], and the acidic C-terminal region (residues 96-140). 

The amphipathic N-terminal region has a structural α-helix propensity similar to 

apolipoprotein-binding domains, suggesting that α-syn is a membrane-bound protein[25]. The 
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NAC region is believed to be involved in protein aggregation by mediating the conformational 

changes of α-syn from random coil to a β-sheet structure[24]. The C-terminal region, having no 

distinct secondary structure, has been reported to interact with the N-terminal region or the 

NAC region to maintain the natively unfolded state of α-syn[26]. Although it is widely believed 

that α-syn exists mainly as monomer, studies have also shown that endogenous α-syn can form 

tetramers[27, 28], which comprise an α-helical secondary structure and show little tendency to 

form aggregates[29]. All these findings suggest that there may be a dynamic equilibrium 

between different α-syn conformational states[30]. 

 

 

 

Figure 1. The primary sequence and the three distinct regions of α-syn. 

 

The exact normal functions of α-syn are not well understood. Although some animal studies 

suggest that an α-syn-knockout is not fatal, deficiencies in synaptic transmissions were 

observed in some knock-out animal lines[31, 32]. In neurons α-syn is mainly localized at the 

presynaptic terminals[33, 34] and is associated with the reserve pool of synaptic vesicles[35-37]. α-

Syn can promote the assembly of the presynaptic soluble N-ethylmaleimide-sensitive factor 

activating protein receptor (SNARE) protein complex, that mediates vesicle fusion, which is a 

vital step for the release of neurotransmitters, including dopamine[38]. In addition to its role in 

synaptic transmission, α-syn is also involved in the suppression of apoptosis[39], antioxidation[40] 

and even regulation of dopamine biosynthesis[41, 42]. 

 

1.2.2 α-Synuclein and PD pathogenesis   

The first connection between α-syn and PD was made in 1997 when point mutations in the 

SNCA gene were identified in familial PD cases[43]. To date, six missense mutations in SNCA 

are known to lead to autosomal dominant PD: A53T[43], A30P[44], E46K[45], H50Q[46], G51D[47], 

and A53E[48]. Meanwhile, the link between α-syn and PD was further elucidated with the 

discovery of duplications and triplications of the SNCA gene in PD families, which also 



CHAPTER 1: INTRODUCTION 

6 

 

suggested that increased expression of α-syn was a causative factor of PD[49, 50]. Moreover, 

certain polymorphisms in SNCA, such as the dinucleotide repeat REP1 located in the SNCA 

promoter (SNCA-REP1), a −770 and −116 base-pair (bp) single-nucleotide polymorphism, are 

major risk factors for sporadic PD, and are thought to result from altered expression of the gene 

product[51, 52]. Genome-wide association studies have also consistently revealed highly 

significant regions of genetic variation around the SNCA gene as contributors to the risk of PD. 

A meta-analysis of genome-wide association studies has identified 17 new PD risk loci[53].  

 

As mentioned earlier, the NAC region of monomeric α-syn mediates the misfolding from a 

random coil to a β-sheet structure, leading to the formation of oligomers, protofibrils and 

eventually mature fibrils[54]. This pathway is also shared by other amyloid-forming proteins 

such as β-amyloid (Aβ), tau and human islet amyloid polypeptide (hIAPP). The fluorescent 

dye thioflavin-T (ThT) is a widely used “gold standard” for staining and identifying fibrils of 

these amyloid proteins[55]. Kinetics studies of α-syn aggregation using ThT[56, 57] revealed a 

sigmoidal curve of fibril growth, which is composed of the lag phase representing the 

nucleation stage, an exponential phase representing the elongation stage and a plateau phase 

corresponding to the completion of fibril formation[58]. 

 

It is natural to deduce that α-syn can cause toxicity to neurons, as cell death is a major hallmark 

of PD and α-syn plays a causal role in the disease. Given that all known clinical mutations are 

thought to be linked to increased α-syn aggregation and that the main components of Lewy 

bodies and Lewy neurites are aggregated α-syn fibrils, it was initially believed that α-syn fibrils 

were the toxic species. Later, increasing evidence from both in vitro and in vivo studies has 

supported the proposal that oligomeric species are the most pathogenically relevant[59-63]. As a 

result, the oligomers may be a better therapeutic target, as the aggregated Lewy bodies 

themselves might be protective and represent a form of an aggresome[64, 65]. 

 

α-Syn oligomers are believed to exert toxicity both intracellularly and extracellularly. Within 

the cytoplasm, α-syn oligomers can inhibit the Hsp 70 chaperone system which is important 

for protein refolding[66]. α-Syn oligomers can also bind to and inhibit the activities of 

proteasomes[67], thus affecting protein degradation. Consequently, proteostasis is impaired, 

leading to endoplasmic reticulum (ER) stress and finally cell death. In vivo, α-syn oligomers 

have been detected within the ER lumen, and treatment with an inhibitor of ER stress, 
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dramatically delayed the onset of motoric symptoms and decreased the accumulation of α-syn 

oligomers[68], suggesting that ER stress is involved in the toxicity of α-syn oligomers. In 

addition, α-syn plays an important role in the assembly of the presynaptic SNARE protein 

complex. The formation of oligomeric α-syn can inhibit SNARE-mediated vesicle docking and 

consequently reduce exocytosis, suggesting that inhibition of dopamine release is a potential 

mechanism in PD[63]. α-Syn oligomers can also induce the dysfunction of synapses by 

compromising the axonal transport of critical presynaptic proteins[69]. Other potential 

intracellular targets of α-syn oligomers include mitochondria[70], lysosomes[71] and 

microtubules[72]. 

 

Extracellular sources of α-syn oligomers can form pores in cell membranes, causing an increase 

in intracellular calcium levels that leads to cell death[59]. Exposure of neurons to exogenous α-

syn oligomers can activate glutamatergic receptors, resulting in long-term potentiation (LTP) 

and excitotoxicity that leads to neuronal death[73, 74]. Moreover, there is significant evidence 

that α-syn oligomers can transfer from neuron to neuron or to glial cells via a prion-like 

process[75, 76], which may explain the spread of Lewy pathology throughout the brain in PD[77].  

 

Overall, the accumulation of α-syn aggregates is a major pathological hallmark of PD and a 

priority target for drug development given its hypothesized contribution to neurodegeneration. 

In vivo imaging of α-syn pathology could be useful as a biomarker of the presence of the 

disease, disease progression and as a pharmacodynamic tool for drug development. Therefore, 

α-syn imaging is a critical need for PD research[78]. Moreover, since α-syn aggregation is 

regarded as a major pathogenic process in PD, several strategies exist for the  prevention of α-

syn toxicity[79]. Among them, inhibition of α-syn aggregation remains an extremely attractive 

target for drug development[80]. The representative progress in the development of imaging 

probes and aggregation inhibitors over the past decade will be discussed further. 

 

1.3 Current progress in α-synuclein-targeted diagnostic and drug reagent discovery   

1.3.1 α-Synuclein imaging probes 

1.3.1.1   Radiotracers 

Although several PET/SPECT tracers targeting the dopamine system have been used clinically, 

as reviewed by Politis[15], Braak staging of the PD brain suggests that the severe loss of 

dopaminergic neurons occurs at stage 4, while Lewy body pathology appears as early as stage 
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1. As such, imaging α-syn pathology, rather than dopaminergic changes, would be more 

suitable for early diagnosis in the prodromal period of PD. While great progress has been made 

toward developing imaging probes for other amyloid-forming proteins[81] (and notably three 

Aβ imaging probes have gained FDA approval), the development of α-syn imaging probes is 

still at an early stage. Despite the fact that there are no selective α-syn PET or SPECT probes 

for clinical PD diagnosis, several α-syn imaging probes have been developed and tested in vitro 

over the past decade (Figure 2, Table 1). 

 

Amyloid proteins, such as Aβ and α-syn, tend to form similar β-sheet structures upon 

aggregation. As a result, probes that can interact with Aβ aggregates also have the potential to 

bind to aggregated α-syn. Following this rationale, some established Aβ PET probes have been 

evaluated against α-syn.  One well-known example is 11C-Pittsburgh compound-B (PIB, 1), a 

derivative of thioflavin-T (ThT) which is the gold standard for staining all types of amyloid 

proteins. Probe 1 exhibited a similar binding affinity (Kd=4 nM) for in vitro generated α-syn 

fibrils compared to Aβ[82], but failed to bind to brain homogenates containing Lewy bodies[83]. 

Additionally, probe 1 displayed poor selectivity for α-syn in the staining of brain sections where 

Aβ was also present[83]. 

 

 

 

Figure 2. Radiotracers for α-syn. 

 

Benzoxazole BF227 is another established Aβ-binding probe. 18F-BF227 (2) was proven to 

bind to α-syn fibrils at an equimolar concentration compared to Aβ1-42 fibrils, but the binding 
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affinity for α-syn fibrils (Kd=9.63 nM) was approximately 7-fold lower[84]. However, like 11C-

PIB, probe 2 also failed to bind to brain homogenates containing Lewy bodies[84]. A follow-up 

in vivo study using an accelerated mouse model of synucleinopathy failed to observe a 

significant difference in the brains of α-syn transgenic mice compared with α-syn-KO mice 

after treatment with probe 2[85]. These results suggest that it is necessary to develop specific α-

syn PET probes. 

 

To discover selective ligands for α-syn aggregates, Yu et al. synthesized a series of 

phenothiazine derivatives and evaluated their binding affinities for α-syn fibrils with a ThT 

competition assay. Compounds 11b, 16a and 16b exhibited Ki values of less than 60 nM (32.10 

nM for 11b, 48.96 nM for 16a and 57.94 nM for 16b) and were considered for further study[86]. 

Later, 125I labeled 16b (3), denoted 125I-SIL23, was synthesized and tested by the same research 

group. Probe 3 can bind to recombinant α-syn fibrils and brain homogenates from PD patients 

and α-syn transgenic mice. Probe 3 exhibited a relatively high binding affinity for α-syn fibrils 

compared with Aβ1-42 fibrils (5-fold lower than α-syn) and tau fibrils (2-fold lower than α-syn) 

but the selectivity was not high enough for in vivo imaging[87]. Using a probe 3-based 

competition binding assay, the binding affinities (Ki values) of the aforementioned 11b 

(renamed 2a) and 16a (renamed 2b) were calculated (66.2 nM for 2a, 19.9 nM for 2b), further 

confirming the potency determined previously[88]. In addition, 11C-2a (4) and 18F-2b (5) were 

synthesized and proven to cross the blood-brain barrier (BBB) in Sprague-Dawley (SD) rats. 

Both radiotracers exhibited high initial uptake (0.953% ID/g for 4, 0.758% ID/g for 5), 

homogeneous distribution and rapid washout kinetics. The authors believed that these two 

radiotracers could be good leads for the discovery of selective imaging probes for α-syn[88]. 

 

Identifying new chemical scaffolds is necessary for developing specific radiotracers with high 

selectivity for α-syn fibrils versus other amyloid proteins such as Aβ and tau. Recently, a series 

of compounds based on the 3-(benzylidene)-indolin-2-one scaffold were synthesized and the 

most potent compound was 46a, having a high affinity (Ki=2 nM) and very good selectivity for 

α-syn versus Aβ (Ki=142.4 nM) and tau fibrils (Ki=80.1 nM). The binding affinity of 18F-

labeled 46a (6) was determined from a saturation binding assay. The Kd of probe 6 for α-syn 

fibrils was 8.9 nM while the values for Aβ and tau fibrils were 271 and 50 nM, respectively. 

However, probe 6 is not believed to be a suitable PET tracer for in vivo imaging due to poor 

druggability[89].  
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Flavonoids are a common source for the discovery of inhibitors of Aβ aggregation as well as 

α-syn. Chalcone is a good example and Ono et al. synthesized a series of chalcone derivatives 

in the hope of discovering new scaffolds for α-syn imaging. Of all four synthesized compounds, 

IDP-4 showed the most selective binding to α-syn aggregates (Kd=5.4 nM, Kd=16.24 nM for 

Aβ). Fluorescent staining of PD brain sections confirmed the affinity of IDP-4 for Lewy bodies. 

Unfortunately, 125I-IDP-4 (7) displayed the lowest initial uptake of the four compounds 

synthesized (0.45% ID/g) in normal mice, making it difficult to use for in vivo imaging[90]. 

More recently, the same group also synthesized three novel radioiodinated benzoimidazole (BI) 

derivatives based on the previous findings: (1) the benzoimidazole scaffold could bind to α-

syn aggregates; (2) the diene moiety helps to increase the affinity for α-syn aggregates; and (3) 

introduction of large substituents increases the selectivity for α-syn. Compound BI-2 showed 

the highest selectivity and binding affinity for α-syn aggregates (Kd=99.5 nM, Kd=727 nM for 

Aβ). Fluorescent staining of PD and AD brain sections using BI-2 was conducted and BI-2 

clearly stained Lewy bodies but failed to label Aβ aggregates, further confirming its selectivity 

for α-syn. However, the promising compound 125I-BI-2 (8) exhibited low initial uptake (0.56% 

ID/g) and poor washout kinetics in normal mouse brains, suggesting that the introduction of 

bulky substitution groups may affect penetration into the BBB[91]. The authors also mentioned 

that criteria exist for ideal Aβ and tau imaging probes according to previous reports[92, 93]: (1) 

an initial brain uptake up to 4% ID/g at 2-min postinjection in mice;  and (2) a remaining 

amount of less than 1% ID/g at 30-min postinjection in normal mouse brains. Clearly, none of 

the reported probes for α-syn met these criteria, including probe 8.  

 

In the past decade, significant progress toward discovering useful α-syn radiotracers has been 

made; however, an ideal, druggable probe possessing high affinity and selectivity for α-syn has 

yet to be identified[94]. 
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Table 1. Characteristics of representative radiotracers. 

No. Kd/Ki  Other targets Scaffold Status Ref 

1 Kd=4 nMa Aβ, tau Benzothiazole in vitro 81, 82 

2 Kd=9.63 nMa Aβ Benzoxazole in vivo 83 

3 Kd=148 nMa, Ki=57.94 nMb, # Aβ, tau Phenothiazine in vivo 85, 86 

4 Ki=66.2 nMc, # Aβ, tau Phenothiazine in vivo 87 

5 Ki=19.9 nMc, # Aβ, tau Phenothiazine in vivo 87 

6 Kd=8.9 nMa, Ki=2 nMb, # Aβ, tau 3-(benzylidine) indolin-2-one in vitro 88 

7 Kd=5.4 nMa Aβ Chalcone in vitro 89 

8 Kd=99.5 nMa, # Aβ Benzoimidazole in vitro 90 

 

aDetermined by saturation binding assays 

bDetermined by ThT competition assays 

cDetermined by 125I-SIL23 competition assays 

#Isotope unlabelled 
 

1.3.1.2 Fluorescent probes 

Fluorescence imaging presents a promising alternative technique to radiotracers. In contrast to 

PET/SPECT techniques, fluorescence imaging is monitored in real-time, is inexpensive, is 

nonradioactive and is of high-resolution when using near-infrared fluorescence (NIRF) 

imaging probes. As a technique, fluorescence imaging is progressively being explored for the 

neuroimaging of Aβ aggregates[95]. The ideal fluorescent probe will not only possess high 

selectivity and binding affinity, penetrate rapidly into the BBB and be cleared quickly from 

normal brain regions, but will also have low background fluorescence (ideal emission 

wavelength of greater than 650 nm) in addition to producing a significant increase in 

fluorescence upon binding to target proteins. Given that aggregated α-syn is far less abundant 

in the brain than Aβ, α-syn fluorescent probes will require very high selectivity for α-syn over 

Aβ and tau. Since the majority of α-syn is found intracellularly, in addition to penetrating the 

BBB, such a probe has to cross the cell membrane[78]. 

 

ThT is a widely used fluorescent dye for the nonselective staining of protein aggregates. Its in 

vivo utility is limited due to its positive charge which affects its penetration through the BBB 

and its emission wavelength is not suitable for in vivo imaging. To search for improved 

fluorescent probes for α-syn, Celej et al. evaluated the abilities of several N-
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arylaminonaphthalene sulfonate (NAS) derivatives to be used as fluorescent markers for α-syn 

aggregates since the NAS scaffold has a long history of being applied to study the molecular 

microenvironment and conformation of proteins. Compounds 2,6-ANS (Figure 3, 9), 2,6-TNS 

(10), bis-ANS (11), and bis-TNS (12) exhibited slightly improved binding affinity (Kd values: 

8.8 μM, 11.7 μM, 8.6 μM and 11.6 μM, respectively) for α-syn fibrils compared with ThT (Kd= 

14.9 μM)[96]. Although these molecules also displayed advantages over ThT in terms of 

providing structural information during α-syn fibrillation, they are still not useful as imaging 

probes as a result of their charged properties and unideal emission wavelengths.  

 

In an endeavor to search for novel specific fluorescent probes for α-syn, Volkova and coworkers 

studied the potential of a series of monomethine and trimethinecyanines to detect the formation 

of α-syn fibrils. The most potent dyes, T-284 (13) and SH-516 (14), had similar binding 

affinities to ThT but showed large increases in fluorescence (~9.5-fold for 13 and ~7.6-fold for 

14) upon binding to α-syn fibrils relative to ThT (2.9-fold). A notable improvement was that 

the emission wavelengths of probes 13 and 14 after binding to α-syn fibrils were determined 

to be 570 nm and 580 nm, respectively, compared with ThT (478 nm)[97]. The specificity of 

these two dyes was not evaluated by assays against other amyloid proteins. 

 

Later, carbocyanine compound JC-1 (15) was introduced to conduct real-time analyses of α-

syn fibril formation. Probe 15 could bind to α-syn monomers as well as fibrils. Interestingly, 

the maximum emission wavelengths of probe 15 after binding to monomers and fibrils were 

different (590 nm for monomers, 538 nm for fibrils), indicating that probe 15 is able to 

distinguish between monomeric and fibrillar α-syn. Furthermore, probe 15 did not interact with 

either monomeric or fibrillary Aβ. The high selectivity of probe 15 might be explained by its 

interaction with the acidic C-terminal region of α-syn[98]. The results also suggested that 

promising selective probes for α-syn may be discovered by searching for compounds that can 

interact with the monomeric form of α-syn, since different amyloid proteins have different 

primary structures but share similar β-sheet structures once aggregated. 

