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Synopsis 

The synuclein genes (SNCA, SNCB and SNCG), which map on the human 

chromosome 4, 5 and 10 code for three proteins – α-synuclein, β-synuclein and γ-synuclein 

respectively (Campion et al., 1995). Although, the sequence similarity between these three 

proteins is very high, it is only α-synuclein that has been detected in Lewy bodies (LB) or 

Lewy neuritis (Spillantini et al., 1998).  α-synuclein localizes mainly on the nuclear envelope 

of neurons and on the presynaptic nerve terminals (Maroteaux et al., 1988). Initially, α- 

synuclein was known by the name of NACP (non amyloid beta component protein) (Jakes et 

al., 1994), which was a peptide fragment that was found in the amyloid plaques of 

Alzheimer’s disease (Ueda et al., 1993). The aggregation of α-synuclein protein has been 

implicated in various neurodegenerative diseases including Parkinson’s disease (PD), 

Alzheimer’s Disease (AD), Dementia, Lewy body, Multiple System Atrophy (MSA) and 

Amyotrophic lateral sclerosis (ALS) (Mezey et al., 1998 a,b). Among these diseases, PD is 

the most prevalent disease and is believed to be a result of synuclein protein aggregation. The 

clinical symptoms associated with PD are muscular rigidity, bradykinesia and postural 

instability (Polymeropopulos et al., 1997). The loss of dopaminergic neurons in the substantia 

nigra (SN) region of the midbrain is a prominent hallmark of PD (Fearnley et al., 1991). 

α-synuclein is a small (140 amino acid, 14 kDa), soluble and intrinsically disordered 

protein. Its low intrinsic hydrophobicity and high net charge at neutral pH makes it 

intrinsically disordered (Uversky et al., 2001). In the brain, α-synuclein constitutes about 0.5-

1.0% of the total protein (Iwai et al., 1995 b). The normal physiological function of this 

protein is not known. However, some knockout experiments suggest that the protein is 

involved in the negative regulation of dopamine neurotransmitter (Abeliovich et al., 2000) in 

memory and learning processes (George et al., 1995). The amino acid sequence of α-

synuclein consists of three regions - the N-terminal region, the NAC region and the C-

terminal region. The N terminal region contains six repeats of a highly conserved hexamer, 

KTKEGV. Three mutations known to increase aggregation propensity are present in this 

region. The central, hydrophobic and non-amyloid β component (NAC) fragment is the 

aggregation prone region, whereas the N and C-terminal regions are known to prevent 

aggregation (Giasson et al., 2001).  The C-terminal region is highly acidic (Weinreb et al., 

1996). The mutations A53T and A30P in the α-synuclein gene cause early-onset Parkinson’s 
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disease. But mutations have not been detected in most patients, which suggests that mutation 

is not the only the causative factor (Polymeropopulos et al., 1997). 

α-synuclein is an intrinsically disordered amyloid protein which forms highly ordered 

β-sheet rich secondary structure from the unstructured monomer protein. The structure of 

amyloid fibrils is well known from X-ray crystallography and X–ray diffraction (Serpell et 

al., 2000, Nelson et al., 2005, Sawaya et al., 2007). HX-MS (hydrogen-deuterium exchange 

mass spectrometry) and HX-NMR (hydrogen-deuterium exchange NMR), solid state NMR, 

FRET (fluorescence resonance energy transfer) and cryoelectron microscopy have revealed 

details of the fibril at the molecular level. These techniques have revealed that the central 

segment (residues-40-110) of the protein is highly protected (core) from the solvent, whereas 

the N- terminal and the C-terminal regions remain unprotected in the fibril. HX-NMR has 

detected five β strands in the core region of the fibril which interact with each other (Del Mar 

et al., 2005, Vilar et al., 2005). Several studies on the characterization of monomer and fibrils 

have been done, but not many studies have been done on the intermediate oligomeric forms. 

A recent study has used HX-MS to investigate the parts of the protein involved in oligomer 

formation. The core region of the oligomer was found to be similar to that of the fibril which 

suggests a possible zipper-like maturation mechanism for α-synuclein aggregation (Mysling 

et al., 2013). 

The study of oligomers is critical in understanding the aggregation mechanism 

because toxicity assays both in vitro and in vivo have indicated that oligomers are the toxic 

species and not the fibrils. The toxicity of aggregated species appears to be mainly due to 

mechanical disruption of the cell membrane, and oligomers have been found to bind and 

disrupt the lipid membrane (Auluck et al., 2010). The ring-like structures of oligomers form 

pores in the membrane making it permeable (Giehm et al., 2011). The A30P mutation in α-

synuclein which causes PD accelerates oligomerization and reduces fibrillization suggesting 

that oligomers are the toxic species (Conway et al., 2000). The loss of dopaminergic neurons 

in rats was enhanced when they were injected with oligomer forms of mutant protein as 

compared to when they were injected with fibrillar forms (Winner et al., 2010). As oligomer 

formation is extremely critical in cell death, it is important to characterize them structurally 

and morphologically. The conversion of toxic oligomers into non-toxic fibrils by various 

chemicals may be a useful strategy to reduce toxicity. Hence, this study has been done to 

understand the mechanism of aggregation of α-synuclein protein and to characterize the 

aggregated forms species structurally and morphologically.  
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The aggregation of α-synuclein is known to be very sensitive to the aggregation 

conditions and sample handling (Giehm et al., 2011). Irreproducibility in the aggregation 

kinetics is the main reason behind the lack of the understanding of the mechanism of the 

conversion of the monomer into the fibrillar form. It is important to know what kinds of 

species are involved in this conversion, for which it is essential that the aggregation kinetics 

to be reproducible. In this study, a wide range of aggregation conditions were tried and 

reproducible aggregation of α-synuclein could be obtained. 

Recent studies have indicated that chemicals such as Thioflavin T (ThT) can modulate 

the aggregation of amyloid proteins like Aβ (3-42) and polyQ protein and can reduce the 

toxicity (D’Amico et al., 2012). It is therefore important to know the effect of ThT on the 

aggregation kinetics of α-synuclein. 

Important results: 

Reproducible aggregation kinetics could be achieved under the following aggregation 

conditions: 100 μM α-synuclein at pH 7 in 10 mM sodium phosphate buffer at 37 °C and 

with agitation at 1020 rpm. 

In order to study the effect of ThT on the aggregation of α-synuclein, aggregation has been 

studied both in the absence and the presence of ThT. Fibril morphology and heterogeneity of 

the aggregated forms have been found to be different in these two conditions. 

In order to understand the mechanism of action of ThT, aggregation of two other amyloid 

forming proteins; the full length recombinant mouse prion protein (moPrP) and tau K18 was 

studied in the presence of ThT. ThT induces fibrillization of moPrP whereas tau K18 was 

unaffected. This suggests that ThT a cationic dye requires negatively charged amino acid 

residues in a protein for binding. Since a negatively charged C-terminal domain is present in 

both α-synuclein and moPrP but is absent in tau K18, ThT affects the aggregation kinetics of 

α-synuclein and moPrP but tau K18 remains unaffected. 

To know the important factors that affect α- synuclein protein aggregation: 

Protein purification: 

Protein purification was done as described earlier (Huang et al., 2005). An additional size 

exclusion chromatography (SEC) step was included to separate small amount of aggregates if 

formed during purification. As a result of this step (SEC), the absorbance (280/260) ratio was 
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observed to increase from 1.2 to 1.8. Freshly purified protein was always used for all 

experiments to get better reproducibility in the aggregation kinetics. 

Standardization of reproducible aggregation kinetics of α- synuclein:  

α-synuclein aggregation is extremely sensitive to the aggregation conditions and protein 

handling. If agitation is stopped and sample mixed by a pipette, the aggregation kinetics is 

irreproducible it was observed that during aggregation when protein is exposed to agitation in 

a thermo-block, the variation in the aggregation kinetics across the slots is more. In order to 

overcome this problem, a fluoroskan shaker was used to agitate the protein and to prevent the 

variation in aggregation kinetics because of frequent mixing of the aggregating sample by 

pipette, the aggregating solution was aliquoted into multiple wells in the fluoroskan shaker. 

Readings were taken by withdrawing samples from a new well each time.  

With the above limitations, multiple aggregation conditions were tried at various pH 

values to get reproducible aggregation kinetics. The aggregate morphology was found to be 

highly dependent on the aggregation condition, pH and the presence of salts with low pH (4 

and 5) yielding a higher aggregation rate and amorphous aggregates, while high pH (6 and 7) 

yields a slower aggregation rate and fibrils. The addition of salts at high pH leads to the 

formation of amorphous aggregates (Hoyer et al., 2002). After trying several conditions, 

reproducible aggregation kinetics was observed when the following aggregation condition 

was used: 100 μM α-synuclein at pH 7, in 10 mM sodium phosphate buffer at 37 °C, and 

with agitation at 1020 rpm. 

Effect of ThT on the aggregation of α-synuclein . 

When Aβ (3-42) or polyQ protein were expressed in C.elegans in the presence of ThT, the 

paralysis of C.elegans was reduced as compared to when the protein were expressed in the 

absence of ThT (Alavez et al., 2011). In the case of Aβ (1-40), fibrillization was induced in 

the presence of ThT (D’Amico et al., 2012). Fibrillation of α-synuclein could be induced in 

the presence of ThT. A study by NMR has revealed a ThT binding site in the C-terminal 

region of the α-synuclein (Coelho-Cerqueira et al., 2014). This region of the protein is known 

to interact with the N- terminal region by long distance interactions which stabilize the 

monomer structure of the protein (Hoyer et al., 2004). Any mutation, truncation or chemicals 

which interact with this region are known to destabilize the monomer structure, and hence, 

induce aggregation (Fernandez et al., 2004; Bertoncini et al., 2005). 
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  In this study, the aggregation of α-synuclein was carried out both in the presence (1 

mM) and absence of ThT. The amount of amyloid aggregates, their size, morphology and 

secondary structure as well as the amount of oligomers was investigated by measurement of 

the change in ThT fluorescence signal, dynamic light scattering (DLS), atomic force 

microscopy (AFM) and circular dichroism (CD) and size exclusion chromatography (SEC), 

respectively. By using all the probes, differences in aggregation have been detected in two 

different aggregation conditions. 

Key observations:  

a) Fibril formation was observed to be fast in the presence of ThT as compared to in its 

absence. At the end of the aggregation reactions, fibril morphology was found to be 

different in each case. In the presence of ThT, fibrils were found to be short and 

broad, whereas in the absence of ThT, fibrils were long and thin. Aggregates formed 

in the presence of ThT were morphologically more heterogeneous when observed by 

AFM. 

b) Previous studied had shown that oligomers but not the fibrils are the toxic species 

(Winner et al., 2010). In current study it has been observed that a drastic decrease in 

the population of oligomers occurs in the presence of ThT. It appears that ThT may be 

converts the toxic aggregated form into non-toxic aggregated form. 

c) In order to gain an insight into how ThT affects aggregation of α-synuclein. The 

aggregation of two other amyloid proteins (tau K18 and moPrP) was also studied. 

moPrP fibrillization could be induced in the the presence of ThT, but not that of tau-

K18. ThT is a cationic dye at pH 7. It seems that ThT binding requires negatively 

charged residues to induce fibrillization. While the moPrP and α-synuclein both have 

negatively charged C- terminal domains, tau K18 lacks this. 

Conclusions: The aggregation kinetics of α-synuclein has been observed to be extremely 

irreproducible. In the present study, an aggregation condition was yield reproducible 

aggregation kinetics. The effect of ThT (an amyloid binding dye) on the aggregation of α 

synuclein was studied. The fibrillation rate, morphology of aggregates and heterogeneity of 

the aggregated forms were all found to be different in the presence and absence of ThT. The 

observed decrease in the population of oligomers in the presence of ThT is an interesting 

result because oligomers are known to be the toxic species. 

 



 

viii 
 

References: 

Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, Castillo PE, Shinsky N, 

Verdugo JM, Armanini M, Ryan A, , Hynes M, Phillips H,Sulzer D, Rosenthal A.(2000). 

Mice lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. 

Neuron, 25(1), 239-252. 

Alavez, S., Vantipalli, M. C., Zucker, D. J., Klang, I. M., & Lithgow, G. J. (2011). Amyloid-

binding compounds maintain protein homeostasis during ageing and extend 

lifespan. Nature, 472(7342), 226-229. 

Auluck, P. K., Caraveo, G., & Lindquist, S. (2010). α-Synuclein: membrane interactions and 

toxicity in Parkinson's disease. Annual review of cell and developmental biology, 26, 211-

233. 

Campion, D., Martin, C., Heilig, R., Charbonnier, F., Moreau, V., Flaman, J. M., Jean Louis 

Petit, Didier Hannequin & Brice, A. (1995). The NACP/synuclein gene: chromosomal 

assignment and screening for alterations in Alzheimer disease. Genomics, 26(2), 254-257. 

Coelho-Cerqueira, E., Pinheiro, A. S., & Follmer, C. (2014). Pitfalls associated with the use 

of Thioflavin-T to monitor anti-fibrillogenic activity. Bioorganic & medicinal chemistry 

letters. 

D’Amico, M., Di Carlo, M. G., Groenning, M., Militello, V., Vetri, V., & Leone, M. (2012). 

Thioflavin T promotes Aβ (1–40) amyloid fibrils formation. The Journal of Physical 

Chemistry Letters, 3(12), 1596-1601. 

Del Mar, C., Greenbaum, E. A., Mayne, L., Englander, S. W., & Woods, V. L. (2005). 

Structure and properties of α-synuclein and other amyloids determined at the amino acid 

level. Proceedings of the National Academy of Sciences of the United States of 

America, 102(43), 15477-15482. 

Fearnley, J. M., & Lees, A. J. (1991). Ageing and Parkinson's disease: substantia nigra 

regional selectivity. Brain, 114(5), 2283-2301. 

George, J. M., Jin, H., Woods, W. S., & Clayton, D. F. (1995). Characterization of a novel 

protein regulated during the critical period for song learning in the zebra 

finch. Neuron, 15(2), 361-372. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Hynes%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10707987
http://www.ncbi.nlm.nih.gov/pubmed?term=Phillips%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10707987
http://www.ncbi.nlm.nih.gov/pubmed?term=Sulzer%20D%5BAuthor%5D&cauthor=true&cauthor_uid=10707987
http://www.ncbi.nlm.nih.gov/pubmed?term=Rosenthal%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10707987


 

ix 
 

Giasson, B. I., Murray, I. V., Trojanowski, J. Q., & Lee, V. M. Y. (2001). A hydrophobic 

stretch of 12 amino acid residues in the middle of α-synuclein is essential for filament 

assembly. Journal of Biological Chemistry, 276(4), 2380-2386. 

Giehm, L., Svergun, D. I., Otzen, D. E., & Vestergaard, B. (2011). Low-resolution structure 

of a vesicle disrupting α-synuclein oligomer that accumulates during fibrillation. Proceedings 

of the National Academy of Sciences, 108(8), 3246-3251. 

Giehm, L., Lorenzen, N., & Otzen, D. E. (2011). Assays for α-synuclein 

aggregation. Methods, 53(3), 295-305. 

Hoyer, W., Antony, T., Cherny, D., Heim, G., Jovin, T. M., & Subramaniam, V. (2002). 

Dependence of α-synuclein aggregate morphology on solution conditions. Journal of 

molecular biology, 322(2), 383-393. 

Hoyer, W., Cherny, D., Subramaniam, V., & Jovin, T. M. (2004). Impact of the acidic C-

terminal region comprising amino acids 109-140 on α-synuclein aggregation in 

vitro. Biochemistry, 43(51), 16233-16242. 

Huang, C., Ren, G., Zhou, H., & Wang, C. C. (2005). A new method for purification of 

recombinant human α-synuclein in< i> Escherichia coli</i>.Protein expression and 

purification, 42(1), 173-177. 

Iwai, A., Masliah, E., Yoshimoto, M., Ge, N., Flanagan, L., de Silva, H.A., Kittel,A., and 

Saitoh, T. (1995). The precursor protein of non-A beta component ofAlzheimer’s disease 

amyloid is a presynaptic protein of the central nervous system. Neuron 14, 467–475. 

Jakes, R., Spillantini, M. G., & Goedert, M. (1994). Identification of two distinct synucleins 

from human brain. FEBS letters, 345(1), 27-32. 

Maroteaux, L., Campanelli, J. T., & Scheller, R. H. (1988). Synuclein: a neuron-specific 

protein localized to the nucleus and presynaptic nerve terminal. J neurosci, 8(8), 2804-2815. 

Mezey, E., Dehejia, A., Harta, G., Papp, M. I., Polymeropoulos, M. H., & Brownstein, M. J. 

(1998). Alpha synuclein in neurodegenerative disorders: murderer or accomplice?. Nature 

medicine, 4(7), 755-757. 



 

x 
 

Mezey, E., Dehejia, A. M., Harta, G., Tresser, N., Suchy, S. F., Nussbaum, R. L., Brownstein 

M. J. & Polymeropoulos, M. H. (1998). Alpha synuclein is present in Lewy bodies in 

sporadic Parkinson's disease. Molecular psychiatry, 3(6), 493-499. 

Mysling, S., Betzer, C., Jensen, P. H., & Jorgensen, T. J. (2013). Characterizing the 

Dynamics of α-Synuclein Oligomers Using Hydrogen/Deuterium Exchange Monitored by 

Mass Spectrometry. Biochemistry, 52(51), 9097-9103. 

Nelson, R., & Eisenberg, D. (2006). Recent atomic models of amyloid fibril 

structure. Current opinion in structural biology, 16(2), 260-265. 

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A., , Pike 

B., Root H., Rubenstein J., Boyer R., Stenroos E.S., Chandrasekharappa S., Athanassiadou 

A., Papapetropoulos T., Johnson W.G., Lazzarini A.M., Duvoisin R.C., Di Iorio G., Golbe 

L.I., & Nussbaum, R. L. (1997). Mutation in the α-synuclein gene identified in families with 

Parkinson's disease. science, 276(5321), 2045-2047. 

Sawaya, M. R., Sambashivan, S., Nelson, R., Ivanova, M. I., Sievers, S. A., Apostol, M. I. 

Thompson M. J., Balbirnie M., Wiltzius J. J., McFarlane H. T., Madsen A. Ø., Riekel C., & 

Eisenberg, D. (2007). Atomic structures of amyloid cross-&bgr; spines reveal varied steric 

zippers. Nature, 447(7143), 453-457. 

Serpell, L. C., Berriman, J., Jakes, R., Goedert, M., & Crowther, R. A. (2000). Fiber 

diffraction of synthetic α-synuclein filaments shows amyloid-like cross-β 

conformation. Proceedings of the National Academy of Sciences, 97(9), 4897-4902. 

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., & Goedert, M. (1998). α-

Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia 

with Lewy bodies. Proceedings of the National Academy of Sciences, 95(11), 6469-6473. 

Ueda K, Fukushima H, Masliah E, Xia Y, Iwai A, Yoshimoto M, Otero DA, Kondo J, Ihara 

Y, Saitoh T (1993) Molecular cloning of cDNA encoding an unrecognized component of 

amyloid in Alzheimer disease. Proc Natl Acad Sci USA 90:11282–11286. 

Uversky, V. N., Li, J., & Fink, A. L. (2001). Pesticides directly accelerate the rate of α-

synuclein fibril formation: a possible factor in Parkinson’s disease. FEBS letters, 500(3), 105-

108. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Pike%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Pike%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Root%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Rubenstein%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Boyer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Stenroos%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Chandrasekharappa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Athanassiadou%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Athanassiadou%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Papapetropoulos%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Johnson%20WG%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Lazzarini%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Duvoisin%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Iorio%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Golbe%20LI%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Golbe%20LI%5BAuthor%5D&cauthor=true&cauthor_uid=9197268
http://www.ncbi.nlm.nih.gov/pubmed?term=Thompson%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17468747
http://www.ncbi.nlm.nih.gov/pubmed?term=Balbirnie%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17468747
http://www.ncbi.nlm.nih.gov/pubmed?term=Wiltzius%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=17468747
http://www.ncbi.nlm.nih.gov/pubmed?term=McFarlane%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=17468747
http://www.ncbi.nlm.nih.gov/pubmed?term=Madsen%20A%C3%98%5BAuthor%5D&cauthor=true&cauthor_uid=17468747
http://www.ncbi.nlm.nih.gov/pubmed?term=Riekel%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17468747


 

xi 
 

Uversky, V. N., Li, J., & Fink, A. L. (2001). Evidence for a partially folded intermediate in α-

synuclein fibril formation. Journal of Biological Chemistry,276(14), 10737-10744. 