 

Some fluorescent probes previously used as sensors for other biomolecules or 

microenvironments were tested to monitor α-syn aggregation. One of the compounds, 

Coumarin 6 (16), displayed a similar sigmoidal curve as ThT when monitoring the aggregation 

process of α-syn. The lag phase (58 h) was shorter than that of ThT (74.9 h) and the 
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concentration required (50 nM) was much lower than that of ThT (10 μM), suggesting that 

probe 16 is more sensitive than ThT. The other compound 1,6-diphenyl-1,3,5-hexatriene (DPH, 

17), failed to show a sigmoidal curve and was believed to interact with hydrophobic 

environments without selectivity, while probe 16 could bind to the β-sheet structure more 

specifically[99].  

 

Emerging evidence indicates that α-syn oligomers are more toxic and more pathologically 

connected to PD than fibrils. Consequently, recent research has focused on developing selective 

fluorescent dyes for oligomeric α-syn. A number of benzothiazoletrimethines and 

pentamethinecyanines were investigated by Kovalska and coworkers. The pentamethine 

cyanine dye SL-631 (18) displayed the highest selectivity for oligomeric α-syn (fluorescence 

increase: 14.58-fold) over fibrillary α-syn (fluorescence increase: 1.88-fold)[100]. The emission 

wavelength of probe 18 after binding to α-syn oligomers was determined to be 664 nm, 

showing it potential to be used in vivo as a NIRF imaging probe. However, it remains 

questionable whether the bulky probe 18 could penetrate the BBB. 

 

 

 

Figure 3. Fluorescent probes for α-syn. 
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Another novel probe aimed at detecting α-syn oligomers is tetraphenylethene tethered with 

triphenylphosphonium (TPE-TPP, 19). Unlike SL-631, probe 19 is able to detect the 

monomeric, oligomeric and also fibrillar forms of α-syn. At the same concentration, probe 19 

emitted over 4 times more fluorescence than ThT after incubation with α-syn fibrils. The 

calculated Kd for probe 19 was 4.36 μM, lower than that of ThT (8.48 μM)[101]. Compound 

selectivity among different amyloids has yet to be determined. Huge challenges still exist in 

the discovery of probes targeting α-syn oligomers and major breakthroughs in terms of the 3D 

structure of oligomeric α-syn and the synthesis of high contrasting and selective imaging 

probes are urgently needed. 

 

A known modulator of α-syn aggregation, anle138b (20), was found to exhibit a significant 

increase in fluorescence upon binding to α-syn fibrils with high affinity (Kd=190 nM)[102]. The 

study of probe 20 indicates not only the feasibility of discovering fluorescent probes from 

known inhibitors of α-syn aggregation but also the possibility of developing drugs with both 

therapeutic and diagnostic functions. 

 

Until now there have not been any useful α-syn fluorescent probe reported for in vivo imaging 

(Table 2). In fact, the great progress made in the development of Aβ fluorescent probes might 

negatively affect the discovery of a specific imaging probe for α-syn because naturally the same 

strategies to design Aβ probes have been applied to the development of α-syn probes[103]. Since 

most of the existing Aβ fluorescent probes share the classical push-pull structure[95], which 

shows little selectivity for the different amyloid protein aggregates, it has been recommended 

to work on novel strategies to search for or design specific ligands for α-syn. 
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Table 2. Characteristics of representative fluorescent probes. 

No. λex/λem (nm) Kd Other targets Scaffold Status Ref 

9 320/471a, 320/417b 8.8 μM N/A N-arylaminonaphthalene sulfonate in vitro 95 

10 320/475a, 320/437b 11.7 μM N/A N-arylaminonaphthalene sulfonate in vitro 95 

11 395/493b 8.6 μM N/A N-arylaminonaphthalene sulfonate in vitro 95 

12 395/505b 11.6 μM N/A N-arylaminonaphthalene sulfonate in vitro 95 

13 443/580a, 441/570b 0.56 μM N/A Monomethine cyanine in vitro 96 

14 562/568a, 570/580b 0.65 μM N/A Trimethine cyanine in vitro 96 

15 490/590a,c, 490/538b 2.6 μM N/A Carbocyanine in vitro 97 

16 450/508b N/A 
Bovine carbonic 

anhydrase 

Coumarin in vitro 98 

17 360/423b N/A 
Bovine carbonic 

anhydrase 

Hexatriene in vitro 98 

18 
650/665a, 672/683b, 

650/662c, 664/678d 

N/A N/A Pentamethine cyanine in vitro 99 

19 350/480b 4.36 μM N/A Tetraphenylethene in vitro 100 

20 300/345b 190 nM N/A Diphenyl-pyrazole in vitro 101 

 

aWavelengths of unbound probes 

bWavelengths of probes bound with α-syn fibrils 

cWavelengths of probes bound with α-syn monomers 

dWavelengths of probes bound with α-syn oligomers 

 

 

1.3.2 Small molecule inhibitors of α-synuclein aggregation 

The idea of inhibiting α-syn aggregation, especially oligomerization, using small molecules to 

combat α-syn toxicity and prevent neurodegeneration has been gaining increasing attention. It 

has been proposed that the identification of aggregation inhibitors from screening compound 

libraries should be a priority[80]. Until now, a variety of small molecules have been discovered 

to inhibit α-syn aggregation (Table 3). In many cases, however, the inhibitory effects have also 

been translated to other amyloid proteins.  

 

1.3.2.1 Antibiotics 

In addition to their roles as antimicrobial agents to fight infectious diseases, antibiotics have 

demonstrated other properties, such as neuroprotective activity. Rifampicin (Figure 4, 21) 

stabilized α-syn as a monomer and blocked the fibrillation process. Moreover, rifampicin was 
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also able to disaggregate existing fibrils[104]. Another study confirmed the efficacy of compound 

21 by discovering that rifampicin could prevent 1-methyl-4-phenylpyridinium (MPP+)-induced 

toxicity in PC12 cells, increase their survival and reduce α-syn oligomer formation[105]. Another 

molecule tetracycline (22) is also able to inhibit the formation of fibrils and destabilize 

preformed fibrils. Compound 22 exhibited moderate effective concentrations (EC50 values) for 

the formation (6.06 μM) and destabilization (18.78 μM) of α-syn fibrils while the values for 

Aβ1-40 and Aβ1-42 were higher (10 μM and 10 μM respectively for fibril formation; 23 μM and 

45 μM respectively, for fibril destabilization), indicating a slight selectivity for α-syn over 

Aβ[106].  

  

1.3.2.2 Dopamine and its analogues 

Dopamine (23) is believed to react with α-syn covalently to form α-syn-quinone adducts which 

are primarily large molecular mass oligomers. These oligomeric intermediates can cause 

cytotoxicity, implying a potential role for the interaction of compound 23 with α-syn in PD 

pathogenesis [107]. However, other evidence suggests that compound 23 inhibits α-syn 

fibrillation via binding noncovalently to α-syn[108]. Based on this fact, Latawiec et al. screened 

70 analogs of compound 23 and selected five potent compounds (24-28) by molecular 

dynamics (MD) simulations. Atomic force microscopy (AFM) and transmission electron 

microscopy (TEM) analysis confirmed the in silico simulation predictions that the selected 

compounds may affect the aggregation process of α-syn[109]. The combination of in silico 

approaches with in vitro assays to discover ligands that interact with target proteins may emerge 

as a novel and efficient way to identify aggregation inhibitors for α-syn. 
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Figure 4. Aggregation inhibitors for α-syn (compound 21-38). 

 

1.3.2.3 Dyes and pigments 

Some common dyes, such as lacmoid (29), Congo red (30) and phthalocyanine tetrasulfonate 

(31), have been reported to inhibit α-syn fibrillation[110]. Compounds 29 and 30 were found to 

be nonspecific inhibitors; however, their effects were mediated by the formation of aggregates 

of these compounds which can interact with different regions of α-syn monomer[111]. Unlike 

these two nonspecific inhibitors, the inhibition of α-syn fibrillation by compound 31 is believed 

to be mediated by specific interactions with the N-terminus of α-syn[112]. This molecule has 
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also been tested in animal models for the treatment of scrapie disease and exhibited anti-prion 

activity and showed low toxicity[113]. Therefore, compound 31 could be a potential therapeutic 

candidate for amyloid protein-related diseases. Recently, another dye, Coomassie brilliant blue 

R (32) not only exhibited significant inhibition of α-syn fibrillation but also prevented the 

formation of oligomers that caused notable neurotoxicity in cells, making it a potentially useful 

candidate for future in vivo studies[114]. The red blood pigment hemin (33) is a well-known 

inhibitor of Aβ aggregation[115]. Until recently, compound 33 was also thought to interfere with 

α-syn aggregation[116, 117]. The effects of compound 33 on α-syn remain controversial; however, 

it has not been confirmed whether compound 33 inhibits ThT fluorescence via inhibition of α-

syn aggregation or by obstructing the interaction between ThT and the proteins[118]. 

 

1.3.2.4 Polyphenols 

Polyphenols are the largest group of inhibitors of α-syn aggregation and many of them can also 

inhibit the aggregation of other amyloid proteins such as Aβ. We have categorized 

representative polyphenols into the following groups. 

 

1.3.2.4.1 Curcuminoids 

The interaction of curcumin with α-syn seems complicated in that different mechanisms of 

anti-aggregation by curcumin (34) have been reported. Early studies from the ThT assay and 

TEM showed that compound 34 not only inhibited the formation of α-syn fibrils but also 

destabilized the preformed fibrils[106]. Later, the anti-aggregation ability of compound 34 was 

confirmed by western blot analysis and in a cell model of α-syn aggregation[119]. Interestingly, 

another report stated that compound 34 does not interact with α-syn monomers but binds to 

oligomers and fibrils, causing morphological changes and consequently reducing their toxicity. 

Moreover, the interaction of compound 34 with early oligomers could impact the toxicity by 

converting the preformed oligomers into the less toxic fibrils[120]. Although compound 34 has 

been widely studied, its instability and poor bioavailability limits its medical use. 

 

With the aim of discovering more druggable molecules with a scaffold similar to that of 

compound 34, Ahsan et al. first synthesized two analogs, curcumin pyrazole (35) and curcumin 

isoxazole. As 35 exhibited the most potency of inhibition α-syn aggregation (% inhibition of 

α-syn aggregation: 45.57 for 34, 37.28 for curcumin isoxazole and 62.21 for 35), they 

proceeded to synthesize 16 derivatives of 35. Among them, compound 6 (36) and 15 (37) 
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showed stronger aggregation inhibition than curcumin (% inhibition of α-syn aggregation: 

90.05 for 36, 63.93 for 37). Compound 36 displayed the lowest IC50 value (9.21 μM) compared 

with compounds 34 (161.8 μM) and compound 37 (89.13 μM). Surprisingly, unlike compound 

37, compound 36 failed to reduce the cytotoxicity caused by α-syn oligomers[121]. While 

compound 37 is a promising therapeutic agent for the potential treatment of PD, the case of 

compound 36 strengthens the importance of evaluating the anti-oligomerization ability of any 

molecules that are expected to show neuroprotection in cells and/or animals. 

 

Another group focused on modifications of the two aromatic rings of curcumin to increase the 

hydrophobicity. Of the nine reported analogs, only two (C2 and C4) showed lower stability 

than curcumin, and one (C3) exhibited significant cytotoxicity. Among the remaining 

compounds, C6 (38), which was synthesized by replacing all the hydroxyl groups of compound 

34 with -OCH2Ph groups, showed the highest reduction in cytotoxicity caused by the 

preformed oligomers and fibrils. Consistent with previous study[120], curcumin and its analog 

compound 38 were found to accelerate the process of α-syn aggregation into less toxic 

fibrils[122].  

 

1.3.2.4.2 Flavanols 

The green tea polyphenol EGCG (Figure 5, 39) is perhaps the most studied inhibitor of 

aggregation of different amyloid proteins. It is also a common positive control in many studies 

aiming to develop new anti-amyloidogenic molecules. Ehrnhoefer et al. demonstrated that 

compound 39 can directly bind to monomeric α-syn and promote the formation of unstructured, 

nontoxic α-syn oligomers. NMR results suggested that the compound 39 binds randomly to the 

backbone of α-syn[123], which, along with another report using MS to study the binding of 

compound 39 with α-syn[124],  may explain why the effects of compound 39 on α-syn can also 

be seen on Aβ. Additionally, compound 39 is able to bind to preformed α-syn fibrils (Kd=100 

nM) and transform them into smaller amorphous aggregates that are less toxic[125]. However, 

the mechanism by which compound 39 reduces the toxicity of α-syn oligomers is not the same 

as in the case of fibrils. One group found that treatment with compound 39 does not cause 

notable changes in the structure or size of α-syn oligomers. Instead, the binding of compound 

39 to α-syn oligomers prevents permeabilization of the α-syn oligomers with cell membranes, 

thus reducing the toxicity[126]. In animal studies, tea polyphenols mainly containing compound 

39 were reported to reduce the level of α-syn oligomers in a PD monkey model[127]. 
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Theaflavins, which are abundant in black tea, exert anti-amyloidogenic effects in the same way 

as compound 39, promoting the assembly of monomeric α-syn and Aβ into nontoxic aggregates 

and converting the preformed fibrils into nontoxic aggregates[128]. Nevertheless, the tendency 

of compound 39 and theaflavins to be oxidized could compromise their ability to inhibit 

amyloidogenesis. Although preoxidized compound 39 is still able to significantly inhibit the 

aggregation process, a reduction in efficacy can be seen after long-term preoxidation in the 

case of compound 39 but not in the case of another theaflavin, TF3 (40), which is less rapidly 

oxidized than EGCG[128]. These results suggest that the anti-amyloidogenic abilities of 

common polyphenols may partially depend on the antioxidant properties. Developing 

polyphenols that are resistant to oxidation, such as compound 40, may help to discover 

promising therapeutic agents for amyloid protein-related disease. 

 

1.3.2.4.3 Stilbenes 

Previous evidence has demonstrated that some stilbenes can inhibit Aβ aggregation[129]. To 

explore the potential application of stilbenes in the discovery of inhibitors for α-syn 

aggregation, Temsamani et al. studied three wine stilbenes, piceatannol (41), ampelopsin A 

(42) and isoheopeaphenol (43). Although all three stilbenes inhibited fibrillation, only 

compound 41 showed notable protection of cells treated with α-syn aggregates[130]. An 

explanation for this may be that compound 41 is also able to disaggregate preformed fibrils, 

and its relatively small size could enable compound 41 to easily penetrate the cell membrane 

to exert its protective effects. 

 

1.3.2.4.4 Other phenolic compounds 

Using confocal single-particle fluorescence techniques, Caruana et al. investigated the effects 

of different polyphenolic compounds. In addition to the abovementioned theaflavins and 

compound 39, they also studied flavones (apigenin, baicaleinand scutellarein), flavonols 

(myricetin and quercetin), phenolic acids (rosmarinic acid and tannic acid), a stilbene 

(resveratrol) and others (ginkgolide B, nordihydroguaiaretic acid). The most potent 

compounds, baicalein (44), scutellarein (45), myricetin (46), compound 39, 

nordihydroguaiaretic acid (47) and black tea extract (mainly theaflavins), were selected 

because they exhibited significant inhibition and disaggregation of α-syn at low concentrations 

(IC50<4 μM). The structure activity relationship (SAR) study suggested that aggregation 

inhibitors should contain aromatic rings for interactions with monomeric and oligomeric α-syn 
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and adjacent hydroxyl groups on the same ring[131]. Moreover, the authors proposed that the 

selected compound would be promising for tests in PD animal models. In addition to compound 

39, compound 44 has also been studied in vivo and should be considered a potential drug 

candidate for clinical trials. In MPP+-treated Sprague-Dawley (SD) rats, compound 44 reduced 

the increase of α-syn aggregates and protected the nigrostriatal dopaminergic system in the 

brain[132]. Similar effects from compound 44 were observed in the rotenone mouse model, 

where α-syn oligomers greatly decreased the striatal neurotransmitters, including dopamine, 

and rotenone-associated behavioral dysfunction was improved[133].  

 

As a main metabolite of green tea polyphenols, protocatechuic acid (48) is able to inhibit α-syn 

aggregation, disaggregate preformed α-syn fibrils and protect PC12 cells from toxicity caused 

by α-syn aggregates[134]. However, this phenolic acid can also exert similar effects on Aβ. 

Oleuropein aglycone (49), which is commonly found in olive oil, was found to protect SH-

SY5Y cell viability via stabilization of α-syn in the monomeric state, directing α-syn to form 

nontoxic aggregates and obstructing the binding of α-syn to cell membranes[135]. Another α-

syn aggregation inhibitor discovered from olives is hydroxytyrosol (50). Similar to compound 

48, compound 50 can also inhibit α-syn aggregation and destabilize preformed α-syn fibrils. 

Notably, compound 50 at a concentration of 25 μM almost completely reversed the toxicity 

caused by α-syn aggregates[136] while compound 48 only rescued the cell viability to 

approximately 80% at the same concentration[134]. The discovery of active anti-amyloidogenic 

compounds from olive indicates another good dietary source that may help to prevent 

neurodegenerative diseases, in addition to green tea. 

 

1.3.2.5 Glucosides 

Glucosylation of common organic compounds may help to increase their bioavailability[137]. 

Curcumin-glucoside (51), which was synthesized by replacing the two hydroxyl groups on the 

aromatic rings with glucose moieties, showed similar effects to inhibit α-syn oligomerization 

as well as to destabiliz preformed fibrils compared with compound 34 but was believed to be 

more potent. Importantly, the introduction of glucose increased the solubility[138]. There are 

also natural glycosides that have been reported to be anti-amyloidogenic agents. One common 

group is ginsenosides, the main biologically active extract from ginseng. Rb1 (52) is one of the 

most studied ginsenosides and can inhibit oligomerization and fibrillation as well as 

disaggregate preformed fibrils. Administration of compound 52 in cells can significantly 
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attenuate the toxicity induced by α-syn aggregates, thus making it worthwhile for compound 

52 to be further tested in animal models[139]. Another glucoside, liquiritin (53), comes from 

Glycyrrhizauralensis, a common traditional Chinese medicine for the treatment of PD. In vitro 

studies have demonstrated that compound 53 can inhibit both oligomerization and fibrillation 

of α-syn. In a transgenic C. elegans expressing human α-syn, compound 53 significantly 

inhibited α-syn aggregation and extended the life span of the treated worms[140].  