Vilar, M., Chou, H. T., Lührs, T., Maji, S. K., Riek-Loher, D., Verel, R., Manning G., 

Stahlberg H., & Riek, R. (2008). The fold of α-synuclein fibrils. Proceedings of the National 

Academy of Sciences, 105(25), 8637-8642. 

Weinreb, P. H., Zhen, W., Poon, A. W., Conway, K. A., & Lansbury, P. T. (1996). NACP, a 

protein implicated in Alzheimer's disease and learning, is natively 

unfolded. Biochemistry, 35(43), 13709-13715. 

Winner, B., Jappelli, R., Maji, S. K., Desplats, P. A., Boyer, L., Aigner, S., Hetzer C., Loher 

T., Vilar M., Campioni S., Tzitzilonis C., Soragni A., Jessberger S.,Mira H., Consiglio 

A., Pham E., Masliah E., Gage F.H., .& Riek, R. (2011). In vivo demonstration that α-

synuclein oligomers are toxic.Proceedings of the National Academy of Sciences, 108(10), 

4194-4199. 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Hetzer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Loher%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Loher%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Vilar%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Campioni%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Tzitzilonis%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Soragni%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Jessberger%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Mira%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Consiglio%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Consiglio%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Pham%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Masliah%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21325059
http://www.ncbi.nlm.nih.gov/pubmed?term=Gage%20FH%5BAuthor%5D&cauthor=true&cauthor_uid=21325059


1 
 

 

 

 

 

 

 

 

 

Chapter 1 

α-synuclein aggregation 

 

 

 

 

 

 

 

 

 

 

 



2 
 

α-synuclein aggregation 

1.1 The synuclein   

a. The synuclein genes.  

  The synuclein genes (SNCA, SNCB, SNCG) map on human chromosome 4, 5 and 10 

code for three proteins- α-synuclein, β-synuclein and γ-synuclein, respectively (Campion et 

al., 1995). The SNCA gene, which code for the α-synuclein protein is located on the long 

arm (q) of chromosome 4 at position 22. The SNCA gene belongs to the family of PARK 

genes (genes related to Parkinson’s disease (PD)), whereas the SNCB and SNCG genes 

which code for β-synuclein and γ-synuclein, respectively, do not belong to PARK gene 

family. Five point mutations have been found in the SNCA gene, which cause autosomal 

dominant PD. These are A53T (Polymeropoulos et al., 1997), A30P (Kruger et al., 1998), 

E46K (Zarranz et al., 2004), G51D (Lesage et al., 2013) and H50Q (Appel et al., 2013). 

SNCA is linked to both rare familial and sporadic PD (Maraganore et al., 2006). Other than 

PD, the SNCA gene is also linked to other diseases such as multiple system atrophy (MSA) 

and Dementia (Al-Chalabi et al., 2009; Scholz et al., 2009). 

b. The synuclein proteins. 

  The name synuclein originated from the observation that the protein was 

found to be localized in the presynaptic nerve terminals and in the nuclear envelope. 

Synucleins are found in vertebrates and no homologous are found in E.coli, S.cevevisiae, 

C.elegans, or D.melanogaster.  Three kinds of synuclein namely α-synuclein, β-synuclein 

and γ-synuclein have been identified on the basis of differences in the amino acid sequences 

(Campion et al., 1995). Synuclein was first detected in Torpedo californica by using an 

antibody to purify cholinergic vesicles (Maroteaux et al., 1988). The synuclein identified in 

Torpedo californica was similar to human γ-synuclein (Lavedan, 1998). In humans, NAC 

region of synuclein was first detected in the amyloid plaques of Alzheimer’s disease (AD) 

patients. However it was not a part of Aβ, so it was named non Aβ component (NAC) (Ueda 

et al., 1993. α-synuclein protein has been studied in detail because the presence of α-

synuclein aggregates causes synucleinopathy. Although the sequence similarity of all the 

three synuclein proteins is very high, only α-synuclein is found in amyloid fibrils which 

cause several neurodegenerative diseases. 
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  α-synuclein is a small (140 amino acid, 14 kDa), soluble and intrinsically disordered 

protein (Eliezer et al., 2001). Its low intrinsic hydrophobicity and high net charge (-8.8) at 

neutral pH makes it intrinsically disordered (Uversky et al., 2001). In the brain, α-synuclein 

constitutes about 0.5-1.0% of the total protein (Iwai et al., 1995 b). α-synuclein is found to 

be localized in the pre-synaptic nerve terminals (Maroteaux et al., 1988) and in the close 

proximity of synaptic vesicles (Shibayama-Imazu et al., 1993). The aggregation of α-

synuclein has been implicated in several neurodegenerative diseases including PD, AD, 

dementia lewy body (DLB), multiple system atrophy (MSA) and amyotrophic lateral 

sclerosis (ALS) (Mezey et al., 1998 a,b). 

c. Domain architecture of α-synuclein. 

α-synuclein contains three domain - N-terminal domain, NAC domain and C-terminal 

domain (Figure 1.1). 

N-terminal domain: This domain is highly conserved across different species, and across 

the variants of synuclein.  It has six copies of an unusual repeat of 11 amino acid residues, 

which contain a conserved consensus motif KTKEGV with some variation (George, 2002). 

This region of α-synuclein forms an alpha helix from random coil, when it binds to 

negatively charged small unilamellar vesicles (SUV), or micelles containing negatively 

charged lipid head groups (Davidson et al., 1998; Chandra et al., 2003). α-synuclein binds to 

lipid through its conserved repeat motif (George et al., 1995). Five different mutations 

including A53T (Polymeropoulos et al., 1997), A30P (Kruger et al., 1998), E46K (Zarranz et 

al., 2004), G51D (Lesage et al., 2013), H50Q (Appel et al., 2013) have been identified in the 

PD patients, all of which are found in the N-terminal domain of α-synuclein. 

NAC domain: Only this domain was first identified in the amyloid fibrils of AD, and it is 

the second major component of amyloid plaques in AD patients (Ueda et al., 1993). This 

region is highly hydrophobic, amyloidogenic and capable of forming β-sheet from the 

random coiled of α-synuclein (El-Agnaf et al., 2002). The NAC domain is the aggregation 

causing region; deletion of amino acid residues from this region decreases aggregation both 

in vivo (Luk et al., 2009) and in vitro (El-Agnaf et al., 1998; Giasson et al., 2001). 
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Figure 1.1: Domain architecture of α-synuclein. The N-terminal domain, the NAC-domain 

and the C-terminal domain are shown in green, red and blue colours, respectively. Six 

imperfect repeats of KTKEGV are shown in black. The five early-onset PD causing point 

mutations occur at positions A30P, E46K, H50Q, G51D, and A53T highlighted by red 

arrows. 
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C-terminal domain: This domain has a strong negative charge because of the presence of 

acidic amino acid residues (George, 2002). The C-terminal domain is variable in size and 

sequence across different species, and across different variants of synuclein, whereas the N-

terminal domain and the NAC region are highly conserved (Lavedan, 1998). The C-terminal 

domain plays a role in the regulation of nuclear localization, and in interactions with small 

molecules and proteins (Eliezer et al., 2001). The C-terminal domain contains seven 

phosphorylation sites (Negro et al., 2002). It has a high propensity to get truncated at two 

cleavage sites 115 and 135 (Anderson et al., 2006). The removal of this region increases the 

aggregation propensity of α-synuclein because this domain appears to serve as a chaperone 

(Souza et al., 2000). At neutral pH, the C-terminal domain (residues 120-140) is negatively 

charged (-8), whereas the central region (30-100) is positively charged (+3) because of 

which the C-terminal domain forms long range interactions (electrostatic interactions) with 

the N-terminal domain. The presences of long range interactions become evident, when the 

aggregation of α-synuclein was carried out in the presence of polyamines. Aggregation was 

found to be faster when polyamines were used to neutralize the negatively charged amino 

acid residues of the C-terminal domain. This suggests that long range interactions play an 

important role in the stabilization of the monomer, and that disruption of these interactions 

induces the aggregation of α-synuclein (Fernandez et al., 2004; Bertoncini et al., 2005). 

d. Biophysical characterization of α-synuclein. 

  α-synuclein was shown to exist an unfolded monomer, when it was shown that it 

sediments slower than a globular protein of similar molecular weight (Weinreb et al., 1996). 

Circular dichroism (CD) and Fourier transform infrared spectroscopy (FTIR) also shown the 

characteristic spectra for unfolded structure (Uversky et al., 2001). The radius of gyration 

(Rg) value of α-synuclein, calculated from small-angle X-ray scattering (SAXS) at neutral 

pH, was slightly lower (40 Å) than the expected value for a completely unfolded protein (52 

Å), which suggests that at neutral pH, α-synuclein is more compact than a completely 

random coil structure (Uversky et al., 2001). The compact structure of α-synuclein has also 

been confirmed by NMR (Cho et al., 2007), EPR (Rao et al., 2010) and MD simulations 

(Allison et al., 2009). Long range interactions between the C-terminal and N-terminal region 

have been identified by PRE (Paramagnetic relaxation enhancement) and analogous PRE 

(Bertoncini et al., 2005; Dedmon et al., 2005) NMR experiments. 
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e. Function of α-synuclein. 

  The physiological function of α-synuclein is not known. Several roles have been 

suggested on the basis of its localization in particular regions of the brain, and its interaction 

with some molecules. α-synuclein is found to be expressed in both the central and peripheral 

nervous systems which suggests a role in neuronal function (George et al., 1995; Iwai et al., 

1995). α-synuclein was found to be localized in the presynaptic terminals (George, 2002), 

and its interaction with membrane suggested a role in the regulation of transmitter release. α-

synuclein has been observed to be both as a promoter and inhibitor of transmitter release 

(Murphy et al., 2000; Cabin et al., 2002). A role in synaptic plasticity has been suggested, as 

α-synuclein expression was found to be reduced in the specific region of the brain which was 

implicated in the learning of song in birds, whereas the other parts of the brain shows a 

constant level of α-synuclein expression throughout the life cycle (George et al., 1995). 

  Knockout and overexpression studies have suggested a role for α-synuclein in the 

regulation of neurotransmitter release, synaptic function and plasticity (Abeliovich et al., 

2000). Overexpression of human α-synuclein in mice results in the impairment of synaptic 

vesicle exocytosis and a reduction in the release of neurotransmitter (Yavich et al., 2004; 

Scott et al., 2010). Synuclein (α-, β-, γ-) knockout mice survived normally, which suggests 

that synuclein is not essential for neurotransmitter release but may be playing an important 

role in the maintenance and long term regulation of nerve terminal function (Chandra et al., 

2004). 

  α-synuclein also acts as a chaperone for the formation, degradation and maintenance 

of the SNARE complex, and the SNARE complex is directly linked to the release of 

neurotransmitter (Burre et al., 2010). Both the N-terminal and the C-terminal regions of α-

synuclein contribute to chaperone activity: the N-terminal domain helps to form high 

molecular weight complexes whereas the C-terminal region helps the complexes to remain 

soluble (Park et al., 2002). α-synuclein was found to be important for the inhibition of 

phospholipase D2 (PLD), and because PLD release is involved in the regulation of 

membrane trafficking and exocytosis, α-synuclein expression is thought to regulate these 

processes by inhibiting PLD (Vitale et al., 1998; Humeau et al., 200; Hughes et al., 2004).  
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1.2 Synucleinopathy 

a. Diseases and symptoms.  

  The aggregation of α-synuclein in neurons, nerve fibres or glial cells causes 

neurodegenerative diseases which are termed as α-synucleinopathies. α-synucleinopathies 

include the neurodegenerative diseases PD, AD, DLB and MSA and ALS (Mezey et al., 

1998 a,b). The most common disease associated with α-Synucleinopathy is PD, the second 

most common disease is DLB, and the third most common disease is MSA. Different 

pathological and clinical symptoms are associated with these three different kinds of α-

synucleinopathies (Figure 1.2). 

i) PD –The average age of disease onset in late-onset PD patients is around 60 years, 

whereas for early-onset PD patients the average age of disease onset is around 40 years. 

Early-onset PD is mainly an inherited disease (Rooden et al., 2010). The clinical symptoms 

include motor symptoms such as bradykinesia, rigidity, resting tremor and gait instability 

(Gelb et al., 1999), and non-motor symptoms such as hallucinations, olfactory disturbances, 

sleep disturbances, depression and dementia (Dumitriu et al., 2012). The pathological 

symptoms include the loss of dopaminergic neurons in the substantia nigra of the mid brain, 

and the presence of α-synuclein-positive inclusions in the cytoplasm and axons, which are 

called Lewy related α-synuclein pathologies (LRP). 

ii) DLB – Dementia is the predominant symptom and it is more in this case than in the PD 

(McKeith et al., 2005). Pathological symptoms include lewy body deposition in detected in 

the substantial nigra and amygdala (Mirra et al., 1991).  

 iii) MSA –MSA has been classified either as, MSA-P or MSA-C on the basis of differences 

in the clinical symptoms. MSA-P symptoms are similar to Parkinsonism symptoms and 

included bradykinesia, rigidity, tremor and postural instability, whereas MSA-C symptoms 

are mainly related to cerebellar syndrome (Gilman et al., 2008). The striatonigral regions are 

predominantly affected in MSA-P while the olivopontocerebellar regions are affected in 

MSA-C (Ahmed et al., 2012). 
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Figure 1.2: Differences in the three main α-synucleinopathies (PD, DLB and MSA). The 

figure is reproduced with permission from McCann et al., (2014).  
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b. Causative factors for PD. 

  SNCA gene which codes for the α-synuclein protein is linked with the PD. 

Duplication and triplication of SNCA locus cause autosomal dominal disease (singleton et 

al., 2003 and Miller et al., 2004). The disease in the case of triplication in SNCA locus was 

found to be more severe than in the case of duplication of locus which suggests the presence 

of gene dosage effect (Fuchs et al., 2007). Five mutations including A53T (Polymeropoulos 

et al., 1997), A30P (Kruger et al., 1998), E46K (Zarranz et al., 2004), G51D (Lesage et al., 

2013), H50Q (Appel et al., 2013) in α-synuclein were also found to be the causative factors 

for early-onset PD. 

1.3 Different conformations of α-synuclein 

a. Dynamic structure of native α-synuclein structure. 

  At low pH (2.5), α-synuclein adopts a compact structure as compared to high pH (7) 

where it was found to be more extended (Kachergus et al., 2005). There is also controversy 

regarding the native structure of the protein. When α-synuclein was purified from neuronal 

and non-neuronal cells under non denaturing conditions, it was found to be a majorly α-

helical tetramer which has an approximate size of about 58 kDa. The tetramer structure was 

confirmed by ultracentrifugation, STEM and in vitro cross linking (Bartels et al., 2011). By 

contrast, another study showed that the in vivo native structure of α-synuclein is monomeric 

and unfolded (Fauvet et al., 2012). A recent study using NMR chemical shifts of 

conformational ensembles of native α-synuclein confirmed that the dominant structure is 

disordered monomer (58-70%) with small fractions of tetramers and trimers (Gurry et al., 

2013).  

b. Structure of α-synuclein aggregates. 

  α-synuclein oligomers was found to be disordered (Neupane et al., 2014), α-helical 

(Apetri et al., 2006) or β-sheeted (Glabe et al., 2008), depending upon the aggregation 

condition. The morphology of the final fibrils was also found to be highly dependent on the 

aggregation condition. In the presence of physiological salt concentration (150 mM KCl), α-

synuclein aggregates fast (in a few hours), and the fibrils were cylindrical shaped. In the 

presence of low salt concentration, α-synuclein aggregated slowly (in several days) and the 

fibrils were like flat ribbons (Bousset et al., 2013). Not only were the morphology and 

kinetics different, but so also were the toxicities, X-ray diffraction patterns, seeding 



10 
 

properties, interactions with membrane. The β-strand forming region was also different for 

the two different kinds of aggregates (Bousset et al., 2013). The aggregate morphology and 

aggregation kinetics were found to be dependent on pH. At high pH (6 and 7), fibrillar 

aggregates are formed in the absence of salt, whereas large amorphous aggregates are 

formed in the presence of salt (Figure 1.3) (Hoyer et al., 2002). At low pH (4 and 5) 

amorphous aggregates are formed both in the presence and absence of salt. Aggregation is 

induced at low pH and in the presence of salt (Hoyer et al., 2002). Solid-State NMR 

(ssNMR) has revealed that amino acid residues 38-95 form the β-sheet rich core region of 

fibrils, whereas the C-terminal (96-140) and the N-terminal region (1-22) are not part of the 

core region (Heise et al., 2005). 

  Different aggregation conditions lead to both structurally (core region) and 

morphologically different fibrils (Heise et al., 2005). This shows that not only morphology 

but also the region of aggregates that forms the aggregation core is very sensitive to the 

aggregation condition. Studies on the structural characterization of fibrils, using 

hydrogen/deuterium exchange NMR (HX-NMR), ssNMR and cryoelectron microscopy, 

have revealed that the core region of fibrils contains five β-strands (residues 30-110) (Vilar 

et al., 2007). ssNMR has revealed that β-sheet core region in the fibrils of the A53T mutant 

protein is more extended than in wild type fibrils (Heise et al., 2005). Several studies on the 

structural characterization of wild type and A53T mutant fibrils formed in various 

aggregation conditions have been done, but not many studies have been done for the 

structural characterization of the intermediate aggregated forms. In a recent study, HX-MS 

was used to investigate oligomers formed by α-synuclein. The core region of the oligomer 

was found to be similar that of the fibrils, which suggested a possible zipper-like maturation 

mechanism for α-synuclein aggregation (Mysling et al., 2013). On the other hand, ssNMR 

has revealed that oligomers are structurally different from fibrils and this could be the reason 

for why oligomers and fibrils differ in their toxicity (Kim et al., 2009). ssNMR has also 

revealed that the fibrils formed by mouse and human α-synuclein have similar β-sheet 

(parallel, in-register) structures even though the protein aggregate at different rates (Lv et al., 

2013). 
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Figure 1.3:  SFM images of α-synuclein aggregates at various pH. (A) pH 7, (B)–(D) pH 6, 

(E) pH 5, (F) and (G) pH 4.0 (H) pH 7 in the presence of 10 mM MgCl2. Figure is 

reproduced with permission from Hoyer et al., (2002).  
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1.4 Formation and toxicity of α-synuclein aggregates. 

a. Mechanism of α-synuclein aggregation. 

 The kinetics of aggregation of α-synuclein was found to meet all the criteria for a 

nucleation dependent polymerization (NDP) mechanism: a lag phase, a seeding effect and a 

critical concentration (Wood et al., 1999). The critical concentrations of mutant A53T and 

wild type α-synuclein were found to be similar (Wood et al., 1999). Preformed fibril (seeds) 

accelerates the formation of amyloid fibril (Jarrett et al., 1993). The reason for this 

acceleration was explained by two mechanisms; elongation and secondary nucleation (Cohen 

et al., 2011). In a NDP mechanism, the primary nucleation step has an energy barrier, which 

leads to a lag phase in the kinetics. The addition of seeds completely or partially abolishes 

the lag phase, depending upon the concentration, because the monomer adds to the added 

seeds (template) (Lomakin et al., 1996). It was observed that the elongation rate has a linear 

dependence on protein concentration at low concentrations and saturates at high 

concentrations, which suggests that fibrils elongate because of monomer addition and not 

because of oligomer addition (Buell et al., 2014). Different aggregation conditions lead to 

different rates for fibril elongation, secondary nucleation and fragmentation. At neutral pH 

fibril elongation was found to be dominant over secondary growth and fragmentation, 

whereas at acidic pH, fragmentation and secondary nucleation were found to dominate and 

hence, the total number of aggregates was more at acidic pH than at the neutral pH (Buell et 

al., 2014). 

 b. Toxicity of aggregated species. 