 

 

 

Figure 5. Aggregation inhibitors for α-syn (compound 39-53). 
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1.3.2.6 Quinones 

It has been reported that several vitamins K, unlike many promiscuous inhibitors that bind to 

α-syn via nonspecific hydrophobic interactions, can inhibit α-syn fibrillation and disassemble 

preformed fibrils by specifically binding to the N-terminal region of α-syn. These vitamins 

(Figure 6, phylloquinone, 54, menaquinone, 55 and menadione, 56) are actually derivatives of 

1,4-naphthoquinone (1,4-NQ, 57), indicating a potential role for the scaffold of compound 57 

in the design of novel specific inhibitors for α-syn[141]. Interactions of these vitamins K with 

other amyloid proteins have yet to be explored. 

 

Tanshinone I (58) and tanshinone II A (59) are the main active components in the traditional 

Chinese medicine Danshen. Similar to EGCG, these two phenanthrenequinones have been 

demonstrated to reduce the formation of α-syn oligomers and fibrils as well as destabilize the 

preformed fibrils. The benefits of these two molecules were further confirmed in a dye leakage 

assay where they managed to prevent the membrane damage caused by α-syn aggregates. The 

good performance in vitro paved the way for later in vivo assays conducted in a C. elegans 

model expressing α-syn. Compounds 58 and 59 both significantly prevented α-syn aggregation 

and extended the life span of treated C. elegans[142]. Since other neuroprotective effects of these 

compounds have already been studied in different rodent models, compounds 58 and 59 are 

expected to target α-syn aggregation in PD rodent models. 

 

1.3.2.7 Hybrid molecules 

In light of the complex pathogenesis of PD, designing molecules that are capable of targeting 

different factors related with the disease is an attractive approach. Compounds 18 (60) and 24 

(61), which are 3-arylcoumarin-tetracyclic tacrine derivatives, were synthesized and selected 

as promising leads for the further development of potential PD therapeutics. Consistent with 

the design strategy, these two compounds exhibited multitargeted properties, including 

inhibition of α-syn aggregation, antioxidation and enhancement of the content of dopamine[143]. 

The concept of designing hybrid compounds for multitargeted functions may contribute to 

discovering novel therapeutics for future PD treatment. 

 

1.3.2.8 Aminosterol  

It has been found that lipid vesicles can assist the nucleation of monomeric α-syn, which is a 

key step in α-syn aggregation[144]. The potential effects of the aminosterol compound 
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squalamine (62) on α-syn aggregation was studied as this compound is able to translocate 

proteins from the cell membrane to the cytoplasm[145]. In an α-syn aggregation system 

containing lipid vesicles, compound 62 intervened in the interaction between α-syn and the 

surface of the vesicles, thereby inhibiting α-syn aggregation[146]. This mechanism of compound 

62 also counteracted the toxicity of oligomeric α-syn in SH-SY5Y cells, reduced α-syn 

aggregation and alleviated the immobility caused by α-syn aggregates in C. elegans 

overexpressing α-syn[146]. Later, the same group studied another structurally similar compound, 

trodusquemine (63). The side chain of compound 63 is spermine rather than spermidine as in 

compound 62. The introduction of additional positive charges was attributed to the increased 

ability of compound 63 to displace α-syn from both lipid vesicles and preformed α-syn fibrils, 

thus making this aminosterol able to inhibit not only the nucleation of α-syn monomers but 

also fibril-induced aggregation[147]. Like compound 62, compound 63 also protected SH-SY5Y 

cells from the toxicity of oligomeric α-syn and improved the fitness of C. elegans 

overexpressing α-syn[147]. Future investigations of these two aminosterols in rodent PD models 

are anticipated. 

 

1.3.2.9 Pyrimido pyrazine 

Targeting the interaction between α-syn and membranes has become an important therapeutic 

strategy for synucleinopathies[148]. While the aforementioned aminosterols are molecules 

isolated from nature, Neuropore Therapies, Inc. along with its collaborators developed a 

promising compound, NPT100-18A (64), a de novo synthesized molecule with a pyrimido 

pyrazine scaffold. Compound 64 was designed to target the 96-102 domain of α-syn that is 

believed to mediate the dimerization of α-syn on membranes[149]. By inhibiting the interaction 

between α-syn and lipid membranes, compound 64 reduced the formation of toxic α-syn 

oligomers in primary rat neurons. The long-term effects of compound 64 in a wild-type α-syn 

transgenic mouse model improved the performance of treated mice in motor behavioral 

assessments[149]. In the brains of these treated mice, the accumulation of α-syn was significantly 

reduced in different regions (neocortex, hippocampus, and striatum). A reduction in α-syn was 

also seen in the substantia nigra but this result was not significant. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) demonstrated that compound 64 decreased 

the amount of α-syn dimers and oligomers, a phenomenon that was also seen in an oligomer 

prone E57K α-syn transgenic mouse model[149]. Pathologically, neuronal death, synapto-

dendritic damage and astrogliosis were notably improved, indicating an association between 
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inhibition of α-syn accumulation, recovered neurodegeneration, and ameliorated motor 

function[149]. The short-term effects of compound 64 were evaluated in real time in α-syn-GFP 

transgenic mice. The reduction of the α-syn-GFP signal at synapses could be seen between 30-

60 min after administration, indicating the efficiency of compound 64 to inhibit α-syn 

accumulation at synaptic terminals[149].  

 

Compound 64 suffered from poor oral bioavailability and poor brain penetration; therefore, 

this compound was not advanced further for clinical studies[150]. Based on the structure of 

compound 64, a new compound, NPT200-11 (65), with improved pharmacokinetic properties, 

was introduced. Compound 65 maintained similar efficacies compared to compound 64, 

including a decrease in α-syn accumulation, amelioration of neurodegenerative pathology and 

improvements in behavioral performance[150]. According to the authoritative database of 

clinical trials (ClinicalTrials.gov), the phase 1 study of compound 65 in healthy subjects was 

successfully completed in 2016. A phase 1b clinical study in both healthy subjects and PD 

patients is expected to be conducted in Europe. Without a doubt, compound 65 is the most 

promising small molecule drug candidate targeting α-syn aggregation. 

 

1.3.2.10 Others 

There are still many other molecules that have been reported to be inhibitors of α-syn 

aggregation at the molecular level, such as aldehyde 4-hydroxy-2-nonenal (HNE, 66)[151] and 

scyllo-inositol (67)[152]. Compound 66 has perhaps the simplest structures among all the 

reported inhibitors since it has no aromatic ring and the molecular mass is only 156 Da. 

Compound 67 is already well known for its efficacy to inhibit Aβ aggregation in vitro and in 

vivo. 

 

In cell models, compounds such as dieckol (68)[153], melatonin (69)[154], selegiline (70)[155], and 

synuClean-D (71)[156] can exert neuroprotection against toxicity induced by α-syn aggregates. 

The discovery of compound 71 resulted from drug screening based on the ThT assay[157]. The 

ameliorative effects of compound 71 were also observed in PD C. elegans models. Treatment 

with compound 71 remarkably reduced the formation of α-syn aggregates and protected 

dopaminergic cells from death in C. elegans, attributing to the improved motility[156]. 

 

The following three molecules are promising compounds to be further developed into useful 
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PD disease-modifying drugs for clinical applications. The first one, CLR01 (72), also termed 

molecular tweezer, was first studied systematically by Prabhudesai et al. In vitro assays 

including ThT assays and TEM demonstrated that compound 72 can inhibit α-syn aggregation 

as well as disassemble preformed fibrils. Compound 72 also exhibited significant protection in 

both HEK293 cells expressing α-syn endogenously and PC12 cells treated with aggregated α-

syn. Excitingly, compound 72 managed to reduce apoptosis induced by α-syn aggregation in 

zebra fish embryos expressing α-syn, which contributed to increased survival of the treated 

embryos[158]. Both intracerebroventricular and subcutaneous administration of compound 72 to 

mice overexpressing α-syn can notably alleviate the motor deficits caused by α-syn pathology 

and is accompanied by a decrease in the soluble α-syn fraction. The long-term efficacy of 

compound 72 could be explained by its stable kinetics in vivo[159]. Modifications of this 

molecule to increase its ability to penetrate the BBB would be required before moving to human 

trials. 

 

Anle138b (20) was discovered by a high-throughput screening system against the aggregation 

of the prion protein. Interestingly, compound 20 is also able to reduce the formation of α-syn 

oligomers. Administration of compound 20 in the rotenone mouse model successfully 

ameliorated motor dysfunction. In another transgenic mouse model expressing human A30P 

mutated α-syn, compound 20 was shown to improve motor performance, prevent the spread of 

deposited α-syn in the brain and reduce the level of α-syn oligomers[160]. Since compound 20 

possesses ideal pharmacokinetic properties, it would not take long for it to be tested clinically 

to treat PD and prion diseases. 
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Figure 6. Aggregation inhibitors for α-syn (compound 54-64, 66-73). 
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Table 3. Characteristics of representative aggregation inhibitors. 

No. EC50/IC50 
Other 

targets 
Status Ref No. EC50/IC50 

Other 

targets 
Status Ref 

Antibiotics   Glucosides   

21 EC50=6.96 μM Aβ, tau a 103,105 51-53 N/A N/A a, a, b 137-139 

22 EC50=6.06 μM Aβ a 105 Quinones   

Dopamine & its analogs   54 IC50=30 μM N/A a 140 

23 IC50=7.1 μM Aβ, tau a 105,106,109 55 IC50=29 μM N/A a 140 

24-28 N/A N/A a 108 56 IC50=18 μM N/A a 140 

Dyes & pigments   57 IC50=15 μM N/A a 140 

29 IC50=14.7 μM Aβ, tau a 109 58-59 N/A Aβ b 141 

30 IC50=2.3 μM Aβ, tau a 109 Hybrid molecules   

31 IC50=27.5 μM Aβ, tau a 109 60-61 N/A N/A b 142 

32 IC50=322 μM N/A a 113 Aminosterols   

33 N/A Aβ a 115,116 62 N/A Aβ b 145 

Polyphenols   63 N/A N/A b 146 

34 EC50=0.22 μM 

 

 

Aβ a 105 Pyrimido pyrazines   

35 IC50=126.77 μM N/A a 120 64-65 N/A N/A b, c 148,149 

36 IC50=9.21 μM N/A a 120 Others   

37 IC50=89.13 μM N/A a 120 66 N/A Aβ a 150 

38 N/A N/A a 121 67 N/A 

Aβ, 

huntingtin a 151 

39 IC50=0.79 μM 
Aβ, tau, 

amylin 
b 117,130 68 N/A N/A a 152 

40 N/A Aβ a 127 69 EC50=2.7 μM 

 

Aβ a 153 

41-42 N/A Aβ a 129 70 EC50=0 27 μM 

 

Aβ a 154 

43 N/A N/A a 129 71 N/A N/A b 155 

44 IC50=2.03 μM Aβ, tau a 130 72 IC50=4 μM Aβ b 157,158 

45 N/A N/A a 130 20 EC50=2.8 μM 

 

Prion, tau b 159 

46 IC50=3.57 μM N/A a 130 73 N/A N/A b 160 

47 IC50=77 nM N/A a 130      

48 N/A Aβ a 133     

49 N/A 
Aβ, 

amylin 
a 134     

50 N/A N/A a 135     

 

N/A: not available 

a: in vitro b: in vivo c: clinical stage 
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The identification of fasudil (73) as a potent inhibitor of α-syn aggregation is quite exciting, as 

it is already an approved drug for cerebral vasospasm. Therefore, it would not be difficult for 

compound 73 to be used clinically in the future for treatment of PD given that this molecule 

can effectively inhibit α-syn aggregation via specific binding to the C-terminal region and more 

importantly, treatment with compound 73 can improve motor performance and recognition 

memory in α-syn A53T mutated mice[161].  

     

1.4 Conclusions and the aim of the thesis 

Lewy bodies were first identified over 100 years ago and their main component, α-syn, though 

seemingly discovered much later, has been investigated for over 20 years. It is believed that 

the aggregation process of α-syn plays a central role in PD pathogenesis and as a result, the 

past decade has seen a large number of studies focusing on α-syn aggregation and its role as a 

biomarker. 

 

A variety of small molecule probes and inhibitors of α-syn have been developed over the past 

decade. Some of these inhibitors have been tested in vivo and therefore are promising 

candidates for clinical trials. Many of the discovered molecules are also able to affect the 

aggregation of other amyloid proteins, indicating their roles as nonspecific amyloid inhibitors. 

The reason for this may be explained by discussing the common techniques for the discovery 

of molecules capable of interacting with α-syn. 

 

Similar to other biophysical techniques, ThT assays are not able to sensitively detect and 

individually characterize unique protein subspecies with which a small molecule ligand 

interacts[162]. A ThT assay can also be compromised if the small molecule can competitively 

bind to the dye-binding site on the protein or quench the emission of fluorescence via 

interaction with the dye[163]. 

 

Another technique mass spectrometry (MS) is an analytical tool for measuring the molecular 

mass. Applications involve amino acid sequencing, study of protein structures and also protein-

ligand interactions. The basic principle of MS is: after the samples are injected into the mass 

spectrometer, they are gasified and ionized and the ions are extracted into the analyzer where 

they are separated according to their mass-to-charge ratios (m/z). The separated ions are 

detected and this signal is sent to a data system where the m/z ratios are stored together with 
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their relative abundance for presentation in the format of an m/z spectrum (Figure 7). The 

advantages of MS over other screening assays include fast discovery of candidate inhibitors 

and more importantly the abilities to identify binding modes and the particular protein 

conformations responsible for the interactions with small molecules[117, 118, 164]. The MS 

technique also allows the electron capture dissociation (ECD) fragmentation of the protein-

ligand complexes, which can offer the information about the binding regions of the ligands 

[165,166]. Previously, Liu et al. employed ion mobility-mass spectrometry (IM-MS) to screen 

molecules capable of inhibiting the aggregation of α-syn[117]. They evaluated compounds based 

on quantification of relative soluble protein (RSP) following incubation. Strangely, they failed 

to detect the peaks representing the protein-ligand complexes for most of the test compounds. 

Like the ThT assay, quantification of RSP only looks at the terminal effects of molecules on α-

syn aggregation. Without understanding how compounds bind to target proteins first, it is not 

possible to screen out molecules that interact with proteins via nonspecific binding or colloidal 

inhibition, or via formation of covalent bonds. 

 

 

 

Figure 7. A scheme demonstrating the basic principle of mass spectrometry. 

 

In an endeavour to discover specific α-syn aggregation inhibitors, research has started to focus 

on developing molecules that target specific regions of monomeric α-syn, such as vitamins (54, 

55 and 56)[141] and also the two de novo synthesized pyrimido pyrazine derivatives (64 and 

65)[149, 150]. The ability to detect the interactions between small molecules and monomeric α-

syn makes MS a powerful technique to discover specific α-syn binding compounds and identify 

the specific regions to which the compounds bind.  
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Considering the follow-up of the review paper, the aim of this thesis is to establish an MS-

based screening system and discover specific α-syn binding molecules for development of α-

syn aggregation inhibitors. To achieve this goal, a reliable and economical source of purified 

α-syn needs to be acquired first, which involves the construction of an expression vector for 

transforming bacteria and isolation and purification of α-syn. Secondly, the MS-based 

screening system desires to be efficient and automated in terms of sample loading and data 

acquisition. Thirdly, the access to large scale of compounds for screening, either from 

compound libraries or chemical synthesis, is very important. Finally, the establishment of 

commonly used assays for evaluations of selected compounds on α-syn aggregation is required.    

We also propose that the α-syn binding scaffolds screened by MS will have the potential to be 

further developed into both fluorescent and PET imaging probes. This means that a single 

molecule may have both the therapeutic and diagnostic functions. These types of theranostic 

reagents have already been investigated for cancer [167] and AD [168] and we believe that 

developing molecules with theranostic functions for PD will become a hot topic in the near 

future. 
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 MATERIALS AND METHODS 

 

This chapter includes all the materials and methods that were used in the following chapters 

(3, 4 and 5).  

 

2.1 SNCA cDNA cloning by PCR  

Polymerase chain reaction (PCR) was conducted to confirm that the SNCA cDNA exists inside 

the pcDNA-DEST47 vector (Life Technologies). Customized oligonucleotides were obtained 

from Sigma Aldrich. Reagents including MilliQ water, colourless goTaq buffer (Promega), 

MgCl2 (Promega), deoxynucleotides (dNTPs) (Promega), Taq DNA polymerase (Promega) 

were used. Cycling conditions used for the PCR reaction were as follows: PCR initiation at 

95°C for 2 min followed by 45 cycles of denaturation at 95°C for 30 s, annealing at 60°C+/- 

for 30 s and extension at 72°C for 60 s. The cycle was terminated with a final extension at 75°C 

for 5 min. The samples were held at 10°C until running agarose gel electrophoresis. 

 

2.2 Agarose gel electrophoresis 

To confirm the amplification, 5 μl of the PCR products was run on a 1% agarose gel containing 

ethidium bromide (EB). TAE buffer [4.84 g Tris base, 1.14 ml glacial acetic acid and 0.37 g 

ethylenediaminetetraacetic acid (EDTA) for 1 L] was used as the running buffer. A DNA ladder 

(GeneRuler ™DNA Ladder Mix #SM0333, New England Biolabs) was run alongside the PCR 

products mixed with loading dye (Gel Loading Dye, New England Biolabs) at 80 volts. The 

gel was imaged using the Gel Logic 200 Imaging system ultraviolet (UV) Trans-illuminator 

and Kodak Molecular Imaging Software (v4.0.5). 