 α-synuclein mediated toxicity is attributed mainly to the disruption of cell 

membranes by aggregates (Auluck et al., 2010). Mutations (A30P and A53T), which cause 

early onset PD were found to accelerate the formation of oligomers but not of the fibrils, 

suggesting that oligomers are the toxic species and not the fibrils (Conway et al., 2000). In 

vitro and in vivo (in C.elegans and D.melanogaster) experiments have confirmed that 

oligomers are more toxic (Caughey & Lansbury, 2003, Danzer et al., 2007, Karpinar et al., 

2009). A recent study has shown that when a oligomer forming α-synuclein mutant variant 

was injected into rats, the loss of dopaminergic neurons was more as compared to when a 

fibril forming mutant variants was injected and the similar toxicity levels has been seen for 
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different variants of α-synuclein in vitro, as well as in cell line studies and in vivo studies 

(Winner et al., 2011).  

 ssNMR has revealed that the oligomer structure (spectral properties) of α-synuclein is 

different from both the monomers and fibril (Kim et al., 2009). SAXS has revealed that the 

oligomer has a wreath shape, which makes it more toxic, because this shape can easily make 

channels in the membrane (Giehm et al., 2011). In D.melanogaster, fibrils were not found in 

α-synuclein inclusions, which suggest fibrils are not the only aggregate which forms 

inclusions. Intermediate aggregates (oligomers) can also form inclusions which cause 

toxicity (Auluck et al., 2002a). In other studies where inclusions contained fibrils, the 

inclusions were not toxic whereas the oligomer containing inclusions were toxic (Auluck et 

al., 2002b). These two studies on D.melanogaster suggest that oligomers are the toxic 

species. It appears that the toxicity mechanism may involve the extraction of lipids from the 

bilayer and the formation of a lipid clusters around α-synuclein aggregates (Reynolds et al., 

2011).  The studies utilized supercritical angle fluorescence (SAF) microscopy and Forster 

resonance energy transfer (FRET) techniques.  

c. Secretion and propagation of α-synuclein disease. 

  Initially, it was known that α-synuclein is an intracellular protein because of the 

absence of a secretary signal peptide (Iwai et al., 1995), but the presence of α-synuclein  has 

been detected in the extracellular biological fluid and blood plasma (El-Agnaf et al., 2003). 

In cell-lines, α-synuclein was found to be secreted into the culture medium (Sung et al., 

2005). Both monomer and aggregates of α-synuclein were found to be secreted by endocytic 

and non-classical exocytic pathways (Lee et al., 2005). Upregulation of the release of α-

synuclein was seen under cellular stress, and increase in the α-synuclein level leads to causes 

lysosomal dysfunction and misfolding of proteins (Jang et al., 2010).  

 In α-synuclein transgenic mouse models, host-to-graft transmission of α-synuclein 

has been seen, which indicates that α-synuclein is transmitted across neuronal cells (Desplats 

et al., 2009). α-synuclein oligomers or toxic aggregates could be eliminated from the cells 

via various pathways, including exocytosis in clear vesicles (Lee et al., 2008), exosomal 

release (Danzer et al., 2011) and by direct penetration (Jao et al., 2008) from neurons (Figure 

1.4). 
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Figure 1.4: Mechanisms of α-synuclein aggregation and propagation. Transfer of α-

synuclein from one neuron to another by exosomes, direct penetration and endocytosis. 

Ring-like oligomers are inserted into the membrane and make transmembrane pore. The 

figure is reproduced with permission from Lashuel et al., (2012). 
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 Endocytosis (Kordower et al., 1998), direct penetration (Tang et al., 2012), trans-

synaptic dissemination (Danzer et al., 2011) and membrane receptor-mediated access (Lee et 

al., 2008) are the possible mechanisms by which α-synuclein aggregates transfer from 

extracellular part of the neurons into other cells.  

 A recent, in vivo study has suggested that α-synuclein propagates like the prion 

protein. Intracerebral injection of brain homogenates from infected mice into non-infected 

healthy mice leads to intracellular inclusions and PD symptoms in the healthy mice (Luk et 

al., 2012). Crossing the species barrier was also seen in the aggregation of α-synuclein: when 

seeds (preformed fibrils) of human α-synuclein were injected into mice, PD symptoms were 

seen in the mice (Masuda et al., 2013).  

1.5 Modulation of the formation of fibrils and oligomers of α-synuclein 

i) Fibril formation induced by phosphorylation at Ser-129: 

   Post-translational modifications such as phosphorylation are known to modulate α-

synuclein fibrillization both in vivo and in vitro (Fujiwara et al., 2002). Phosphorylation at 

Ser-129 of the C-terminal region accelerates fibrillization and neurotoxicity. In patients 

suffering from synucleinopathies, have 90% of the α-synuclein in their brains is 

phosphorylated at Ser-129, whereas in normal healthy persons, the protein is less than 5% 

phosphorylated (Saito et al., 2003; Anderson et al., 2006; McFarland et al., 2009).  

ii) Oligomer formation but not the fibril formation induced by mutations (A53T, A30P) 

which cause early onset PD: 

   The rate of fibrillization was different both the mutants. Fibrillization was very fast 

for A53T than the wild type and followed by A30P, whereas the monomer consumption is 

more for both the mutants then the wild type which suggests faster rate of formation of 

oligomer is common in both disease causing mutants (Conway et al., 1998). 

iii) Decrease in the pH and increase in temperature induce aggregation: 

   α-synuclein aggregation is induced at low pH and at high temperature because of the 

formation of partially folded structure. α-synuclein is natively unfolded because of its low 

intrinsic hydrophobicity and high net charge (-8.8) at neutral pH (Uversky et al., 2000). But 

at low pH, the net charge decreases and at high temperature, hydrophobicity increases; hence 

both conditions lead to the formation of partially folded structure. The partially folded 
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structure was confirmed by comparing the radius of gyration (Rg), FTIR spectra and by 

monitoring the far-UV CD spectra at various temperatures and pH (Uversky et al., 2001b).  

  At acidic pH, α-synuclein forms aggregates faster than at neutral pH because at acidic 

pH, secondary nucleation processes were found to increase four-fold and the elongation rate 

of fibril formation to increased two-fold. A neutral pH, secondary nucleation has not been 

detected, and fibril formed only by the elongation of the fibril by monomer addition (Buell et 

al., 2013). 

iv) Presence of anions induces α-synuclein aggregation: 

   α-synuclein forms partially folded intermediate structures in the presence of anions, 

which leads an acceleration of the rate of its fibrillization. The magnitude of the acceleration 

of fibrillization by anions was found to follow the Hofmeister series, and maximum 

acceleration of fibrillization was found in the presence of sulphate. Anions accelerate 

fibrillization in the following order: N3 
-<  HCO3 

-< ClO4  
- < S2O3 

2- < NO3 
- <Br - < CH3COO 

- < Cl - < HCOO - < F - < CCl3COO - <HPO4
- < SO4

 2 . (Munishkina et al., 2004). 

v) Presence of small unilamellar vesicles (SUV) modulates fibrillization: 

   α-synuclein fibrillization was found to be induced in the presence of SUVs (diameter 

of 20-25) in a concentration dependent manner. However, fibrillation was found to be 

reduced when α-synuclein was incubated with phosphatidylcholine vesicles, which have a 

neutral head group. The fast fibrillization was shown by monitoring the change in ThT 

fluorescence, and by observing the morphology of the aggregates by EM (Electron 

microscopy) and AFM (atomic force microscopy) imaging. The formation of the partially 

folded structure of the α-synuclein, as shown by CD spectrometry, was found to be the 

reason for fast fibril formation (Jo et al., 2000). 

vi) C-terminal truncation induced aggregation of α-synuclein:  

  Long range electrostatic interactions between the C-terminal region (negatively 

charged) and the central region (positively charged) were found to stabilize the monomer 

conformation. The presence of a hydrophobic cluster at the C-terminal region was also found 

to stabilize α-synuclein by long range interactions. Chemicals like polyamines interact with 

the negatively charged residues at the C-terminal region, because of which long range 
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electrostatic interactions get perturbed, leading to the destabilization of the monomer and 

acceleration of the fibrillization of α-synuclein (Bertoncini et al., 2005).  

  C-terminal truncation is the most common post translational modification which 

accelerates aggregation both in vivo and in vitro (Serpell et al., 2000; Murray et al., 2003). 

The acceleration in the aggregation of α-synuclein as a result of the truncation of the C-

terminus reason, could be due to the loss of the long range interactions (Bertoncini et al., 

2005) and or the loss of the chaperone like activity (Wu et al., 2008) which is provided by C-

terminal domain. 

vii) Role of metals on the modulation of aggregation: 

   Exposure to specific metals especially manganese, copper, lead, iron, mercury, zinc 

and aluminium results in a higher risk of PD (Rybicki et al., 1993). Post mortem studies of 

the brains of PD patients have found an increase in these metal ions (Hirsch et al., 1991, 

Dexter et al., 1991). In vitro studies have also found that aggregation is induced in the 

presence of metals. Aluminium was the most effective metal in accelerating aggregation 

(Uversky et al., 2001). Metal ions induce the partial folding of the α-synuclein by the 

formation of the electrostatic interaction with the C-terminal residues (Uversky et al., 2001). 

There are several different modes by which α-synuclein interacts with metal ions and forms 

different conformations. For monovalent ions, the change in the conformation of the protein 

was found to be minor (only residual structural change), as compared to the major structural 

changes in the conformation of the monomer protein in the presence of trivalent ions 

(Uversky et al., 2001).  

viii) Induction and stabilization of oligomers formation:  

  Oligomer formation and secretion was found to be induced by dopamine (Lee et al., 

2011). Dequalinium also induces protofibril formation (Lee et al., 2005). Oligomer structure 

was found to be stabilized by flavonoid Baicalein (Hong et al., 2008).  

ix) Prevention in the formation of fibril: 

  Hsp 104 prevents fibrillization of α-synuclein and it reduces dopaminergic loss in rats 

(Bianco et al., 2008). Some mutations in the NAC-region such as V66S, V66P, T72P, V74E, 

V74G, and T75P were found to completely inhibit the fibrillization of both wild type and PD 

linked α-synuclein variants (Koo et al., 2009). 
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x) Other factors: 

   There are various factors such as fatty acids, anionic detergents (Necula et al., 2003), 

tri-fluoroethanol (Anderson et al., 2010), SDS (Giehm et al., 2010) and agrin (Liu et al., 

2005) which induce fibrillization of α-synuclein. Mechanical action also influences primary 

nucleation by disturbing the air water interface (Sasahara et al., 2008), and secondary 

nucleation by increasing the rate of fragmentation (Cohen et al., 2013).    

1.6 Therapeutic prospective 

  There are various methods proposed by Lashuel et al., 2012 to reduce the toxicity of 

the α-synuclein aggregates. (a) α-synuclein expression could be reduced by silencing SNCA 

or by repressing the SNCA promoter, (b) Post translational modifications (e.g. 

phosphorylation, nitration, oxidation and C-terminal cleavage) which induce aggregation 

could be inhibited, (c) α-synuclein clearance by autophagy or the proteasome could be 

enhanced, (d) Monomer conformation could be stabilized, (e) α-synuclein aggregates could 

be reduced by targeting with specific antibodies and by reducing endocytosis and exocytosis.  

  Elevation in the dopamine levels was found to be a treatment method for PD (Auluck 

et al., 2010). Some of the ligands were able to inhibit the aggregation of α-synuclein by 

binding to the NAC-region of the α-synuclein (Abe et al., 2007). Heat-shock proteins could 

also be used for PD treatment because when α-synuclein was co-expressed with the heat 

shock proteins, the toxicity was found to be lower in D.melanogaster (Auluck et al., 2002). 

1.7 Conclusion 

  The aggregation of α-synuclein causes synucleinopathies and several 

neurodegenerative diseases. In vitro studies have revealed structural information about the 

native conformation and aggregated conformations of α-synuclein. Various probes have been 

used to characterize the structure and function of monomer, oligomer and fibril. ssNMR 

(Heise et al., 2005), HX-MS (Del Mar et al., 2005; Mysling et al., 2013), HX-NMR (Vilar et 

al., 2008) studies have revealed the solvent protected or core region of the fibrils and 

oligomers.  

  Further studies can be done to prevent those conformations and interactions which 

are important in the aggregates structure, by mutating some of the residues which play 

important roles in the formation of the core region, or by using some chemicals which can 
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bind to those amino acid residues. Various factors have been identified, which reduce, 

induce and stabilize aggregates. Knowledge of these factors can be used for therapeutic 

purpose by reducing toxic aggregates, or by stabilizing non-toxic aggregates as well as the 

monomer.  

  The purpose of the current study was to determine the mechanism of the formation of 

aggregates and characterization of the aggregates by various probes. It is challenging to get 

reproducible aggregation kinetics for α-synuclein. Characterization of the pathway of 

formation of aggregates by various probes requires reproducible aggregation kinetics. In this 

study, the aggregation of α-synuclein was carried out in various aggregation conditions in an 

attempt to obtain reproducible aggregation kinetics. Aggregate morphology and aggregation 

kinetics were found to be very sensitive to the aggregation condition. Aggregation at pH 7 

was carried out both in the presence and absence of ThT, to observe the effect of ThT on the 

aggregation of α-synuclein. It was observed that the presence of ThT during aggregation 

decreases the population of oligomers and increases the population of fibrils. It appears that 

ThT may be converting toxic aggregated forms (oligomers) into non-toxic aggregated form 

(fibrils). To determine the effect of ThT on other amyloidogenic proteins, the full length 

recombinant mouse prion protein (moPrP) and tau K18 were also aggregated in the presence 

and absence of ThT. After analysing the aggregation of these three amyloidogenic proteins 

(α-synuclein, moPrP and tau K18) in the presence of ThT, and the known information about 

the effect of ThT on aggregation (Alavez et al., 2011; D’Amico et al., 2012; Coelho-

Cerqueira, 2014), it has been concluded that ThT requires either a negatively charged 

protein, or a small stretch of negatively charged amino acid residues for binding and 

inducing aggregation. 
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2.1  Introduction  

  α-synuclein was first identified in patients of Alzheimer’s Disease (AD), and it was 

known by the name of non amyloid-β component protein (NACP) (Jakes et al., 1994). The 

aggregation of α-synuclein protein has been implicated in various neurodegenerative 

diseases including Parkinson’s disease (PD), AD, multiple system atrophy (MSA) and 

amyotrophic lateral sclerosis (ALS) (Mezey et al., 1998 a,b). PD is the most common disease 

among these neurodegenerative diseases, which is caused by the aggregation of the α-

synuclein. The aggregation of α-synuclein has been shown to follow a NDP (nucleation 

dependent polymerization) mechanism. All three criteria (a lag phase, a seeding effect and a 

critical concentration) for a NDP mechanism were observed in the kinetics of α-synuclein 

aggregation (Wood et al., 1999).  

  α-synuclein was first purified from the cerebral cortex of AD patients after post-

mortem (Jakes et al., 1994). For recombinant expression of α-synuclein, the pRK172 plasmid 

was transferred into E.coli BL21 (DE3) and α-synuclein was purified by whole cell lysis, 

(Jakes et al., 1994). α-synuclein expression was found to be localized in the periplasm of 

E.coli. Hence, α-synuclein was purified using a periplasmic protein purification protocol 

(Huang et al. 2005). Modification in the purification protocol led to an improvement in the 

A280/A260 ratio and also prevention of the fragmentation of α-synuclein. 

  Further, various spectroscopic tools were used for the characterization of α-synuclein. 

The characteristic spectra of α-synuclein were found to be similar to the published spectra 

(Hu et al., 2001, Uversky et al., 2001, Lashuel et al., 2002). The study of α-synuclein 

aggregation by various probes requires reproducible aggregation kinetics, and getting 

reproducible aggregation kinetics of α-synuclein was found to a big challenge (Giehm and 

Otzen, 2002; Fink, 2006; Conway et al., 2011). Even a small variation in the purity level of 

α-synuclein across different batches of protein preparations, can make it even more 

challenging. Hence all protein preparations were made exactly the same way so that they 

were similarly pure. 
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 2.2   Materials and methods 

Bacterial strain, plasmid.   

The plasmid pRK172 containing the human wild type α-synuclein gene was a kind gift from 

Prof. A. L. Fink. This plasmid was then expressed in E.coli BL21 (DE3 STAR) cells for the 

purification of recombinant α-synuclein protein. 

Buffers and solutions. 

All chemicals used for the purification of the protein were of analytical grade. The chemicals 

used for the spectroscopic characterization of the protein were of the highest purity, and were 

purchased from Sigma-Aldrich. For the characterization of the protein by various probes, α-

synuclein was dissolved in 10 mM sodium phosphate buffer  at pH 7. 

Expression and purification of α-synuclein. 

1. Transformation and inoculation: 1 L of LB medium (500 ml each two litre flasks) with 

100 µg/ml of ampicillin was inoculated with ~ 15 colonies of freshly transformed E.coli 

BL21 (DE3 STAR) into the pRK172 plasmid. After 12 h of growth (A600 ~ 1.5-2.0), the 

culture was induced with 100 µM IPTG and was, allowed to grow for 5 h (A600 ~ 5.0-6.0). 2. 

Lysis of periplasm: The culture was pelleted down at 6000 rpm for 15 min and re-

suspended in 100 ml of osmotic shock buffer (30 mM Tris, 40% sucrose, 2 mM  EDTA, pH 

7.2), and incubated at room temperature for 10 min. The pellet collected by spinning the 

solution at 12,000 rpm for 20 min was re-dissolved in 90 ml ice cold water. 37.5 μl of 

saturated MgCl2 were then added into the ice cold water containing the dissolved pellet, and 

then the solution was incubated on ice for 3 min, and again centrifuged at 12,000 rpm for 20 

min. 3. Dialysis: The supernatant was dialysed 2 times against 20 mM Tris buffer (pH 8 at 

temperature 4 °C) for 6 h. 4. Denaturation of the protein: Urea was added to the dialyzed 

protein so that the final concentration of urea was 8 M. α- synuclein is natively unfolded so it 

has a high tendency to bind to other proteins, and the addition of urea helps to separate this 

protein from other proteins. 5. Ion exchange chromatography: Denatured protein was 

loaded onto a DEAE anion exchange column, and washed with 30 column volumes of 20 

mM Tris buffer, pH 8, containing 8 M urea, and it was then washed with washed with 30 

column volumes of 20 mM Tris buffer pH 8 without urea. The protein was eluted using a 0.5 

M NaCl gradient at pH 8, using High performance liquid chromatography (HPLC). α-

synuclein starts eluting at around 30% of the salt gradient. The protein that eluted out at 
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between 30-60% of the NaCl gradient was pooled for further purification. 6. Size exclusion 

chromatography (SEC): The pool (total volume = 20 ml) protein fractions containing pure 

α-synuclein (confirmed by SDS-PAGE) was injected into a Superdex 200 column. 20 mM 

Tris buffer at pH 8 was used as the running buffer. α-synuclein eluted out between 13 ml to 

16 ml. 7. Dialysis and Lyophilisation: Fractions containing pure α-synuclein, which had a 

good A280/A260 of ~1.8 were pooled together. Dialysis was done in MilliQ water at pH 7 for 6 

h. Buffer was exchanged three times and then the protein was lyophilized for storage.  

Absorbance spectroscopy. 

A Cary 300 spectrophotometer (Agilent Technologies) was used to acquire the absorbance 

spectrum of purified α-synuclein. 50 μM protein concentration was used in a 10 mm path 

length cuvette, with the instrument in the dual-beam mode. The following acquisition 

parameters were used: scan range, 240-340 nm; scan rate, 60 nm/min; signal averaging time, 

0.1 s; data interval, 0.1 nm.   

Fluorescence spectroscopy. 

A Fluoromax-3 spectrofluorometer (Jobin Yvon) was used to acquire the fluorescence 

spectrum of α-synuclein. 10 μM protein concentration was used with a 10 mm path length 

cuvette. The following acquisition parameters were used: excitation wavelength, 280 nm; 

emission wavelength range, 300-400 nm; excitation bandwidth, 1 nm; emission bandwidth, 

10 nm;  integration time, 1 s; number of spectra averaged, 3. 