 

2.3 Sanger sequencing of PCR product 

PCR product was then used as a template for a Sequencing PCR reaction using a BigDye® 

Terminator (v3.1) reaction (Applied Biosystems). The BigDye® Terminator reaction mix 

consists of Taq DNA polymerase, dNTPs and fluorescently labelled dideoxynucleotide tri 

phosphate (ddNTPS) that can be excited using a UV laser to identify the base composition of 

the sequence using the sensor on the sequencer. For this reaction only one primer was used per 

reaction in order to obtain a readout of both strands of the DNA sequence. The cycling 

conditions used for the PCR were an initiation at 96°C for 1 min followed by 30 cycles of 
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denaturation at 96°C for 10 s, annealing at 50 for 5 s and an extension at 60°C for 4 min. The 

samples were then held at 4°C until ready to purify.  

 

2.4 Purification of sequencing products  

The samples were then purified using the EDTA method. Briefly, the samples were mixed with 

5 μL of 125 mM EDTA and vortexed briefly. 60 μl of 100% ethanol was added to each tube 

and vortexed briefly. This sample was then incubated at room temperature for 15 min. 

Following incubation the sample was centrifuged for 20 min at maximum speed on the 

microcentrifuge. The supernatant was aspirated away from the DNA pellet that had formed. 

The pellet was then rinsed with 250 μl of 70% ethanol and centrifuged at maximum speed for 

5 min. The supernatant was aspirated away from the pellet and the pellet was allowed to dry 

before sending the samples for sequencing at Griffith University DNA Sequencing Facility. 

The chromatographs were viewed using Chromas v2.6 (Technelysium Pty Ltd). 

 

2.5 DNA gel extraction   

Amplified DNA was purified using a QIAquick Gel Extraction Kit (QIAGEN) according to 

the manufacturer’s instructions. Following electrophoresis of DNA fragments on TAE agarose 

gels (1.5% w/v), the appropriate DNA bands were excised using a sharp clean razor blade. 

Briefly, the protocol involved dissolving the excised slice of agarose prior to binding the DNA 

to a spin column where the DNA was cleaned via a number of washes prior to the elution of 

the DNA sample using 30-50 μL of elution buffer. 

 

2.6 Restriction endonuclease digestion of DNA 

Two enzymes Nde I (New England Biolabs) and Xho I (New England Biolabs) were used along 

with Buffer 4 (New England Biolabs), bovine serum albumin (BSA), MilliQ water and the 

DNA fragment. The reaction mixture was incubated at 37°C for 4-5 h and then kept at 4°C 

overnight. The second day, sample was extracted from agarose gel and the concentration was 

measured by NanoDrop (Thermo Scientific). 

 

2.7 Ligation reactions 

Ligations were performed with T4 DNA ligase using purified DNA fragments containing 

cohesive termini, at room temperature for 20 min. Then TE (Tris base 0.1 M, EDTA 1 mM, pH 
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adjusted to 7.4 and autoclaved) buffer was added into the reaction to increase the efficiency of 

transformation. 

 

2.8 Bacteria growth 

Bacteria were grown at 37°C in liquid LB medium (10 g tryptone, 5 g yeast extract and 10 g 

NaCl dissolved in 1 L MilliQ water) or on LB plates (7.5 g bacteriological agar dissolved in 

500 mL LB medium).  

 

2.9 Competent cells 

BL21 (DE3) or DH5α competent cells used were pre-prepared in 100 μL aliquots containing 

15% (w/v) glycerol and stored at -80°C. Competent cells were prepared using the CaCl2 method 

described by Morrison[1]. 

 

2.10 Transformations 

E.coli BL21 (DE3) or DH5α competent cells were defrosted on ice for 30 min prior to 

transformation of ligation mixture. TE buffer was used as the negative controls and pET-22b 

(+) (Novagen) was used as a positive control. Ligation mixture was incubated with competent 

cells for 30 min on ice. Transformation was achieved through heat shock at 42°C for 45 s, upon 

which the cells were returned to ice briefly prior to the addition of 1mL of LB broth. The cells 

were then grown in a shaking incubator at 37°C at 180-220 rpm for 1.5 h before being harvested 

by centrifugation (3,500 rpm, 5 min) and the excess liquid removed. Cells were resuspended 

using a pipette before being divided into 10 μL and 100 μL volumes and spread on separate LB 

agar plates with 100 μg/ml ampicillin. Plates were placed at 37°C overnight and minipreps 

were performed on selected bacterial colonies. Restriction digests were used to confirm the 

presence of an inserted DNA fragment corresponding to the correct size of the gene and DNA 

sequencing was performed to further confirm that the gene inserts were correct. 

 

2.11 Minipreparation of plasmid DNA 

Plasmid DNA was purified using QIAprep Spin Miniprep Kit (QIAGEN). Cells from plates 

were scraped off and resuspended in approximately 800 μL of LB broth in 1.5 mL Eppendorf 

tubes. Cells were then harvested through centrifugation (3 min, 13,000rpm) and LB broth was 

removed leaving the pelleted cells at the bottom of the Eppendorf tubes. The minipreps were 

then performed in accordance with the manufactures protocol from step 2 where cells were 
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dissolved in P1 Buffer (250 μL), followed by an alkaline lysis, binding of plasmid DNA in 50 

μL of Elution Buffer. Plasmid DNA samples were the analysed on TAE agarose gel following 

electrophoresis.  

 

2.12 Protein expression 

Protein expression was performed using the pET-22b (+) vector system (Novagen) where the 

inserted gene is under the control of the T7 promoter. Plasmids were transformed into BL21 

(DE3) E.coli cells for expression. Protein expression was conducted in medium scale (500 mL 

LB media containing ampicillin) and inoculated with a scrape of cells from two plates freshly 

grown for 2-3 days. Cells were then grown to an approximate A595 of 0.6 in a shaking incubator 

at 220 rpm upon which two 1 mL samples were collected and the culture induced with 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG). Cultures were grown for 4 h with two 1mL 

samples collected upon every hour and the A595 record. The cells were then harvested in a 

microcentrifuge (13,000 rpm, 10 min), the supernatant removed and pellets stored at -80°C 

until required. Expression of protein was confirmed by resuspending the samples followed by 

a 10 min incubation at 100°C prior to 30 μL of each sample being analysed by SDS-PAGE. 

 

2.13 SDS-PAGE 

A gradient gel consisting of 4% stacking gel and 6%, 10% and 15% resolving gels was prepared 

as per protocol and placed in the gel cassette, which was then placed inside the tank (BioRad). 

30 μL of protein samples were run on the gel along with 4 μL of a protein ladder. The gel was 

run at 5 mA per gel for the first hour and after that current was increased by 5 mA per gel every 

hour. The voltage should be kept under 160 V. 

 

2.14 Protein purification 

Protein purification was based on published protocols[2,3] with minor modifications. 

Confirmation that the purification was successful was achieved using MS method as reported 

previously[4]. Basically, after IPTG-induction of E.coli, samples were pelleted and resuspended 

in TEN buffer [50 mM Tris-HCl (pH 8.0), 10 mM EDTA and 15 mM NaCl]. Tubes of cells 

were frozen at -80°C. Upon purification, the tubes of frozen cells were placed directly in a dry-

bath for 10 min. Cells were pelleted at maximum speed for 10 min and supernatant was 

removed to fresh tubes and streptomycin sulfate (136 μL of a 10% solution/ mL supernatant) 

and glacial acetic acid (228 μL/ mL supernatant) were added followed by an additional spin for 
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10 min. The supernatant was again removed and then precipitated with ammonium sulfate 

[saturated ammonium sulfate at 4°C was used 1:1 (v/v) with supernatant]. Precipitated protein 

was collected by centrifugation and the pellet was washed once with ammonium sulfate 

solution [4°C, 1:1(v/v) saturated ammonium sulfate (4°C) and water]. The washed pellet was 

resuspended in 10mM ammonium acetate to form a cloudy solution and precipitated in ethanol 

(equal volume at RT). Precipitation in ethanol was repeated twice more, followed by a 

concentration process (protein concentrator, Eppendorf) to totally dry the pellet. The pellet was 

resuspended in 20 mM (pH 8.0) Tris and filtered with a 0.22 mm filter (Millipore).  

 

 

 

Figure 8. A Biorad NGC fast protein liquid chromatography system. 

 

Anion exchange column Mono Q (GE Healthcare) was coupled to a Biorad NGC fast protein 

liquid chromatography system (Figure 8) in order to purify α-synuclein. Tris 20 mM (pH 8.0) 

and Tris 20 mM (pH 8.0), NaCl 1 M were used as buffer A and buffer B respectively. After 

column equilibration with buffer A, the sample was manually injected by a syringe into a 
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sample loop (5 ml). To properly isolate α-syn, a step gradient was applied as follows: (1) 0%-

20% buffer B, 4 cv; (2) 20%-35% buffer B, 12 cv; (3) 100% buffer B, 5 cv, obtaining pure α-

syn between 20% and 35% buffer B concentration. The concentrations of the collected fractions 

were determined measuring the absorbance at 280 nm by NanoDrop (Thermo Scientific). 

Purity was checked using SDS-PAGE and pre-stained Protein Standard markers from Thermo 

Fisher Scientific. The gel was stained with coomassie brilliant blue.  

 

Before checking the identity of the purified protein by mass spectrometry, the samples were 

further buffer exchanged into 10 mM ammonium acetate using a NAP-5 column (GE 

Healthcare). Prior to commencing, ensure that the NAP-5 column has equilibrated to ambient 

temperature. Support the column over a suitable receptacle to catch buffer flow through. 

Remove the top and bottom caps from the NAP-5 column and allow the excess liquid to flow 

through the column. Equilibrate the gel with approximately 10 ml of ammonium acetate. Allow 

the equilibration buffer to completely enter the gel bed by gravity flow. Do not apply positive 

pressure. Add the sample to the column in a maximum volume of 0.5 ml. Allow the sample to 

enter the gel bed completely. Place an appropriate size collection tube for sample collection 

under the column. Elute the purified sample with an appropriate volume of equilibration buffer 

(Table 4). 

 

Table 4. Buffer volume guide. 

 

Column type Sample Equilibration Elution  

 Volume (ml) Buffer (ml) Buffer (ml) 

NAP-5 0.1 0.4 0.5 

 0.25 0.25 0.7 

 0.5 max vol 0 1.0 

 

2.15 Mass spectrometry 

α-Syn protein solution (10 μM) was prepared in 10 mM ammonium acetate (Sigma Aldrich). 

Commercial α-syn (>95% purity) was purchased from rPeptide (GA, USA). EGCG and hemin 

were purchased from Sigma. All compounds (>95% purity) for screening were commercially 

acquired from Enamine (Kyiv, Ukraine) and ChemDiv (CA, USA). Compound 1 and 2 was 

purchased from ChemDiv. EGCG were dissolved with 50% methanol, hemin was dissolved in 

25% ammonium hydroxide, compound 1 and 2 was dissolved in 100% methanol. All 
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compounds for screening were incubated with α-syn (10 μM) for 3 h at room temperature.  

 

For MS automated screening, pure compounds (5 mM) dissolved in DMSO were automatically 

plated into 384-well plate robotically on a BioCel 1200 Platform (Agilent), with each well 

containing 400 nL sample (compounds 100 μM) or 200 nL (compounds 50 μM). ETA-RVC 

Rotational Vacuum Concentrator (Martin Christ) was used to remove DMSO of the 

compounds. Heating temperature was set at 40°C. Pressure was reduced gradually from 1,000 

mBar to 1 mBar and kept for 1 h. All of the dried samples in 384-well plates were redissolved 

in 50% methanol (2 μL/well). A volume of 10 μM α-syn solution (20 μL/well) were then 

pipetted into the plates using a multichannel pipette. The plates were vortexed and incubated 

at room temperature for 3 h before starting screening. 

 

A Bruker Maxis II quadrupole-time-of flight mass spectrometer (QTOF-MS, Figure 9) was 

used for acquiring protein mass spectra. The combination of quadrupole analyser and time-of-

flight spectrometer can realize fast acquisition of mass spectra with good reproducibility. The 

following parameters were used: End plate offset 500 V; Capillary 4,500 V; Nebulizer 2.0 Bar; 

Dry Gas 5 L/min; Dry Temp 120°C; Funnel I RF 400 Vpp; ISCID 0.0 Ev; Ion Energy 4.0 eV; 

Transfer time 100 μs; Multipole RF 800 Vpp; Collision RF 1,200 Vpp; Prepulse storage 10 μs; 

Spectra Rate: 2×100 Hz. The m/z scale was calibrated with sodium trifluoroacetate (NaTFA). 

α-Syn protein solution (10 μM) was prepared in 10 mM ammonium acetate and was injected 

into QTOF-MS by syringe (flowrate 120 μL/h). 
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Figure 9. The basic structure and components of a Bruker Q-TOF mass spectrometer. The red line represents the 

route of samples through the instrument. 

 

For electron capture dissociation (ECD) experiments, α-syn (20 μM) were mixed with all 

compounds at 1:5 molar ratio for 3 h at room temperature. As ECD fragmentation can form a 

great number of protein fragments that appear with relatively low intensity in the mass spectra, 

a Bruker solariX 12-Tesla Fourier transform ion-cyclotron resonance (FT-ICR) mass 

spectrometer (Figure 10) with higher resolution than QTOF-MS was used and the procedures 

were mainly based on a previous report[5]. The following parameters were used: Syringe Pump 

300.0 μL/h; Capillary 4,500 V; End Plate Offset -500 V; Nebulizer 1.0 Bar; Dry Gas 4 L/min; 

Dry Temp 200°C; Capillary Exit 220.0 V; Deflector Plate 200.0 V; Funnel 1 150.0 V; Skimmer 

1 70.0 V; Funnel RF Amplitude 150.0 Vpp; Octopole Frequency 5 MHz; Octopole RF 

Amplitude 150.0 Vpp; Collision Voltage -2.5 V; DC Extract Bias 0.8 V; Collision RF 

Frequency 2 MHz; Collision RF Amplitude 1,200 Vpp; Time of flight 1.0 ms; Transfer Optics 

Frequency 4 MHz; Transfer Optics RF Amplitude 450.0 Vpp. Then precursor ions (+13 charge 

state) were isolated and fragmented by electrons (ECD current 1.7 A, electron energy 1.1 eV, 

pulse length 0.02 s). Product ions after ECD fragmentation were identified manually using the 

MS-Product function of the online software ProteinProspector 

(http://msviewer.ucsf.edu/prospector/mshome.htm). 
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Figure 10. The basic structure and components of a Bruker FT-ICR mass spectrometer. The red line represents the 

route of samples through the instrument. 

 

2.16 Deconvolution of MS spectra 

For comparison of in-house generated α-syn with the commercial protein, the collision energy 

was increased to 15 eV to remove acetate adducts of α-syn. The acquired mass spectra were 

deconvoluted using the Compass DataAnalysis software (Bruker Daltonics). Briefly, choose 

the region of mass spectra for deconvolution and Copy to compound spectra. In the 

deconvolution parameters, choose maximum entropy and set the low mass 13,000 Da, the high 

mass 16,000 Da. Then right click the chosen region of spectra and choose Deconvolute. 

 

2.17 MS screening 

ETA-RVC Rotational Vacuum Concentrator (Martin Christ) was used to remove DMSO of the 

compounds and extracts. Heating temperature was set at 40°C. Pressure was reduced gradually 

from 1,000 mBar to 1 mBar and kept for 1 h. All of the dried samples in 384-well plates were 

redissolved by methanol (2 μL/well). Then 10 μM α-syn solution (20 μL/well) were pipetted 

into the plates by multichannel pipette. The plates were vortexed and incubated at RT for 3 h 

before the start of screening. 
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Samples containing α-syn and compounds were injected by the auto-sampler and the pump of 

an Agilent (CA, USA) 1100 Liquid Chromatograph (LC). A straight tubing connecting the auto-

sampler of the LC and the QTOF-MS was used to allow entry of the samples into the QTOF-

MS for analysis (Figure 11). For the method of sample injection, the parameters in the software 

HyStar (version 3.2) were set as follows: (1) Binary pump: flow rate 0.1 mL/min, solvent 100% 

ammonium acetate (10 μM), stop-time 1.50 min; (2) HiP sampler: injection volume 20 μL 

(injection with needle wash), stop-time as pump, draw speed 1,000 μL/min, eject speed 1,000 

μL/min, draw position 0.0 mm, well bottom sensing function activated. A sample table 

containing the information of each sample, such as the name and location (coordinate in a 384-

well plate), was created and loaded. For the MS method, the same method mentioned 

previously was used. 

 

 

 

Figure 11. The automated screening system based on connection of HPLC and Q-TOF mass spectrometer. 

 

2.18 Thioflavin t (ThT) assay 

Stock solution of ThT (5 mM, Sigma Aldrich) was prepared in 50 mM glycine-NaOH buffer 

(pH 8.0). To obtain reproducibility, homogenously monomeric α-syn was made according to a 

commonly used protocol[6]. Then 80 μM α-syn was prepared in 20 mM Tris-HCl (pH=7.4), 150 

mM NaCl and 0.05% NaN3 and incubated at 37 °C with constant shaking (1,000 rpm in a 

thermomixer) for 6, 12, 24, 48, 72 and 96 h, with and without compounds (80 μM and 400 

μM). For each treatment group, incubated α-syn samples were mixed with 50 μM ThT solution. 

The 300 μL mixed solution was evenly distributed into triplicates in a 96-well plate. The ThT 

fluorescence intensities of samples were measured by a BioTek synergy 2 microplate reader 

(VT, USA) with an excitation filter of 460 nm and an emission filter of 500 nm. 



CHAPTER 2: MATERIALS AND METHODS 

57 

 

2.19 Circular dichroism (CD) spectroscopy 

α-Syn (80 μM) was prepared in 10 mM NaH2PO4/Na2HPO4 (pH=7.4). Samples were 

incubated at 37 °C with constant shaking (1,000 rpm in a thermomixer) for 24h, 48h and 72h, 

without and with compounds (400 μM).  CD spectra were acquired using a JASCO-715 

spectropolarimeter (Tokyo, Japan). Spectra were recorded from 250 nm to 190 nm with 1 mm 

path length, 5 nm bandwidth, 2 s response and 200 nm/min scanning speed. Five scans were 

obtained and averaged for each result. 

 

2.20 Transmission electron microscopy (TEM) 

α-Syn (80 μM) was prepared in 20 mM Tris-HCl (pH=7.4), 150 mM NaCl and 0.05% NaN3. 

Samples were incubated at 37 °C with constant shaking (1,000 rpm in a thermomixer) for 72 

h, without and with compounds (400 μM). One drop of α-syn samples (5 μL) was placed onto 

a formvar-coated, carbon-stabilized copper grid (400 mesh) for 4 min. Then the liquid was 

withdrawn by a strip of filter paper. The grid was negatively stained by 1% aqueous uranyl 

acetate for 2 min. The liquid was again withdrawn by filter paper, air-dried and put in the 

sample holder of a JEOL (JEM 1011, Tokyo, Japan) transmission electron microscope (Figure 

11). Once the holder was locked in, the HT (set as 100 KV) and filament were turned on. The 

general sections of samples could be seen by hitting LOW MAG. The full grid became visible 

when the objective aperture was moved out. Using the left and right white wheels, the regions 

of interest were located. Then the objective aperture was moved in and the magnification was 

changed into MAG 1. The beam seen in the chamber screen was spread using the brightness 

knob on the left hand console. In order to acquire high quality images, the apertures were 

checked with the DIFF knob (on the right hand console). At this stage, the views of samples 

could be switched to camera view and imaged could be taken after adjustment of brightness 

(on the right hand console), magnification and focus (on the left hand console). 
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Figure 12. A JEOL (JEM 1011) transmission electron microscope. 

2.21 Dot blot 

Briefly, 2 μl samples were spotted on nitrocellulose membrane (Amersham Protran, GE 

Healthcare) and dried at room temperature. Nitrocellulose membrane was blocked at room 

temperature for 1 h with 3% BSA and then washed with Tris-buffered saline (TBST, 0.05% 

Tween 20, 50 mM Tris–HCl, 150 mM NaCl, pH 7.5). Each membrane was then incubated at 

4 °C overnight with anti-α-synuclein antibody (1:2,000, BD Biosciences) and anti-α-synuclein 

filament antibody (1:8,000, Abcam). Membranes were further washed in TBST and then 

incubated with secondary anti-mouse and anti-rabbit IgG (1:20,000, Thermo Scientific) for 2 

h at room temperature. The blots were further incubated with ECL reagent (Millipore) for 5 

min and developed. 

 

2.22 Cell viability assay 

SH-SY5Y neuroblastoma cells (ATCC) were seeded into 96-well plates at 12,000 cells/well. 

Cells were incubated for 24 h at 37 °C with 5% CO2 in 90% Dulbecco’s modified Eagle’s 

medium: F12 (Invitrogen), 10% fetal bovine serum (Invitrogen) and 1% penicillin/ 
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streptomycin (Sigma Aldrich). α-Syn (80 μM) was prepared in fresh un-supplemented medium 

and was incubated with and without different concentrations (40 μM, 80 μM and 200 μM)  of 

compounds at 37 °C for 24 h.  Before drug treatment, all medium in 96-well plates was changed 

into fresh serum-free medium (90 μL/well). Then 10 μL of pre-incubated α-syn was added into 

each well. Cells were further incubated for 24 h and 10 μL of MTT (Sigma Aldrich) was added 

into each well at the final concentration of 0.5 mg/mL and the 96-well plates were incubated at 

37 °C for 3 h. The supernatants of all wells were then discarded and 100 μL DMSO was added 

into each well to dissolve the formed formazan. The absorbance of all wells at 490 nm were 

measured by a BioTek synergy 2 microplate reader. 

 

2.23 Extraction and Isolation of active compound from marine extracts 

The freeze-dried sample of the ascidian Sycozoa cerebriformis was exhaustively extracted with 

MeOH to yield a crude extract. This extract was adsorbed onto the C18 silica gel at a 1:1 ratio 

and packed into a HPLC refillable cartridge (10 mm x 20 mm) that was connected in series 

with a Betasil C18 bonded silica HPLC column (21 mm x 150 mm). The columns were eluted 

with a gradient from 100% H2O containing 0.1% TFA to 100% MeOH containing 0.1% TFA 

over 60 min at a flow rate of 9 mL/min. The column was further eluted with 100% MeOH 

containing 0.1% TFA for 10 min. Active fractions were analysed by 1H NMR and separated 

using a Betasil C18 bonded silica HPLC column (10 mm x 250 mm). The column was eluted 

with a gradient from 50% H2O/50% MeOH to 100% MeOH over 60 min at a flow rate of 9 

mL/min. The column was then further eluted with 100% MeOH for 10 min.  
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PCR results (Figure 14) suggested that amplification of the selected region was successful and 

the same primers could then be used for the subsequent sequencing reactions. 

 

 

 

Figure 14. Results of PCR amplifying the Pcmv and GFP region of pcDNA-DEST47. Lane 1-5: DNA 

concentration gradient 80, 20, 10, 5 and 2.5 ng/μL; Lane 6: non-template control; annealing temperature 63°C; 

MgCl2 1.25 mM. 

 

 

 

Figure 15. Detailed sequence extracted from pcDNA-DEST47 SNCA cDNA sequencing report. The region in 

black is part of the Pcmv; the region in gray is T7 promoter; the region in green is part of GFP. 
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Sequencing results (Appendix 1-2) showed that both forward and reversed reactions produced 

good quality signals that corresponded to the expected sequences. Figure 15 is the detailed 

sequence extracted from the test report. After comparison with the whole sequence of pcDNA-

DEST47 and SNCA cDNA, we found that the SNCA cDNA is indeed located between the Pcmv 

and GFP regions.  

 

3.2 Construction of pET-22b (+) for expressing α-synuclein 

As only pure α-syn is needed for screening specific binding scaffolds, the GFP tag is therefore 

not necessary and needs to be eliminated. In this case, whole SNCA cDNA in pcDNA-DEST47 

should be transferred to a new vector suitable for expression. Meanwhile, the last three base 

pairs (which were AAG in the construct attached to GFP sequence, Figure 15) should also be 

replaced by the stop codon TAA. 

 

A widely used and also available expression vector pET-22b (+) (Figure 16) was chosen for 

constructing the new pET-22b (+) for expressing α-syn. To insert the SNCA cDNA into pET-

22b (+), we designed a strategy, as shown in Figure 17. 

 

 

 

Figure 16. Map of pET-22b (+). 
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Figure 17. Strategy of inserting SNCA cDNA into pET-22b (+) vector. 

 

A forward primer containing restriction enzyme Nde I restriction site CATATG and a reverse 

primer containing Xho I restriction site CTCGAG were designed. After Nde I & Xho I 

digestion, the SNCA cDNA with sticky ends was ligated with Nde I & Xho I digested pET-22b 

(+) to form the new pET-22b (+) α-syn vector, which was used to transform E.coli DH5α. The 

results of transformation (Figure 18) showed that both positive and negative controls worked 

normally, suggesting transformation process was successful. Luckily, we got one colony in 

pET-22b (+) α-syn transformed plate. This colony was propagated and processed for the colony 

PCR, results of which showed a bright band with a size similar to that of SNCA cDNA (Figure 

19). For further confirmation, Nde I & Xho I digestion of the vectors extracted from the only 

colony was conducted and a band with a size of around 400 bp was seen (Figure 20). All these 

results suggested that the construction of pET-22b (+) α-syn vector was successful. 
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Figure 18. Results of E.coli DH5α transformation. (A) Positive control (transformation with empty pET-22b (+) 

vector). (B) Negative control (transformation with TE buffer). (C) E.coli DH5α transformed with 100 μL pET-

22b (+) α-syn. 

 

 

 

Figure 19. Colony PCR of E.coli DH5α transformation. Lane 1: colony picked from positive control plate. Lane2: 

original pET-22b (+) plasmid for the transformation. Lane3: colony picked from SNCA cDNA transformed plate. 

Lane4: non-template control. 
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Figure 20. NdeI & XhoI digestion for confirmation of successful construction of pET-22b (+) α-syn. Lane1: pET-

22b (+) propagated from E.coli. Lane2: original pET-22b (+) used for transformation of E.coli. Lane3: pET-22b 

(+) α-syn. Lane4: digested pET-22b (+) α-syn. 

 

Sequencing of the pET-22b (+) α-syn demonstrated that the whole SNCA cDNA was correctly 

inserted into the pET-22b (+) cloning/expression region with the last three nucleotides being 

the stop codon TAA (Appendix 3-4).  

 

3.3 Transformation of E.coli BL21 (DE3) with pET-22b (+) SNCA vector and IPTG-induction 

of α-synuclein expression 

E.coli DH5α cells were used for propagating pET-22b (+) α-syn vector. To express α-syn, E.coli 

BL21 (DE3), which is the strain for protein expression, was transformed with pET-22b (+) α-

syn. Several colonies were seen after transformation (Figure 21) and 8 of them were chosen for 

colony PCR in which all of 8 colonies exhibited clear and bright bands between 400 and 500 

bp (Figure 22). We chose one of the 8 colonies and further confirmed the successful 

transformation of pET-22b (+) α-syn vector by Nde I & Xho I digestion (data not shown). 
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Figure 21. Results of E.coli BL21 (DE3) transformation. 

 

A single colony was transferred to a new plate for propagation. Then the cells were inoculated 

into 50 mL tubes with fresh LB liquid media and were induced by IPTG. Samples were taken 

at different time points (0h, 1h, 2h, 3h, 4h and overnight) and analyzed by SDS-PAGE (Figure 

23). An hour after IPTG induction, a band whose size was the same with positive control 

(commercial α-syn peptide from rPeptide, purity >95%), was seen and its intensity increased 

gradually for the next three hours. The results demonstrated that α-syn expression was 

successful in E.coli BL21 (DE3). There was no clear band of α-syn in sample of overnight 

induction. 

 

 

 

Figure 22. Colony PCR of E.coli BL21 (DE3) transformation. Lane 1-8: 8 colonies picked after transformation. 

Lane 9: non-template control. 
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Figure 23. α-Syn expression confirmed by SDS-PAGE. Positive control: the band between 10 and 15 kDa is 

monomer while the one between 25 and 35 kDa is dimer. Lane 1: No IPTG treatment. Lane 2-6: IPTG induction 

for 1h, 2h, 3h, 4h, and overnight. 

 

3.4 α-Synuclein purification 

After medium scale of expression (1,000 mL) for 4 h, all cells were harvested and processed 

first by a non-chromatographic purification (NCP) method followed by an ion exchange step. 

As expected, major protein peaks (monitored by absorbance at 280 nm) were eluted between 

25% and 35% buffer B concentration. Fractions 21-26 were chosen for SDS-PAGE and mass 

spectrometry tests. Protein concentrations of the selected fractions were determined by 

NanoDrop and for each medium scale of expression, around 2.5 mg of protein was acquired 

(Figure 24). Protein samples from other stages of purification process were also checked along 

with the five fractions from ion exchange by SDS-PAGE (Figure 25). The process of α-syn 

enrichment can be clearly seen from boiling the IPTG induced E.coli samples until the ion 

exchange. While impurities were still visible for fraction 21 and 22, fraction 23 and 24 only 

exhibited the same bands of monomers (major portion) and dimers (minor portion) as the 

commercial protein, indicating similar purity. It can also be noticed that fraction 25 contained 

much more dimers than monomers. As fraction 25 was actually from a separate peak compared 

with other fractions, this suggests that the ion exchange process is capable of separating dimers 

from monomers.   
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Figure 24.  Fractions collected from ion exchange and concentrations of selected fractions (21-25). (A) Parameters 

(absorbance 280 nm, conductivity, % of buffer B, system pressure and Δ column pressure) recorded during the 

ion exchange process. (B) Concentrations of selected fractions determined by Nanodrop. 
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Figure 25. SDS-PAGE of samples from different stages of protein purification process. 

 

MS is a sensitive and rapid technique to ascertain the quality of proteins and is also able to 

reveal impurities that cannot be detected by SDS-PAGE. The pattern of peaks of the five 

fractions were further checked by MS (Figure 26). As monomeric α-syn is a relatively unfolded 

protein under native conditions, it is easy for α-syn to be ionized and multiple charge states can 

be seen in the spectrum (Figure 26A). Consistent with the previous SDS-PAGE results, major 

impurities were seen in fraction 21 (Figure 26B) and fraction 22 only showed a few impure 

peaks with low intensity (Figure 26C). The pattern of peaks in fraction 23 was almost identical 

with the commercial protein (Figure 26D). Fraction 24 also displayed a similar pattern except 

that the intensity of the low charge states (+7, +8 and +9) was relatively low. In accordance 

with the SDS-PAGE results, fraction 25 revealed a different pattern of peaks consisting a large 

portion of dimers (the peaks between monomeric peaks, Figure 26E). The identity of the in-

house α-syn was further compared with the commercial one by deconvolution of the spectra 

(Figure 26A, 26D and 26E) and the deconvoluted masses of our in-house α-syn (14,459.97 Da 

for fraction 23) (Figure 27B) were very similar to that of the commercial protein (14,459.43 

Da) (Figure 27A). A minor peak representing α-syn which loses an acetate ion could also be 

seen in Figure 27B, but the existence of this component did not cause any issue with the follow-
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up experiments. 

 

 

 

Figure 26. Mass spectra of commercial α-syn (A) and fractions 21-25 from ion exchange (B-F). Numbers represent 

different charge states of monomeric α-syn. 
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Figure 27. Deconvoluted spectra of commercial α-syn (A) and in-house generated α-syn (fraction 23, B). 

 

3.5 Conclusions 

In this chapter a successful method of generating purified α-syn protein was identified. Initially, 

the SNCA cDNA was in a pcDNA-DEST47 vector with a GFP tag, which is not suitable for the 

down-stream screening experiments proposed in this project. This was successfully addressed 

by constructing a new plasmid using a commercial pET-22b (+) vector and transferring the 

SNCA cDNA from the original pcDNA-DEST47 vector by PCR, restriction enzymes digestion 

and ligation. The reconstructed pET-22b (+) α-syn plasmid showed excellent ability of 

expressing α-syn. About 1 mg pure α-syn was purified from 500 mL LB media, indicating a 

high yield. Meanwhile, both SDS-PAGE and MS proved that the quality and purity of 

expressed protein were as good as the purchased one, which usually costs 1,000 AUD per mg. 

Therefore, we have successfully acquired a reliable and economical source of α-syn protein for 

the following screening task. 
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DISCOVERY OF NEW INHIBITORS AGAINST ALPHA-SYNUCLEIN 

AGGREGATION VIA MS-BASED SCREENING 

 

4.1 Establishment of an automated MS-based screening system 

4.1.1 Automation of sample injection 

The traditional way to inject samples into a mass spectrometer is conducted via a gas tight 

syringe which is driven by a pump (Figure 28). When it comes to screening hundreds or 

thousands of samples, manually loading samples and flushing the system will become a huge 

burden for the operators. As all samples usually share the only syringe and entry for a mass 

spectrometer, it is necessary to flush the syringe, connection tubing and the spray capillary in 

the spray chamber of the mass spectrometer to avoid the signal interference caused by residual 

samples from previous injections. 

 

 

 

Figure 28. Sample injection via a syringe driven by a pump. 

 

To automatically inject samples into QTOF-MS, we decided to take advantage of the auto-

sampler and the pump from the Agilent 1100 LC system. An existent software called Hystar 

(version 3.2) can set up a connection between the LC and QTOF-MS to realize automation of 

screening process. The pump constantly pumps buffer via a connection tubing into QTOF-MS 

while the auto-sampler draws and injects samples into the tubing so that samples can be driven 

into the mass spectrometer by the buffer. However, the buffer may dilute the samples as it 

pushes the samples into the tubing. To check if the potential dilution by the buffer affects the 
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data acquisition process, 20 μL of NaTFA (0.1mg/ml) was injected by both the syringe and the 

auto-sampler (50% MeOH as the buffer) and the data acquisition time was 30 s. 

 

 

 

Figure 29. Injection of NaTFA by the syringe and the auto-sampler. (A) The overall signal intensity of NaTFA 

after syringe injection. (B) The mass spectrum of NaTFA after syringe injection. (C) The overall signal intensity 

of NaTFA after auto-sampler injection. (D) The mass spectrum of NaTFA after auto-sampler injection. 
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In terms of the overall signal intensity, the maximum value after syringe injection was 1 × 106 

while that value after auto-sampler injection was slightly lower (0.8 × 106). Meanwhile, the 

duration of maximum intensity after syringe injection was around 6 s (Figure 29A). Injection 

by the auto-sampler only managed to maintain the maximum intensity for 1.8 s (Figure 29C), 

which was still long enough to acquire a similar mass spectrum (Figure 29D) with syringe 

injection (Figure 29B). We then decided to move on to use this auto-sampler for acquiring the 

mass spectra of α-syn. 

 

4.1.2 Injection of α-syn by the auto-sampler  

Detectable protein peaks in mass spectra usually have a minimum intensity of 1 × 104 counts 

per second (cps), which means that the concentrations of proteins for MS tests should be high 

enough. On the other hand, however, extremely high concentrations of proteins can lead to long 

duration of sample retention in the system especially when mixing proteins with small molecule 

ligands as the molar concentrations of the ligands are usually higher than the proteins. 

Therefore, a suitable concentration of α-syn is necessary for the MS-based screening. 

 

We found that 10 μM α-syn (20 μL) injected by the auto-sampler was enough to acquire 

detectable overall intensity (~5 × 104, Figure 30A) and compared with syringe injection (~7 × 

104, Figure 30A), no significant effect of dilution was observed. The mass spectra of α-syn 

from two replicates from a 384-well plate after the auto-sampler injection (Figure 30C, 30D) 

were almost identical and displayed high similarity with the α-syn injected by the syringe 

(Figure 30B). Unlike NaTFA, the duration times of the intensity peaks of α-syn injected by 

both ways were almost the same (12 s), suggesting that buffer delivery by the auto-sampler has 

less influence on macromolecules than small ones. Seemingly, 30 s should be enough for the 

acquisition of each sample. However, a certain period of extra time is required for flushing the 

system when injecting mixtures of proteins and small ligands to wash off residual signal before 

the next injection. 