Far-UV Circular Dichroism (CD) spectroscopy. 

A Jasco J-815 spectropolarimeter was used to acquire the far-UV CD spectrum of the protein 

at a concentration of 10 μM, and using a cuvette of path length 1 mm. The following 

acquisition parameters were used: scan range, 200-250 nm; data pitch, 1 nm; response time, 

1 s; bandwidth, 1 nm; scan speed, 50 nm/min; accumulation, 15 times; Data integration time, 

1 s. 

Electrospray ionisation-mass spectrometry (ESI-MS). 

Lyophilized α-synuclein was dissolved in MilliQ water, and diluted to a concentration of 200 

nM in 50% acetonitrile and 0.2% formic acid, for ESI-MS, using a Synapt G2 HD mass 

spectrometer (Waters). The mass of the pure protein was 14459 Da, as expected. 
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2.3   Results and discussion 

α-synuclein purification using two chromatography steps. 

  α-synuclein was purified using the periplasmic protein purification protocol as 

described earlier (Huang et al., 2005) with some modifications. On SDS-PAGE, the apparent 

molecular weight was found to be ~ 18 kDa, whereas the expected molecular weight of α-

synuclein is ~ 14 kDa. This unusual behaviour had been described earlier, and ascribed to the 

weak binding of SDS to the highly negatively charged C-terminal sequence of α-synuclein 

(Weinreb et al., 1996). 

   Protein was expressed in E.coli cells, and the cultures were grown for 12 h. The 

culture was subject to SDS-PAGE, to check the expression of the protein (Figure 2.1A, lane 

2). The culture was then induced with 100 μM  IPTG for 5 h, and again subject to SDS-

PAGE (Figure 2.1A, lane 3). The amount of protein was found to be simillar before and after 

induction, which suggests leaky expession of the protein. The culture was pelleted down and 

the pellet was re-suspended in the osmotic shock buffer and again centrifuged. The 

supernatant was subject to SDS-PAGE to determine the loss of the protein in this 

centrifugation step (Figure 2.1A, lane 5). Osmotis shock buffer shrinks cells. The pellet was 

then resuspended in ice cold water, which eventually burst the periplasmic region of the 

cells.  

  The suspension was centrifuged and the supernatant containing α-synuclein (Figure 

2.1A, lane 6), was processed further using chromatography. The supernatant was loaded onto 

a DEAE Sepharose column, and eluted against a 0.5 M NaCl gradient (Figure 2.1B).  

   Fractions of eluant shown by SDS-PAGE (Figure 2.2.C, lane 2- 7) contain α-

synuclein, and which eluted out at 30 to 60% of the salt gradient were pooled together. Then 

size-exclusion chromatography (SEC) was performed. The first peak which had an A280/A260 

value of 1.8 was collected. The second peak was not collected, as it was expected to be 

contaminated with DNA and small DNA-binding proteins because it showed an A280/A260 

value of  0.5 (Figure 2.1.D). The first peak eluted out at 13 ml which corresponds to a 

molecular mass of 54 kDa.  
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Figure 2.1: SDS-PAGE and chromatography steps of α-synuclein purification. (A) Analysis 

of the expression of the protein:  Lane 1, protein size markers; Lanes 2 and 3, protein 

expression before and after induction with IPTG; Lanes 4, 5 and 6, supernatant after each of 

the three centrifugation steps; Lane 7, Pellet after cold shock. (B) Ion exchange 

chromatography. A DEAE Sepharose anion exchanger column was used. The blue, red and 

black continuous lines represent absorbance at 280 nm, 260 nm and the % of salt gradient, 

respectively. The proteins peaks which eluted out at between 30 and 60% of the salt gradient 

were collected. (C) SDS-PAGE. Lane 1, protein size markers and Lanes 2-7, eluant 

fractions, which were pooled (30 to 60% of the salt gradient) for further chromatography 

steps. (D) SEC. Superdex-200 analytical column was used for SEC. The blue and red 

continuous lines represent absorbance at 280 nm and 260 nm, respectively. Only the first 

peak was collected which had an A280/A260 value of 1.8.    
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  This unusal behaviour of α-synuclein in SEC is because of its natively unfolded 

conformation, which was described earlier (Weinreb et al., 1996; Lashuel et al., 2002). The 

SEC step increased the value of A280/A260. Desalting was done by dialysis which was faster 

and less harsh as compared to desalting done by concentrating the protein in MilliQ water 

(by ultrafiltration). The faster and less harsh method of desalting has played an important 

role in the prevention of α-synuclein fragmentation. The protein was found unfragmented 

when the whole purification process was performed in the cold (4 0C). α-synuclein was 

stored after lyophilization.  

Spectroscopic charcterization and mass spectrometry of α-synuclein. 

  Lyophilized α-synuclein was dissolved in 10 mM sodium phosphate at pH 7, for the 

characterization of protein purity. All the characterization were performed at room 

temperature (25 0C). Absorbance, fluorescence and far-UV CD spectra were acquired for 

each protein preparation. 

  The absorbance spectrum of the purified protein showed that the value of A280/A260 

was 1.8, indicating that there was no contamination by DNA or RNA. No absorbance was 

seen at 320 nm, indicating that the purified α-synuclein solution did not contain any 

aggregates (Figure 2.2A). The absorbance spectrum has a maximum at 275 nm, which is 

expected for a protein which has only tyrosine residues and no tryptophan residue. 

  The fluorescence spectrum of the purifed α-synuclein was acquired upon excitation at 

280 nm. Maximum emission was observed at 305 nm, which is expected for a protein 

containing only tyrosine residues and not tryptophan residue. The ratio of the emission at 

305nm to that at 360 nm was used to confirm that the α-synuclein preparation was not 

contaminated with any other protein containing tryptophan residue. (Figure 2.2B). 

  The far-UV CD spectrum of the purified α-synuclein protein was found to be what is 

expected for an unfolded protein. The CD spectrum presented a strong negative peak at 200 

nm, and a shoulder at 222 nm which suggested that the stucture of α-synuclein is a random 

coil with some degree of helicity (Figure 2.2.C). Mean Residue ellipticity (MRE) values 

were found similar to those reported previously (Hu et al., 2001). 
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Figure 2.2: Spectroscopic characterization and mass spectrometry of α-synuclein.  (A) 

Absorbance spectrum at 50 μM α-synuclein concentration. (B) Fluorescence spectrum at 10 

μM α-synuclein concentration. The spectrum was normalized using a value of 305 nm for the 

fluorescence. (C) Far-UV CD spectrum at 10 μM α-synuclein concentration. (D) ESI-MS at 

200 nM α-synuclein concentration. 
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  ESI-MS and SDS-PAGE were used to confirm the purity of each protein preparation. 

α-synuclein was found not to be fragmented because no molecular mass lower than 14459 

Da could be detected by ESI-MS. However some adducts of the protein were found to be 

present. 

Purity cut-off across the protein preparations. 

  Some basic cut-offs criteria were kept for the characterization of the purity and only 

those protein preparations were used for the aggregation experiments which has qualified the 

following cut-offs. (i) Consistency in the absorbance ratio of α-synuclein (A280/A260) was one 

of the purity level measurements. Only those protein perparations were used which had an 

A280/A260 value of 1.7-1.9. (ii) To confirm that the α-synuclein does not contaminated with 

any other protein containing  tryptophan residue only those protein preparations were used 

which had ratio of emission fluorescence 305 nm/360 nm value of 4.5-5.0.(iii) MRE values 

of CD spectrum has always used to check for each protein preparation with the previously 

reported MRE values (Hu et al., 2001). (iv) α-synuclein purity on the SDS-PAGE. (v) Mass 

spectra to confirm the presence of only α-synuclein and no any other protein and the 

fragments of α-synuclein.  

  Fragment of α-synuclein, DNA and tryptophan impurities were found to be 

contributed in the irreproduciblity of the aggregation kinetics. Consistency in the solubility 

of protein was also required for reproducible aggregation kinetics. Always freshly purified 

protein (within two months of lyophilization) was used for the experiment, whenever old 

protein was used, aggregation of protein was found to be faster. 

2.4 Conclusion 

  α-synuclein was purified by the periplasmic purification as published earlier (Huang 

et al. 2005) with some modifications. Modifications were incorporated to increase the purity 

level with consistency in the purity across the protein preparations. Additional 

chromatography step (SEC) has helped to improve the A280/A260 value. To prevent 

fragmentation of α-synuclein, the entire purification process was performed in the 4 °C. 

   Aggregation kinetics of α-synuclein is very sensitive to small variations so α-synuclein 

was purified in an exactly similar way across different protein preparation. Consistency in 

the purity of α-synuclein was confirmed for each protein preparation by various probes 

before using it for aggregation experiments. Reproducibility in the purity of α-synuclein was 
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found across different protein preparations, which helped in achieving the reproducible 

kinetics of α-synuclein aggregation (chapter 3).  
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Chapter 3 

Determination of an in vitro condition for the 
reproducible aggregation of α-synuclein 
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3.1  Introduction  

  To determine the mechanism of aggregation, morphological and structural 

chracterization of aggregates by various probes needs to be reproducible. From previous 

studies, it is known that obtaining reproducible aggregation kinetics of α-synuclein is a big 

challenge (Giehm and Otzen, 2002; Fink, 2006; Conway et al., 2011). Small variations in 

sample handling, or in the aggregation condition, can lead to major changes in the kinetics. 

Two reproducible aggregation conditions are known for α-synuclein. In both cases, ThT 

fluorescence was measured in an automated system. In one condition, aggregation was done 

at pH 7 in the presence of SDS (Giehm and Otzen, 2010). In the other condition aggregation 

was done at pH 5.5 (Grey et al., 2011).  

  In this study, the first reproducible aggregation condition was not used because 

aggregation in the presence of SDS can not give the actual mechanism of aggregation in the 

absence of SDS. The other aggregation condition for reproducible aggregation kinetics was 

tried (at pH 5.5), but the aggregates were not found to be fribillar (Figures 3.2 and 3.3). 