 

While testing the stability and reproducibility of the acquired mass spectra by continually 

sequential injection, we found that it was common to see no detectable signal from the first 

well of a plate. This phenomenon never happened after the second injection. The reason was 

probably due to the failure of the needle to transfer the first samples into the tubing. We 

proposed that the needle needs a proper rinse with ammonium acetate before functioning stably. 

By loading the first well of a sequential injection with the buffer, our proposal was confirmed 
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and this “first well effect” was avoided (data not shown). 

 

 

 

Figure 30.  The overall signal intensity (A) and mass spectra (B, C, D) of α-syn after injection by the syringe and 

the auto-sampler.                                                   
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4.1.3 Selection of positive ligands for α-synuclein  

Epigallocatechin gallate (EGCG) and hemin were next selected as positive ligands to α-syn as 

these compounds have been reported to interact with α-syn[1-3]. EGCG is a very common 

inhibitor against amyloid protein aggregation. Interestingly, although hemin has been reported 

to be inhibitory on α-syn aggregation, no visible complexes of hemin and monomeric α-syn 

have been seen in mass spectra. In another literature, hemin was a negative ligand of Aβ even 

though hemin is able to inhibit Aβ aggregation. We doubted if the MS conditions used in the 

previous reports were ideal to see the protein-ligand interactions. 

 

 

 

Figure 31. Mass spectra of pure α-syn (10 μM) (A) and α-syn mixed with DMSO (B), EGCG (C) and hemin 

(D). 
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According to the previous protocols, the common solvent for the ligands is dimethyl sulfoxide 

(DMSO) with maximum 1% (v/v) in the final protein-ligand mixtures. The existence of DMSO 

is, however, not favorable for the gasification and ionization of samples before entering the 

mass spectrometer as DMSO is not volatile. We first investigated if DMSO does affect the 

ionization of α-syn by mixing α-syn solution (10 μM) with 1% (v/v) DMSO. With the presence 

of DMSO, there was a significant decrease of the intensity of high charge states (from +12 to 

+20) compared with α-syn without DMSO. As a result, the relative intensity of low charge 

states (from +6 to +11) increased notably (Figure 31A, 31B). Also, the protein peaks appeared 

narrower than untreated protein. This clearly showed that DMSO negatively affected the 

efficiency of ionization. We then mixed α-syn with 100 μM EGCG and hemin [dissolved in 

DMSO, 1% (v/v)] and checked if there was any interaction between α-syn and these small 

molecules. Similar to the spectrum of α-syn with DMSO, compromised ionization of α-syn was 

observed and no protein-ligand complex was formed (Figure 31C, 31D). In order to create an 

ideal condition for sample ionization, highly volatile methanol (50%) was chosen as the solvent 

for dissolving EGCG. Hemin, due to its low solubility in methanol, was dissolved in 20% 

ammonium hydroxide.  

 

EGCG and hemin (100 μM) were incubated with 10 μM α-syn for 3 h at room temperature 

before being tested by MS. No visible change of the peaks of the untreated α-syn was seen 

(Figure 32A, 32D). Consistent with previous reports, α-syn-EGCG complexes were clearly 

observed for the majority of the detectable charge states of monomeric α-syn (Figure 32B, 

32E). For most of the α-syn ions that showed interaction with EGCG in the spectrum, the 

protein-ligand complexes were formed with a 1:1 stoichiometry, while a 1:2 stoichiometry 

could also be clearly seen for +11, +12, +13 and +14 charge states. The formation of α-syn-

EGCG with a 1:2 stoichiometry suggested that either two molecules of EGCG separately bound 

to α-syn or dimerized EGCG interacted with the protein as the peak of EGCG dimer (934 m/z, 

with ammonium adduct) was also detected (Figure 32B). The other molecule, hemin, also 

formed protein-ligand complexes (1:1 stoichiometry for all charge states that showed 

interaction with hemin) with α-syn monomers (Figure 32C, 32F). At a higher molar ratio 

between α-syn and hemin (1:20), α-syn-hemin complexes with a 1:2 stoichiometry could also 

be seen (Figure 33). Therefore, the formation of α-syn-hemin complexes with a 1:2 

stoichiometry probably resulted from interactions between α-syn and two separate hemin 

molecules or hemin dimers. Likewise, hemin can also form dimers (1232 m/z, Figure 32C, 
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Figure 33), which have never been detected by previous reports. This further confirmed that 

our conditions are more ideal to see real protein-ligand interactions. 

 

 

 

Figure 32. Mass spectra of α-syn and α-syn-ligand complexes. (A) Mass spectrum of unbound α-syn (10 μM ). 

(B, C) Mass spectra of α-syn-EGCG and α-syn-hemin complexes (molar ratio 1:10). (D-F) Magnified spectra of 

(A-C) in the 940-1200 m/z region. Peaks representing protein-ligand complexes are indicated by red arrows and 

stoichiometry is indicated by “1” (1:1) and “2” (1:2). 

 

Deconvolution of the spectra of the α-syn-EGCG and the α-syn-hemin displayed a mass 

difference of 459.10 Da (Figure 34A) between α-syn and α-syn-EGCG complexes and a mass 

difference of 616.30 Da (Figure 34B) between α-syn and α-syn-hemin complexes. These 
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masses match with the theoretical masses of EGCG and hemin. For the first time we report the 

direct interaction between hemin and monomeric α-syn via MS. Overall, we have acquired two 

positive controls for discovering new α-syn ligands. 

 

 

 

Figure 33. (A) Mass spectrum of α-syn (10 μM) treated with hemin (200 μM). (B) Magnification of the spectrum 

from A. Arrows in light brown color indicate the formation of α-syn-hemin complexes with 1:1 (indicated by “1” 

in red) and 1:2 (indicated by “2” in red) stoichiometry at different charge states. 

 

 

 

Figure 34. Deconvoluted spectra of α-syn-EGCG (A) and α-syn-hemin complexes (B). 

 

4.1.4 Finalization of screening settings 

The co-incubation of high concentrations of small molecules (usually 10 times the 

concentration of protein) with α-syn may cause prolonged signal retention of previous samples, 

potentially affecting the normal data acquisition of following samples in a sequential screening. 
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This was confirmed after monitoring the overall signal intensity of 10 μM α-syn (mixed with 

100 μM EGCG) injected by the auto-sampler (Figure 35A). Unlike the injection of pure α-syn 

(Figure 30A), the increase of signal of α-syn-EGCG mixture occurred 18 s after the start of 

data acquisition (Figure 35). At the molar ratio of 1:10 between α-syn and EGCG (Figure 35A), 

the intensity peak lasted for about 24 s but only slowly decreased after 60 s of acquisition. At 

the endpoint of acquisition (1.5 min), the overall intensity was still as high as 50% of the 

maximum value. 

 

 

 

Figure 35. The overall data intensity of 10 μM α-syn mixed with 100 μM (A) and 50 μM (B) EGCG. 

 

To reduce the retention of sample signal, a lower molar ratio (1:5) between α-syn and EGCG 

was used. The decrease of EGCG concentration did not affect the observation of binding (data 

not shown) but succeeded in shortening the duration of the intensity peak (Figure 35B). After 

54 s of data acquisition, the signal intensity dramatically dropped to about 20% of the 

maximum value and remained stable until the endpoint (1.5 min). We then decided to use the 

1:5 molar ratio for future screening.   

 

After refinement and modifications, reliable screening settings capable of acquiring stable and 

reproducible data have been obtained. This system (Figure 11) pumps ammonium acetate at a 

constant speed (0.1 mL/min), pushing the samples injected by the auto-sampler into a Q-TOF 
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mass spectrometer. For each sample, 20 μL of α-syn solution (10 μM) is sufficient to obtain 

protein signals suitable for analysis. This means that only 1.11 mg α-syn (10 μM) is consumed 

for a whole 384-well plate. In addition to 1.5 min of data acquisition, 20 s of lag phase (time 

for the system to react) and 30 s of injection and needle wash are also required for screening 

each sample (Figure 36). As a result, a total of 2 min 20 s is needed for each screening period. 

Theoretically, by assaying mixtures of five compounds in parallel, 1,540 molecules could be 

screened in 12 h. Besides, this system also has the potential of screening natural extracts and 

purifying active molecules from these extracts, greatly increasing the chance of finding novel 

binding scaffolds for developing α-syn aggregation inhibitors. 

 

 

 

Figure 36. One period of the automated MS-based screening process. 

 

4.2 Identification of a new α-synuclein aggregation inhibitor from screening compound    

libraries 

4.2.1 Discovery of hit binders from two separate libraries 

A total of 2,590 compounds representing different scaffolds were randomly selected from the 

open scaffold library of Compounds Australia (https://www.griffith.edu.au/griffith-

sciences/compounds-australia) for screening. Meanwhile, a private library (from Prof Ron 

Quinn) containing 1,782 pure compounds isolated from natural products was also chosen. 

Together, this collection of compounds represented over 2,000 kinds of scaffolds from both 

synthesized and naturally isolated sources. The criterion for selecting hit compounds was 

established by quantifying the percentage of the signal intensity of ligand-bound α-syn relative 

to free unbound protein, based on a previous report[3]. For positive controls EGCG and hemin, 

we investigated the percentage of binding from +8 to +20 charge state at four molar ratios 

between α-syn and compounds (1:1, 1:2.5, 1:5 and 1:10). At 1:10 ratio, the distribution curve 

of binding affinities of EGCG for α-syn displays a “V” shape and preferential binding for 
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charge states +8 (35.35 %), +9 (31.67 %) and +10 (30.45 %) and +17 (29.72 %) compared with 

charge states +11 (19.51 %), +12 (18.83 %), +13 (20.27 %) and +14 (23.85 %) was observed 

(Figure 37A). At 1:5 ratio, a similar “V” shape curve was also seen. Significant difference in 

binding affinities was seen between charge states +8 (20.83 %), +9 (19.81 %) and charge states 

+12 (11.22 %), +13 (11.71 %) (Figure 37A). However, no preferential binding was discovered 

at 1:2.5 and 1:1 ratio (Figure 37A). Hemin also exhibited similar binding preference at 1:10, 

1:5 and 1:2.5 ratio but no preferential binding was observed at 1:1 ratio (Figure 37B). By 

plotting the averaged percentages of binding (in the deconvoluted mass spectra of α-syn 

incubated with different concentrations of compounds) against the ligand concentrations, the 

overall binding affinity (binding equilibrium constant, Kd) of EGCG and hemin for monomeric 

α-syn was estimated to be 54.93 μM and 57.94 μM respectfully. We found that the % of binding 

at +14 charge state (the most abundant species of monomeric α-syn) was the closest to the 

averaged value (obtained from the deconvoluted spectra) among all charge states. Therefore, 

to simplify the process of selecting hit compounds, the most intense species +14 charge state 

was chosen for quantification. Here, a threshold for percentage of binding (10% at +14 charge 

state, compounds 50 μM), which was close to the values of EGCG and hemin, was set. 

 

 

 

Figure 37. Percentage of binding for α-syn bound with EGCG (A) and hemin (B) from charge state +8 to +20 at 

different molar ratios (1:1, 1:2.5, 1:5, 1:10 between α-syn and compounds). Error bars are the standard deviation 

from three independent experiments. 

 

Of all the 4,372 compounds that were screened, 4,130 compounds (94.46%) did not show 

binding at all; 150 compounds (3.43%) exhibited % of binding less than 5%; 90 compounds 

(2.06%) were in the range between 5% and 10%. Two compounds (0.046%), lagochiline 
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(compound 1, Figure 38A) and 3-[(3-methoxyphenyl)carbamoyl]-7-[(E)-2-phenylethenyl]-4,

7-dihydropyrazolo [1,5-a] pyrimidine-5-carboxylic acid (compound 2, Figure 39B), were 

selected from MS screening as they were the only compounds that met the threshold (10%) for 

percentage of binding. Firstly in the MS spectra (Figure 38B, Figure 39A), compound 1 showed 

a similar percentage of binding at +14 charge state (11.02± 0.818 %, mean± standard deviation, 

n= 3) for α-syn (10 μM) with compound 2 (12.74± 1.535 %). The distribution curves of 

percentage of binding for compound 1 and 2 displayed a “slope” shape in the region between 

+8 and +12 charges (Figure 40A, 40B), demonstrating a clear dose-response at low charge 

states. At higher charge states, no notable dose-response was seen and the percentage of binding 

for compound 1 slowly increased while that for compound 2 continued to decrease (Figure 

40A, 40B). This indicates that unlike EGCG and hemin, both compound 1 and 2 has a binding 

preference for low charge states and also compound 2 has a stronger preference than compound 

1. While most of the α-syn-compound 2 complexes appeared with 1:1 stoichiometry at 1:5 

molar ratio between α-syn and compound 2, the formation of complexes with 1:2 stoichiometry 

via a probably similar manner with EGCG and hemin was also seen at 1:10 molar ratio (Figure 

41). The Kd for compound 2 was estimated to be 64.35 μM, which was slightly higher than the 

values calculated for EGCG (54.53μM) and hemin (57.94μM). Deconvolution of the spectra 

of compound 1 and compound 2-treated α-syn displayed mass differences of 356.30 Da and 

416.10 Da between unbound and bound α-syn (Figure 38C, 39D), confirming the binding of 

compound 1 (356.51 Da) and compound 2 (416.43 Da).  

 

 

 

Figure 38. (A) The structure of compound 1. (B) Mass spectrum of α-syn (10 μM) incubated with 50 μM 

compound 1. Protein-ligand complexes are indicated by red arrows. (C) Deconvoluted spectrum of (B).  
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Figure 39. (A) Mass spectrum of α-syn (10 μM) incubated with compound 2 (50 μM). (B) The structure of 

compound 2. (C) Magnification of spectra from section C in the 940-1200 m/z region. Peaks representing protein-

ligand complexes are indicated by red arrows. (D) Deconvolution of spectrum from section C. 

 

 

 

 

Figure 40. Percentage of binding for α-syn bound with compound 1 (A) and compound 2 (B) from charge state 

+8 to +20 at different molar ratios (1:1, 1:2.5, 1:5, 1:10 between α-syn and compounds). Error bars are the standard 

deviation from three independent experiments. 
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Figure 41. (A) Mass spectrum of α-syn (10 μM) treated with compound 2 (100 μM). (B) Magnification of the 

spectrum from A. Arrows in light brown color indicate the formation of α-syn-compound 2 complexes with 1:1 

(indicated by “1” in red) and 1:2 (indicated by “2” in red) stoichiometry at different charge states. 

 

 

 

Figure 42. Influence of 100 μM EGCG, hemin and compound 2 on the charge state distribution of α-syn (10 μM). 

The relative intensity of EGCG-bound α-syn at charge state +16 was unable to be calculated due to overlap with 

the ammonium-bound EGCG dimer. The relative intensity of 2-bound α-syn at charge state +20 was omitted as 

the peak was not detectable. *** p< 0.001 vs free α-syn, ** p< 0.01 vs free α-syn, * p< 0.05 vs free α-syn, error 

bars are the standard deviation from three independent experiments. 
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The influence of compound 2 along with the positive controls on the charge state distribution 

of α-syn was also studied. We observed from the mass spectrum of α-syn (Figure 32A) that 

there are multiple charge states, suggesting that different compactnesses of α-syn coexist in 

native conditions[4]. IM-MS has revealed that there are two main conformational families for 

native α-syn[5]. One is a primarily extended group (charge states +18 to +8) and a subgroup of 

a more folded conformations (charge states +8 to +6). Unlike EGCG and hemin, which showed 

no effect on low charge states (representing high folding level of α-syn) or high charge states 

(representing low folding level), compound 2 markedly increased the relative intensities of the 

protein-ligand complexes at low charge states +8, +9 and +10 and also decreased the relative 

intensities at high charge states +17, +18 and +19 (Figure 42). The increase of α-syn 

compactness by compound 2 can be explained by the preferential binding of compound 2 to 

low charge states.  

 

4.2.2 Effects of compound 1 and 2 in ThT assay and circular dichroism assay 

Secondly, the ThT assay, which can monitor the increase of fluorescence during aggregation 

process, was conducted to evaluate if both compound 1 and compound 2 can inhibit α-syn 

aggregation. The results from ThT assay at the end point (72h) of aggregation indicated that 

compound 1 has a very limited inhibition (24.09 %) even at 1:5 molar ratio (Fig 43). At the 

same molar ratio, compound 2 exhibited a strong inhibition (91.26 %, Fig 43). Therefore, 

compound 1 was not considered for further evaluation. Next in the ThT kinetics study, EGCG 

and hemin managed to delay the lag phase of α-syn aggregation for approximate 6h and 

continued to significantly inhibit the increase of ThT fluorescence from 12h to 96h (Fig 44A, 

44B). Compound 2 also caused 6h delay of the lag phase and exhibited medium level of 

inhibition after 24h at 1:1 molar ratio. At 1:5 molar ratio, compound 2 inhibited the increase of 

ThT fluorescence significantly from 12h to 24h and maintained the level of fluorescence at 

around 10% of the control level (Figure 44C). Another technique, far-UV circular dichroism 

(CD), which can detect β-sheet as well as α-helix and random coil, was conducted to gain 

further insights into the effects of compound 2 on α-syn aggregation. Consistent with previous 

reports[6, 7], α-syn monomers (0 h) exhibited the typical spectrum of random coils (Figure 45A). 

As aggregation proceeded, a notable decrease of absorbance in the region between 195 nm and 

205 nm and a significant increase of absorbance in the region between 210 nm and 220 nm 

were seen in the CD spectra, indicating formation of β-sheet structures (Figure 45A). In the 

presence of EGCG, hemin and compound 2, the formation of β-sheet was inhibited and the 



CHAPTER 4: DISCOVERY OF NEW INHIBITORS AGAINST ALPHA-SYNUCLEIN AGGREGATION 

92 

 

absorbance curves of α-syn treated with all compounds indicated the coexistence of a major 

portion of unfolded α-syn and a minor portion of folded α-syn (Figure 45B-D), which is 

consistent with the ThT assay. 

 

 

 

Figure 43. Evaluation of compound 1 and compound 2 by ThT assay (72h). α-Syn (80 μM) was incubated with 

EGCG, hemin, compound 1 and compound 2 at 1:1 and 1:5 molar ratios. Data were presented in mean ± standard 

error of the mean (SEM). * p< 0.05 vs control, ** p< 0.01 vs control and *** p< 0.001 vs control. 

 

 

 

 

 

Figure 44. Relative ThT fluorescence (% of 80 μM α-syn incubated alone for 72h) of α-syn incubated with EGCG 

(A), hemin (B) and compound 2 (C) for 0h, 6h, 12h, 24h, 48h, 72h and 96h. 
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Figure 45. CD spectra of α-syn (80 μM) incubated alone from 0h to 72h (A) and with 400 μM EGCG, hemin and 

compound 2 for 24h (B), 48h (C) and 72h (D). 

 

4.2.3 Anti-aggregation of compound 2 confirmed by transmission electron microscopy 

Transmission electron microscopy (TEM) was also conducted to further consolidate the ThT 

and CD results. Before incubation, no large aggregates were seen in monomeric α-syn (Figure 

46A). After incubation for 72 h, networks of typical long noodle-like α-syn fibrils (more than 

5 μm wide) were clearly observed (Figure 46B). In the presence of 400 μM EGCG, fibril 

formation was greatly reduced and small amorphous aggregates (less than 500 nm wide, 

indicated by white arrows) and small fibrils (indicated by black arrows) were observed (Figure 

46C). Treatment with 400 μM hemin also inhibited the formation of fibril networks and only 

small scattered fibrils (less than 1 μm long, indicated by black arrows) were discovered (Figure 

46D). The same concentration of compound 2 similarly prevented the formation of large fibril 

networks and as a result, small amorphous aggregates (less than 1 μm wide, indicated by white 

arrows) and small scattered fibrils (less than 500 nm long, indicated by black arrows) were 

observed (Figure 46E). 
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Figure 46. Examination of α-syn aggregation by transmission electron microscopy (TEM). (A) Monomeric α-syn 

(80 μM). (B) α-syn after incubation for 72 h. (C-E) α-syn co-incubated with 400 μM EGCG, hemin and compound 

2 for 72 h. Small amorphous aggregates are indicated by white arrows and small fibrils are indicated by black 

arrows. Scale bar: 1 μm. 

 

4.2.4 Identification of the binding region of compound 2 on α-syn 

Native top-down electron capture dissociation (ECD) fragmentation was applied to elucidate 

the binding region of compound 2 on α-syn to assess the recognition sequence of α-syn. By 

introducing low-energy electrons to gaseous ions of proteins, ECD can cleave the covalent 

backbones of proteins while maintaining the non-covalent interactions between proteins and 

ligands[8]. Under ECD conditions, cleavages usually occur between the nitrogen atoms and the 

α carbon atoms on the backbone of a protein and fragments containing the intact N-terminal 

are called c fragments while fragments containing the intact C-terminal are called z fragments. 

After ECD fragmentation of protein-ligand complexes, different c fragments and z fragments 

containing the ligand are produced. The binding region of a ligand is the shortest shared 

sequence of all c and z fragments[9, 10]. 

 



CHAPTER 4: DISCOVERY OF NEW INHIBITORS AGAINST ALPHA-SYNUCLEIN AGGREGATION 

95 

 

 

 

Figure 47. ECD-MS/MS spectrum of the 13+ ion for the unbound α-syn (A) and 1:1 α-syn-EGCG (B), α-syn-

hemin (C) and α-syn-compound 2 (D) protein-ligand complexes. Compound peaks, charge reduced species (12+ 

and 11+ charged) and c/z fragments were observed. 

 

EGCG, hemin and compound 2 were incubated with α-syn and the 1:1 α-syn-ligand complexes 

of all compounds along with the unbound α-syn at +13 charge state were isolated for ECD 

fragmentation (Figure 47). ECD parameters, including protein concentration, ligand 

concentration, average scan, electron energy, pulse length, were fully optimized to ensure the 

detection of all product ions that can help to locate the precise binding regions. Peaks after 
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fragmentation were collected (Appendix 5-8) and aligned with the theoretical peaks created by 

ProteinProspector. The binding site of EGCG was within the region from K23 to V55, most of 

which overlaps with a previously identified binding region[3].  Hemin exhibited a similar but a 

narrower binding region (from A27 to G41) compared to EGCG. However, considering the 

molecular sizes of EGCG and hemin, their binding sites seem to be much larger, which might 

explain their non-specific inhibition of aggregation of different amyloid proteins[11, 12]. 

Compared with the positive controls, compound 2, which already exhibited conformational 

selectivity (Figure 40), revealed a more localized binding site (from G14 to A17), indicating a 

relatively high specificity for the primary sequence of α-syn (Figure 48). 

 

 

 

Figure 48. Investigations of the binding regions of EGCG, hemin and compound 2 on the primary sequence of α-

syn via ECD-MS/MS fragmentation. Black lines represent c or z fragments of unbound α-syn, while red lines 

indicate c or z fragments of ligand-bound α-syn. 

 

4.2.5 Compound 2 protects cells from α-syn toxicity 
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Finally, the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay was 

conducted in SH-SY5Y cells to assess if compound 2 can prevent cell toxicity caused by α-syn 

aggregates. After treatment for 24 h, α-syn aggregates (8 μM) significantly reduced cell 

viability to less than 60% of untreated control (Figure 49A-C). α-Syn co-incubated with EGCG 

significantly reduced toxicity. The presence of EGCG dose-dependently increased cell viability 

to about 84%, 96% and 100% of control cells at all three concentrations (4 μM, 8 μM and 20 

μM). EGCG alone at all three concentrations showed no significant influence on the cell 

viability (Figure 49A-C). Although hemin also inhibit α-syn toxicity at 4 μM (Figure 49A), it 

failed to do so at 8 μM (Figure 49B) and even exacerbated α-syn toxicity at 20 μM in that 

hemin itself started to exhibit toxicity (Figure 49C). Compound 2 did not show marked 

protection of cell viability at 4 μM (Figure 49A) but exhibited similarly significant protection 

of α-syn toxicity (cell viability increased to nearly 80% of control) at 8 μM and 20 μM (Figure 

49B-C).  Like EGCG, compound 2 alone showed no effect on cell viability at all concentrations 

(Figure 49A-C). The MTT results suggest that compound 2 is a useful lead compound for 

developing more potent α-syn inhibitors.  

 

 

 

Figure 49. Effects of α-syn incubated alone and with EGCG, hemin and compound 2 on the cell viabilities of SH-

SY5Y neuroblastoma cells. Cells were treated with α-syn (8 μM) and α-syn co-incubated with EGCG, hemin and 

compound 2 at different concentrations: 4 μM (A), 8 μM (B) and 20 μM (C). Same concentrations of all 

compounds alone were also incubated with cells for the same period of time. Data were presented in mean ± SEM. 

### p< 0.001 vs control cells,   *** p< 0.001 vs cells treated by α-syn, ** p< 0.01 vs cells treated by α-syn, * p< 

0.05 vs cells treated by α-syn, n=4. 

 

4.3 Discovery of new α-synuclein aggregation inhibitors from Australian ascidians 

4.3.1 Identification of new α-synuclein aggregation inhibitory molecules from the Australian 

Ascidians 
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Marine organisms are a diverse source of bioactive compounds and a number of unique drug 

leads have been developed that are based on marine natural products. The screening of natural 

extracts taken from whole organisms allows the plethora of natural products they produce to 

be screened in one sample with little preparation[13]. The extracts of 29 marine invertebrates 

were incubated at a final concentration of 5 μg/μL with 10 μM α-syn and the mixtures were 

then analyzed by MS.  

 

A total of two extracts were identified as positive. One extract (ACEN 0357) exhibited robust 

interaction with α-syn as indicated by the formation of protein-ligand complexes in the mass 

spectra (Figure 50). 

  

 

 

Figure 50. Mass spectrum of α-syn incubated with the extract ACEN 0357. Red arrows represent the protein-

ligand complexes. 

 

The whole extract ACEN 0357 was then separated into three different fractions (DP 0127814, 

DP 01274347 and DP 01276468), which were further tested by MS to locate the active 

component (Figure 51).  In the mass spectra, fractions DP 0127814 and DP 01276468 did not 

show any binding to α-syn (Figure 51A, 51D). Excitingly, α-syn incubated with fraction DP 

01274347 formed similar protein-ligand complexes (Figure 51B). Deconvolution suggested 

that a molecule at around 548 Da was responsible for the binding seen in the spectrum (Figure 

51C). We then checked the mass spectrum of the extract ACEN 0357 to confirm if the active 

molecule was also existent in the extract. As expected, a peak at around 547.7 Da was detected 

and this molecule was purified from the extract using reversed phase chromatography. 
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Figure 51. Mass spectrum of α-syn incubated with the fractions DP 0127814 (A), DP 01274347(B) and DP 

01276468 (D). Red arrows represent the protein-ligand complexes. (C) Deconvolution of the spectrum from B. 
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The purified molecule was assigned through the analysis of 1D and 2D NMR data. 

Heteronuclear multiple bond correlation (HMBC) from two methyl singlet resonances to two 

quaternary, two methylene and four methane carbon resonances suggested they were 

bridgehead methyls characteristic of C-18 and C-19 in cholesterol derivatives. Three methane 

groups were also present with de-shielded carbon resonances and shielded proton resonances 

indicative of the C-9, C-14 and C-17 bridgehead methines in cholesterol derivatives. Further 

investigation of correlation spectroscopy (COSY) and 2D heteronuclear single quantum 

coherence (HSQC) data confirmed the structure as a cholesterol derivative. The assignment of 

the molecular structure was validated by MS (data not shown). The ability of cholesterol-1 to 

bind to α-syn was confirmed by MS (Figure 53A) and deconvolution generated the correct 

mass of the new cholesterol derivative (Figure 53B). 

 

 

 

Figure 52. Mass spectra of the fraction DP 01274347 (A) and purified molecule (B) at ~547 Da. Red arrows 

indicate the peak of the active molecule. 
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0129 and found a peak at 818.9 Da (Figure 55C). This component was further purified and 

identified as a known molecule (compound X). The effect of compound X on α-syn aggregation 

was evaluated by ThT assay and this compound inhibited more than 75% of the ThT 

fluorescence (Figure 56), demonstrating its role as a potent inhibitor against α-syn aggregation.  

 

 

 

Figure 55. (A) Mass spectrum of α-syn incubated with extract ACEN0129 (A) and the deconvoluted spectrum 

(B). Red arrows represent the protein-ligand complexes. (C) Mass spectrum of extract ACEN0129 in the region 

between 770 and 900 m/z. 
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extracts, we discovered a new cholesterol derivative and a known compound. These 

compounds could bind to α-syn robustly and significantly inhibit the ThT fluorescence. For the 

first time, we reported the biological functions of these compounds as α-syn aggregation 

inhibitors. The success of isolating new compounds from natural products indicates the 

potential application of MS in elucidating the mechanisms and identifying active components 

of traditional Chinese medicines (TCM), which has played an important role in the healthcare 

system of China for thousands of years. The most commonly used substances in TCM are plant 

elements and extracts[17]. One of the successful cases in the discovery of active components 

from TCM is artemisinin from Artemisia annua, an effective therapy against malaria[18]. The 

MS technique also helped us to discover a new α-syn aggregation inhibitor from a library of 

anti-prion compounds. Therefore, MS has the capability as a screening method to discover α-

syn binding molecules for development of new α-syn aggregation inhibitors.  

 

4.5 References 

 

1 LM Young, JC Saunders, RA Mahood, CH Revill, RJ Foster, LH Tu, DP Raleigh, SE 

Radford, AE Ashcroft. Screening and classifying small-molecule inhibitors of amyloid 

formation using ion mobility spectrometry-mass spectrometry. Nat Chem 2015; 7: 73-

81. 

2 Y Liu, M Graetz, L Ho, TL Pukala. Ion mobility-mass spectrometry-based screening for 

inhibition of α- synuclein aggregation. Eur J Mass Spectrom 2015; 21: 255-64. 

3 A Konijnenberg, S Ranica, J Narkiewicz, G Legname, R Grandori, F Sobott, A Natalello.  

Opposite Structural Effects of Epigallocatechin-3-gallate and Dopamine Binding to α-

Synuclein. Anal Chem 2016; 88: 8468-75. 

4 AK Frimpong, RR Abzalimov, VN Uversky, IA Kaltashov. Characterization of 

intrinsically disordered proteins with electrospray ionization mass spectrometry: 

conformational heterogeneity of alpha-synuclein. Proteins 2010; 78: 714-22. 

5 E. Illes-Toth, C. F. Dalton and D. P. Smith. Binding of dopamine to alpha-synuclein is 

mediated by specific conformational states. J Am Soc Mass Spectrom 2013; 24: 1346-

54. 

6 S Nath, J Meuvis, J Hendrix, SA Carl, Y Engelborghs. Early aggregation steps in alpha-

synuclein as measured by FCS and FRET: evidence for a contagious conformational 

change. Biophys J 2010; 98: 1302-11. 



CHAPTER 4: DISCOVERY OF NEW INHIBITORS AGAINST ALPHA-SYNUCLEIN AGGREGATION 

106 

 

7 K Sivanesam, A Byrne, M Bisaglia, L Bubacco, N Andersen. Binding interactions of 

agents that alter α-synuclein aggregation. RSC Adv 2015; 5: 11577-90. 
8 FW McLafferty, DM Horn, K Breuker, Y Ge, MA Lewis, B Cerda, RA Zubarev, BK 

Carpenter. Electron capture dissociation of gaseous multiply charged ions by Fourier-

transform ion cyclotron resonance. J Am Soc Mass Spectrom 2001; 12: 245-9. 
9 Y Xie, J Zhang, S Yin, JA Loo. Top-Down ESI-ECD-FT-ICR Mass Spectrometry 

Localizes Noncovalent Protein-Ligand Binding Sites. J Am Chem Soc 2006; 128: 

14432-3. 
10 S Acharya, BM Safaie, P Wongkongkathep, MI Ivanova, A Attar, FG Klarner, T 

Schrader, JA Loo, G Bitan, LJ Lapidus. Molecular Basis for Preventing α-Synuclein 

Aggregation by a Molecular Tweezer. J Biol Chem 2014; 289: 10727-37. 
11 A Attar, F Rahimi, G Bitan. Modulators of amyloid protein aggregation and toxicity: 

EGCG and CLR01. Transl Neurosci 2013; 4: 385-409. 
12 Y Liu, JA Carver, LH Ho, AK Elias,  IF Musgrave, TL Pukala. Hemin as a generic and 

potent protein misfolding inhibitor. Biochem Biophys Res Commun 2014; 454: 295-300. 

13 DA Dias, S Urban, U Roessner. A historical overview of natural products in drug 

discovery. Metabolites 2012; 2:303-36. 

14 LK Jennings, I Ahmed, AL Munn, AR Carroll. Yeast-based screening of natural product 

extracts results in the identification of prion inhibitors from a marine sponge. Prion 2018; 

12: 234-44.  

15 SB Prusiner, AL Woerman, DA Mordes, JC Watts, R Rampersaud, DB Berry, S Patel, 

A Oehler, JK Lowe, SN Kravitz, DH Geschwind, DV Glidden, GM Halliday, LT 

Middleton, SM Gentleman, LT Grinberg, K Giles. Evidence for α-synuclein prions 

causing multiple system atrophy in humans with parkinsonism. Proc Natl Acad Sci U S 

A 2015; 112:E5308-17. 

16 J Wagner, S Ryazanov, A Leonov, J Levin, S Shi, F Schmidt, C Prix, F Pan-Montojo, U 

Bertsch, G Mitteregger-Kretzschmar, M Geissen, M Eiden, F Leidel, T Hirschberger, 

AA Deeg, JJ Krauth, W Zinth, P Tavan, J Pilger, M Zweckstetter, T Frank, M Bähr, JH 

Weishaupt, M Uhr, H Urlaub, U Teichmann, M Samwer, K Bötzel, M Groschup, H 

Kretzschmar, C Griesinger, A Giese. Anle138b: a novel oligomer modulator for disease-

modifying therapy ofneurodegenerative diseases such as prion and Parkinson's disease. 

Acta Neuropathol 2013; 125:795-813. 



CHAPTER 4: DISCOVERY OF NEW INHIBITORS AGAINST ALPHA-SYNUCLEIN AGGREGATION 

107 

 

17 S Foster, C Yue. Heral emissaries: bringing Chinese herbs to the West. Healing Arts 

Press 1992. 

18 YY Tu. The discovery of artemisinin (qinghaosu) and gifts from Chinese medicine. Nat 

Med 2011; 17: 1217-20. 

 



CHAPTER 5: EVALUATIONS OF SYNTHESIZED COMPOUNDS ON ALPHA-SYNUCLEIN AGGREGATION 

108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





CHAPTER 5: EVALUATIONS OF SYNTHESIZED COMPOUNDS ON ALPHA-SYNUCLEIN AGGREGATION 

110 

 

EVALUATIONS OF SYNTHESIZED MOLECULES ON ALPHA-SYNUCLEIN 

AGGREGATION 

 

5.1 O-GlcNAcylation of truncated NAC segment alters peptide-dependent effects on α-

synuclein aggregation 

Peptide-based strategies are becoming popular for common neurodegenerative diseases as 

some sequences are able to bind amyloidogenic proteins selectively, competitively and 

disruptively[1]. Post-translational modifications (PTM) of α-syn, (proteolysis, phosphorylation, 

acetylation, glycosylation etc.) alter the chemical properties of the protein and are proposed to 

modulate Lewy pathology. The O-GlcNAc transferase catalyzed O-GlcNAcylation is a 

reversible PTM and several proteins are glycosylated including α-syn. Calpain-mediated C-

terminal truncation is reported to yield aggregation-prone α-syn fragments which may promote 

seeded aggregation[2]. The C-terminal domain of α-syn is reported to stabilize the disordered 

conformation of the α-syn monomer via interactions with the N-terminal or NAC domains[3]. 

Calpain activity is reported to correlate with disease progression in PD mouse models[4, 5]. 

Phosphorylation is suggested to play an important role in the regulation of α-syn aggregation, 

Lewy body formation and neuronal degeneration. Glycosylation of hydroxyl-amino acids with 

N-acetylglucosamine (O-GlcNAc) works competitively against phosphorylation, and is 

speculated to be a protective mechanism against PD pathogenesis. O-GlcNAc functionalization 

at various native modification sites along α-syns NAC domain is reported to significantly alter 

the peptides self-assembling propensity and toxicity in a site-specific manner[6, 7]. Results 

suggest that O-GlcNAcylated α-syn is incorporated into the aggregation reaction less 

efficiently than unmodified α-syn[6]. Interestingly, O-GlcNAcylation (O-GlcNAc addition) is 

reported to affect the proteins implicated in AD, amyotrophic lateral sclerosis (ALS) and 

Huntington’s disease (HD) in similar ways[8]. Findings support a model where O-

GlcNAcylation prevents indiscriminate protein aggregation in general. 

 

A truncated analogue of α-syns NAC domain has been reported previously to accelerate wt α-

syn aggregation concentration-dependently upon co-incubation in vitro[9]. When modified with 

O-GlcNAc at a site analogous to Thr72, the truncated NAC segment (α-syn68-77, Ac-GAVVT(O-

GlcNAc)GVTAV-NH2) did not increase, nor accelerate WT α-syn aggregation upon co-

incubation. It was concluded that the glycopeptide was not participating in aggregation under 

the assay conditions. Glycoside addition can influence a peptides capacity to establish binding 
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The effects displayed by 1 and 2 here mirror observations made previously for a centrally O-

GlcNAcylated peptide[9]. Findings suggest that, when O-GlcNAcylated, the α-syn protein is 

incorporated into the aggregation reaction with a reduced efficiency[6]. The results here suggest 

that O-GlcNAcylated 2 may be being excluded from the aggregation reaction in a similar 

manner. It may be possible that the decrease in fluorescence observed in samples containing 

either of 5 and 6 is due to their incorporation into the aggregation reaction. The decrease in 

fluorescence may correlate to the formation of heterogenous α-syn aggregate species 

characterised by a decreased aggregation competency, perhaps due to an altered 

physicochemical profile. Provided some heterogenous fibril species are forming, it is possible 

their resultant structure could also be less capable of complexing with ThT resulting from the 

presence of hydrophilic sugar units. Alternatively, the peptides may be arresting aggregation 

via interaction with the precursors to aggregation, species such as the oligomers. Mass spectra 

of the α-syn samples with and without compound were recorded and compared to determine 

whether the peptides were establishing strong binding interactions with the monomeric peptide, 

however the findings suggested that not any of the peptides were complexing with the 

monomer in any detectable manner (Appendix 9).  

 

The ability of 5 to inhibit α-syn fibril formation was validated using dot blot analysis, a 

nondenaturing method for examining protein epitopes. Dot blot analysis has been employed 

previously to study α-syn fibril formation and inhibitor-bound α-syn complexes structural 

conformations[11,12]. Equal volumes of each sample (2 μL) were spotted on nitrocellulose 

membrane before being treated with one of either the non-conformation dependent anti-α-syn 

antibody or the conformation dependent anti-α-syn filament antibody prior to further treatment 

with a detection antibody. Development of the blots confirmed that all samples contained 

equivalent concentrations of α-syn protein (Figure 61). Compound 5 was found to decrease the 

concentration of fibrillar α-syn by 50 % relative to the untreated control. 

 

In any case, 5 and 6 are the only glycopeptides identified to decrease α-syn-mediated ThT 

fluorescence to date. Notably, 6 was less effective at reducing fluorescence than 5. The structure 

of 6 differs from 5 by a single glycine residue, used as a conformationally unrestrained spacer 

residue. The glycine residue also switches the face of the peptide upon which the sugar is 

presented. In the structure of 6, the glycoside is shifted further from the central binding 

residues, hampering its participation in the interactions between the peptide and the native α-
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syn sequence. On a similar note, shifting O-GlcNAc to the C-terminus, as was achieved in 11, 

completely abolished inhibitory activity. These observations suggest that the effects of O-

GlcNAcylation are site-dependent. 

 

 

 

Figure 61. Purified α-syn (80 μM) was incubated at 37 °C alone or with compounds (80 μM) before analysis by 

dot blot using a fibril-specific antibody at 48 h. Data were presented in mean ±standard error of the mean (SEM), 

*** p< 0.001 vs control, n=3.  

 

It is also interesting to note that 8 did not display similar inhibitory effects as its structure 

resembles the D-isomer of α-syn68-77. Compound 8 was envisioned to bind α-syn as effectively 

as the L-isomer. The Aβ-derived D-KLVFF isomer is reported to bind WT KLVFF with higher 

affinity than L-KLVFF[13]. Compound 9 was also unable to decrease ThT fluorescence, though 

its proximity pattern of side chains remains the same as 5. Similarly, 10 bearing a retro-inverso 

sequence was designed to assume a side chain topology similar to that of the parent sequence 

yet it also failed to decrease fluorescence as effectively as 5 or 6. Previous reports have found 

that retro-inverting Aβ-binding sequences can massively increase their association rate and 

binding affinity to Aβ while decreasing their dissociation rate[14]. Retro-inverso analogues are 

known sometimes to fail at adopting structures that mimic the functions of the natural peptide 

however. The lack of activity displayed by 9 and 10 could be due to a number of reasons. One 

explanation is that the inverted hydrogen bonding patterns may yield compensatory 
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adjustments in the peptides local conformation toward promoting stability which may render 

the sequence incompetent in participating in the aggregation reaction. The fact that none of 8, 

9 or 10 were effective at decreasing ThT fluorescence suggest that the effects of O-

GlcNAcylation were also highly dependent on the structural properties of the recognition 

sequence.  

 

5.2 In vitro evaluations of anle138b derivatives 

The pyrazole compound anle138b (compound 20, Figure 3) was originally discovered as an 

anti-prion compound from screening a library of 10,000 molecules[15]. Since α-

synucleinopathies share similar features with prion diseases, anle138b was also tested on α-syn 

aggregation. As expected, anle138b reduced the formation of α-syn oligomers and 

administration of anle138b in the rotenone mouse model successfully ameliorated motor 

dysfunction. In another transgenic mouse model expressing human A30P mutated α-syn, 

anle138b managed to improve motor performance, prevent the spread of deposited α-syn in the 

brain and reduce the level of α-syn oligomers[15]. 

 

A total of 32 analogs of anle138b were synthesized in the hope of discovering more potent 

inhibitors against α-syn aggregation. The new compounds (PRFU series) along with the 

positive controls anle138b (PRFU 33) and EGCG, were first evaluated with the ThT assay 

(Figure 62). Both positive controls reduced the ThT fluorescence greatly. Anle138b showed an 

inhibition percentage of 83.57% and several analogs exhibited even higher values. PRFU 12, 

22 and 30 were chosen for the dot blot assay (Figure 63).  
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Design and synthesis of new compounds based on known structures may provide an efficient 

way to discover effective inhibitors against α-syn aggregation. Modifications of functional 

groups of precursor compounds could potentially improve efficacies. The identification of 

PRFU 12 and 22 from a library of anle138b derivatives elucidated the idea of efficient 

discovery of new α-syn aggregation inhibitors from known active structures. Further 

evaluations, including cell viability assays, will be conducted to assess the potential of PRFU 

12 and 22 as drug candidates. 
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 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

 

PD is the second most common neurodegenerative disorder causing severe motor deficits and 

also nonmotor symptoms, such as depression, psychosis, falls, and sleep disturbance at the 

advanced stage[1,2]. PD patients suffer from increased morbidity and mortality and the 

consequent health-care costs are a huge burden for society, potentially negatively impacting 

the economies[3,4]. Although PD was first described by James Parkinson 200 years ago, the 

exact mechanisms underlying the pathogenesis are still not well understood and no 

neuroprotective or neurorestorative therapy has been found for the treatment of PD. Currently 

available medications provide little or no relief for disease progression as they predominantly 

target symptoms. Therefore, identifying and targeting the key factors in PD pathogenesis has 

become the priority. 

 

α-Syn is involved in PD pathogenesis and is a major component of LBs, LNs[5,6] and PD-

associated mutations within the α-syn gene have been identified [7-12]. α-Syn, similar to other 

amyloid proteins (Aβ, tau and hIAPP), tends to misfold and aggregate under pathological 

conditions. Aggregated α-syn, particularly oligomers, have been reported to be pathogenically 

relevant with PD[8-12]. As a result, α-syn aggregation is not only a major pathological hallmark 

of PD and but also a priority target for the development of both diagnostic probes and 

therapeutics. 

 

Various small molecule probes and inhibitors of α-syn have been developed over the past 

decade. However, many of them also interact with other amyloid proteins. Nonspecific 

interactions may compromise the efficacy of both imaging probes and aggregation inhibitors 

of α-syn. Instead of using conventional biophysical assays, such as the ThT assay [13,14], this 

thesis focused on the establishment of an MS-based screening system to discover small 

molecules that can interact with α-syn specifically for the development of α-syn aggregation 

inhibitors. The MS technique was chosen as it allows fast discovery of positive binders and 

more importantly it can identify binding modes and the particular protein conformations 

responsible for the interactions with small molecules. 

 

Firstly, in Chapter 3, we expressed α-syn protein by constructing an expression vector pET-

22b (+) α-syn. The vector was transformed into E.coli BL21 (DE3) cells and α-syn protein was 
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expressed successfully with a high yield (1 mg α-syn from 500 mL LB media) after the ion 

exchange. The quality and purity of the in-house generated protein was comparable with the 

commercial one but the cost was much lower. The acquisition of a reliable and economical 

source of α-syn protein laid the foundation of the establishment of an MS-based screening 

system to discover α-syn binders. 

 

In Chapter 4, an automated MS-based screening system for α-syn was pioneered by us. 

Automation of sample injection and data acquisition was realized by the combination of the 

autosampler from a HPLC system and the Q-TOF mass spectrometer. This screening system 

allowed us to screen over 4,300 pure compounds. A new inhibitor, compound 2 was discovered 

and can inhibit misfolding and aggregation of α-syn and also α-syn cell toxicity. More 

importantly, compound 2 has a more localized binding region and a higher tendency to bind to 

relatively folded α-syn in comparison with positive controls EGCG and hemin, suggesting its 

higher specificity for α-syn than the positive controls[15]. The capability of our screening system 

was further extended to the discovery of active molecules from natural products. A new 

cholesterol-derivative and a known compound were identified.  

 

The successful isolation of active components from natural products (plant and marine extracts) 

by MS in Chapter 4 suggests that MS would be quite useful for the discovery of effective 

molecules from TCM. The majority of treatments in TCM are traditional Chinese herbs, such 

as Agastache rugosa (for nausea, vomiting and poor appetite), Anisodus tanguticus (for acute 

circulatory shock), Astragalus propinquus (for diabetes), etc. It is believed that Chinese herbal 

remedies have been using for more than 2,200 years. The oldest book on Chinese herbal 

medicine is considered to be Shennong’s Materia Medica, which was written between 200 and 

250 CE. This book introduced 365 species of roots, grass, woods, furs, animals, stones and 

categorized them into “upper herbs”, “middle herbs” and “low herbs”[16]. The most complete 

and comprehensive Chinese herbology book (containing 1,892 distinct herbs) is the 

Compendium of Materia Medica, which was written in the 16th century[17]. Through the test of 

time, TCMs have been proved to be a valuable source for the identification of biologically 

active small molecules[18]. The most well-known story is the discovery of arteminisin from 

Artemisia annua as an effective drug for malaria. Youyou Tu, who made great contributions to 

this novel therapy against malaria, was awarded the Nobel Prize in Physiology or Medicine in 

2015. In terms of common neurodegenerative diseases, for example Alzheimer’s disease (AD), 
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a representative case is huperzine A, an acetylcholinesterase inhibitor (proved by National 

Medical Products Administration in China) discovered from Huperzia serrata[19].  

 

In addition to large scale of compound screening, rational design and synthesis of new 

compounds based on known scaffolds may provide an efficient way to discover effective and 

specific inhibitors against α-syn aggregation. In Chapter 5, O-GlcNAc-modified α-syn 

fragments targeting α-syn aggregation were evaluated and may qualify as inhibitors of 

pathological α-syn aggregation as glycopeptides 5 and 6 exhibited strong inhibition in the ThT 

assay. The anti-aggregation ability of glycopeptide 5 was further confirmed by dot blot assay. 

The identification of PRFU 12 and 22 from a library of anle138b derivatives further 

strengthened the concept of efficiently discovering new α-syn aggregation inhibitors from 

known active structures. As anle138b has already been tested in vivo and is moving towards 

clinical trials, the discovery of PRFU 12 and 22, which exhibited stronger inhibition in the ThT 

assay and dot blot assay, may become useful drug candidates after further evaluations.  

 

Significant outcomes from the studies presented in this thesis include: (1) the successful 

establishment of an automated MS-based screening system capable of screening both pure 

compounds and natural products; (2) the identification of the new inhibitor compound 2 which 

can bind to α-syn specifically; (3) the discovery of new inhibitors from marine extracts and the 

potential application of MS in elucidating the mechanisms and identifying active components 

of traditional medicines; (4) the discovery of new inhibitors from synthesized molecules and 

the their potential for further development of drug candidates. 

 

Although compound 2 has a higher specificity for α-syn compared with EGCG and hemin, the 

performance of compound 2 in the MTT assay could be improved. Therefore, synthesis and 

evaluations of new analogs of compound 2 will be advisable in the future. While it may require 

further screening of natural products to discover more potent inhibitors, it will be interesting to 

see the performance of the new cholesterol and the known compound X in the MTT assay to 

determine if further modifications of these compounds are necessary or not. This also applies 

to the synthesized peptides and anle138b analogs. 

 

An ideal α-syn aggregation inhibitor for potential use in patients is supposed to conform to 

Lipinski’s rule of five, a widely used rule for the prediction of drug-likeness and orally 
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bioavailability[20]. The criteria include: (1) molecular weight less than 500 Da; (2) hydrogen 

bond donors no more than 5; (3) hydrogen bond acceptors no more than 10; (4) log P value no 

more than 5. It should be noted that an orally available drug generally has no more than one 

violation of the criteria mentioned above. There are accessible softwares that can be used to 

calculate the Lipinski parameters, such as Instant JChem (ChemAxon). Another important 

property is the blood brain barrier (BBB) permeability, which can be predicted using the 

Schrödinger software. In addition to the in vitro assays used in the thesis, the anti-aggregation 

efficacy of the promising molecules with ideal physicochemical properties would need to be 

further evaluated in cell models where intracellular α-syn aggregation can be induced. These 

cell models can be categorized into two major types: (1) aggregation induced by exogenous 

substances, such as rotenone[21], potassium chloride[22] and α-syn preformed fibrils (PFF)[23]; 

(2) aggregation as a result of overexpressing WT or mutated α-syn [24-26]. Effective inhibitors 

are expected to significantly reduce the formation of α-syn aggregates and protect the cells 

from the toxicity caused by α-syn aggregation. The potential toxicity of the inhibitors on normal 

cells, including cell lines and primary neurons, should also be assessed before moving to the in 

vivo stage. Common techniques include the MTT assay[27], LDH (lactate dehydrogenase) 

assay[28] and flow cytometry[29].  

 

Different types of in vivo models are also available for assessing the efficacy of α-syn inhibitors. 

These models can be classified into three major groups: (1) simple multicellular organisms, 

such as C. elegans overexpressing α-syn[30], a well-studied model showing the characteristic 

phenotypic changes (formation of α-syn aggregates and muscle paralysis); (2) rodent models, 

including rats or mice that exhibit progressive synucleinopathy as a result of PFF induction[31-

32] and α-syn transgenic mice (e.g., WT-α-syn, A53T-α-syn and A30P-α-syn) that develop 

synucleinopathy, neurodegeneration, loss of striatal dopamine and locomotor dysfunction[33-35]; 

(3) viral vector-mediated α-syn overexpression in nonhuman primates[36, 37], though further 

characterization and validation of models remain a challenge[38]. After in vivo assessments, 

compounds that not only significantly decrease α-syn accumulation, reduce associated 

neurodegeneration (neuroinflammation, neuronal cell loss and deficit in dopamine), improve 

motor function (balance and gait) but also possess suitable pharmacokinetic and safety 

properties will become promising candidates for clinical studies[39, 40]. Before a drug can finally 

become available for patients, it has to survive three phases of clinical trials, including Phase I 

(assessment of drug safety in a small number of healthy volunteers), Phase II (medium-scale 
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test of the drug efficacy in patients) and Phase III (large-scale test of the drug efficacy in 

patients). It might take 10 to 15 years or more to complete all three phases before a drug can 

be licensed to be used in patients. 

 

While this thesis provided a useful and efficient screening system for the discovery of α-syn 

binding molecules, the application of the screened compounds is not confined to the 

development of aggregation inhibitors. It is also proposed that the α-syn binding scaffolds have 

the potential to be further developed into both fluorescent and PET imaging probes. Developing 

single molecules that have both the therapeutic and diagnostic functions will become a hot 

research area in the near future. 
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APPENDIX 1 

 

Forward sequencing result of pDEST47 vector 
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APPENDIX 2 

 

Reverse sequencing result of pDEST47 vector 
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APPENDIX 3 

 

Forward sequencing result of pET-22b SNCA vector 
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APPENDIX 4 

 

Reverse sequencing result of pET-22b SNCA vector 

 

 

 

 

 

 

 

 

 

 

 



APPENDICES 

134 

 

APPENDIX 5 

 

ECD-MS/MS fragment peaks of α-syn at +13 charge state 

 

 

 

 

m/z: mass to charge ratio 

z: theoretical charge 

I: intensity 

Res: resolution 
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APPENDIX 6 

 

ECD-MS/MS fragment peaks of α-syn-EGCG at +13 charge state 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDICES 

136 

 

APPENDIX 7 

 

ECD-MS/MS fragment peaks of α-syn-hemin at +13 charge state 
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APPENDIX 8 

 

ECD-MS/MS fragment peaks of α-syn-compound 2 at +13 charge state 

 

 

 

 

 

 

 

 

 



APPENDICES 

138 

 

APPENDIX 9 

 

Mass spectra of α-syn (10 μM) incubated with synthesized peptides (50 μM) 
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APPENDIX 10 

 

Mass spectra of α-Syn (10 μM) incubated with 50 μM anle138b. 

 

 

 

 