Various factors responsible for variation in the aggregation kinetics were identified. α-

synuclein was aggregated at pH values ranging from 3 to 7. Both the morphology of 

aggregates as well as its aggregation kinetics were found to be highly dependent on the 

aggregation condition. 

3.2   Materials and methods 

Protein expression, purification and characterization. 

The procedure for the purification of α-synuclein has been described previously (Huang et 

al., 2005), and was followed with one additional size exclusion chromatography step. The 

purified protein was characterized by absorbance, fluorescence, far-UV Circular Dichroism 

spectra and ESI-MS.  

Buffers and solutions. 

All chemicals used for the purification of the protein were of analytical grade. The chemicals 

used for spectroscopic characterization of protein were of the highest purity, and were 

purchased from Sigma-Aldrich. For the characterization of the protein by various probes, α-

synuclein was dissolved in 10 mM sodium phosphate buffer  at pH 7. The aggregation of the 
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protein was carried out in various buffers - sodium acetate, sodium MES and sodium 

phosphate buffers. 

Aggregation assays. 

Thioflavin T (ThT) fluorescence measurement using the Fluoromax-3 spectrofluorometer: 

The ThT fluorescence assay was performed at pH 8 in 50 mM Tris buffer. For the assay, 

final concentrations of 1 μM protein and 10 μM ThT were used. 5 μl of aggregation sample 

were taken out from the aggregating protein sample containing 100 μM α-synuclein, and 

added to the 495 μl of 10 μM ThT solution. ThT fluorescence was measured using a 

Fluoromax-3 spectrofluorometer (Jobin Yvon). The experimental settings were as follows: 

excitation wavelength, 440 nm; emission wavelength, 482 nm; excitation bandwidth, 1 nm; 

and emission bandwidth, 10 nm.  

ThT fluorescence measurement using the Fluoroskan Ascent:  

Samples were loaded onto the 96 well plate. 1 mM ThT was added to the aggregation sample 

containing 100 μM α-synuclein. The total volume of sample in a well was 150 μl. ThT 

assays were performed in a Fluoroskan Ascent instrument (Thermo Scientific). 

Measurements were taken with excitation at 440 nm and emission monitored at 485 nm. In 

some experiments, the Fluoroskan was used only for agitating the samples, and ThT 

measurements were done using the Fluoromax-3 spectrofluorometer. 

Atomic Force Microscopy (AFM). 

Sample preparation for AFM imaging: Charging of the mica was required when the α-

synuclein was aggregated at a pH higher than pI (4.7) of the protein. A pH values below the 

pI, charging was not required. MgCl2 was used for the charging of the mica. 5 mM MgCl2 

was applied onto a freshly cleaved mica surface, and incubated for 5 min. After incubation, 

the mica surface was washed with filtered (0.22 µM filter) MilliQ water. Then the mica was 

dried for 1 h under vacuum. After charging of the mica by MgCl2, a neat aggregation sample 

was applied onto the mica and incubated for 3 min. After incubation, the mica was washed 

with filtered MilliQ water whose pH was adjusted to the pH of the aggregation buffer, and 

dried for 1 h under the vacuum. 

   Images were obtained using a PicoPlus AFM instrument (Molecular imaging Inc.). 

Both a small scanner (10 µm x 10 µm) and a large scanner (100 µm x 100 µm) were used for 
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the noncontact mode of imaging. The cantilever frequency was 75 kHz, force constant was 

2.8 N/m and a round tip of radius less than 10 nm (Nanoworld AG) was used. 

3.3 Results and discussion 

Factors causing variation in the aggregation kinetics of α-synuclein. 

a) Slots of thermo-mixer shaker: 

   Aggregation samples were agitated using a 2 ml Eppendorf thermo-mixer 

(aggregation condition-3, Table 3.1). When the 1.5 ml tube was kept in one of the slots (slot 

number -15) of the thermo-mixer to agitate the aggregation sample, aggregation was found 

to be reproducible for three independent experiments from two different protein 

preparations. However, when another slot (slot number-16) was used to agitate the 

aggregation sample, aggregation was found to be irreproducible (Figure 3.1). This result 

shows that variation in the aggregation may be caused due to a small difference in the 

shaking pattern across the slots. It was found that the tube was tightly fit into one of the slot 

(slot number-15) than the other slot which suggests, tight fitting of slot to tube has increased 

the reproducibility.  

  Further aggregation was tried using a 1.5 ml Eppendorf thermo-mixer for 1.5 ml tube 

(aggregation condition-4, Table 3.1),which was even tighter than the one of the slot (slot 

number -15) of 2 ml Eppendorf thermo-mixer. Irreproducibility in the aggregation kinetics 

was found at pH 5.5 across the protein preparations (Figure 3.2A and B). The presence of 

both amorphous and fibrillar aggregates was found in the pH 5.5 aggregation condition 

(Figure 3.2C and 3.2D).  

  The ThT fluorescence reading was also monitored in an automated system 

(Fluoroskan) to minimize the variation due to sample handling and the shaking pattern of the 

Eppendorf thermo-mixer so as to get reproducible aggregation kinetics at pH 5.5 

(aggregation condition-2, Table 3.1). The measurement of ThT fluorescence in the 

Fluoroskan requires the presence of ThT in the aggregation sample, so 1 mM of ThT was 

added in these experiments. The kinetics was found to be reproducible within a protein 

preparation (Figure 3.3A) and also across different protein preparations (Figure 3.3B). 

However, a fibrillar morphology was not detected for the aggregates formed at pH 5.5 in the 

presence of 1 mM ThT (Figure 3.3C). Hence, aggregation at pH 5.5 was not studied further 

as it was not reproducible, and involves the formation of amorphous aggregates.  
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Table 3.1: Aggregation of α-synuclein at low pH (below pH 7). 

 

   

Aggregation 

condition 

 

Protein 

concentration, pH, 

buffer, salt and 

temperature 

Mode of 

agitation 

and speed 

of agitation 

Presence of 

ThT in the 

aggregation 

sample 

ThT Fluorescence 

measurement 

Reproducibity in 

the kinetics 

Morphology of 

aggregates 

 

 

 

 

1. 

100 μM, 

pH 3, 50 mM 

sodium acetate 

buffer, 

300 mM NaCl, 

37 0C 

 

 

 

Used 1.5 

ml tube in 

1.5 ml 

thermo-

mixer, 

1000 rpm 

 

No Fluoromax-3  

spectrofluorometer 

Reproducible 

within a protein 

preparation, 

irreproducible 

across different 

protein 

preparations 

Short and clumped 

fibrils 

 

 

 

 

 

2. 

100 μM, 

pH 5.5, 25 mM 

sodium phosphate 

buffer, no salt 

37 0C 

 

 

Fluoroskan 

and 1020 

rpm 

1 mM Fluoroskan Reproducible 

both within and 

across protein 

preparations 

Amorphous 

aggregates 

 

 

 

 

 

3. 

 

100 μM, 

pH 5.5, 25 mM 

sodium phosphate 

buffer, no salt 

37 0C 

 

Used 1.5 

ml tube in 

2 ml 

thermo-

mixer, 

1000 rpm 

 

No Fluoromax-3  

spectrofluorometer 

Reproducible 

within and across 

the protein 

preparations in a 

particular slot but 

not in all the slots 

of 2 ml 

Eppendorf 

thermo-mixer 

Both amorphous 

and short fibrillar 

structures 

 

 

 

 

4. 

 

100 μM, 

pH 5.5, 25 mM 

sodium phosphate 

buffer, no salt 

37 0C 

 

Used 1.5 

ml tube in 

1.5 ml 

thermo-

mixer, 

1000 rpm 

 

No Fluoromax-3  

spectrofluorometer 

Reproducible 

within a protein 

preparation, 

irreproducible 

across different 

protein 

preparations 

Both amorphous 

and short fibrillar 

structures 

 

 

 

5. 

100 μM or 250 μM 

pH 6, 20 mM 

sodium MES buffer, 

no salt 

37 0C 

 

Fluoroskan 

and 1020 

rpm 

No Fluoromax-3  

spectrofluorometer 

Reproducible 

within a protein 

preparation, 

irreproducible 

across different 

protein 

preparations 

Long fibril and 

oligomers 
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Figure 3.1: Variation in the kinetics of aggregation of α-synuclein when because different 

slots of a thermo mixer were used to agitate the protein (aggregation condition-3, Table 3.1). 

Measurement of ThT fluorescence signal for the formation of aggregates by 100 μM α-

synuclein at pH 5.5 in 25 mM sodium phosphate buffer at 37 °C, agitation was carried out at 

1000 rpm, and aggregation was carried out in 1.5 ml tube using 2 ml Eppendorf thermo 

mixer. (A) Reproducible aggregation kinetics was found in one of the slots (15) of thermo-

mixer. Error bars represent the variation in the signal from three independent experiments 

across two protein preparations. (B) Aggregation kinetics was found to be irreproducible for 

all three independent experiments in another slot (16) of the thermo-mixer. 
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Figure 3.2: Measurement of the formation of aggregates by 100 μM α-synuclein at pH 5.5 in 

25 mM sodium phosphate buffer at 37 °C, agitation was carried out at 1000 rpm, and 

aggregation was carried out in 1.5 ml tube using 1.5 ml Eppendorf thermo mixer. 

(aggregation condition-4, Table 3.1). (A) ThT fluorescence signal. Error bars represent the 

spread in the data of two replicates from one protein preparation (●). (B) ThT fluorescence 

signal. Error bars represent the spread in the data of two replicates from another protein 

preparation (■). (C) AFM image (amplitude mode) of the aggregates formed by the first 

batch of protein at 20 h.(D) AFM image (amplitude mode) of the aggregates formed by the 

other batch of protein at 20 h. 
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Figure 3.3: Measurement of aggregate formation in the Fluoroskan 100 μM α-synuclein at 

pH 5.5 in 25 mM sodium phosphate buffer at 37 °C and with agitation at 1020 rpm in the 

presence of 1 mM ThT (aggregation condition-2, Table 3.1).  (A) ThT fluorescence signal. 

Error bars represent the variation in the ThT fluorescence during the aggregation of nine 

replicates from a single protein preparation. (B) ThT fluorescence signal. Error bars 

represent the variation in the ThT fluorescence during the aggregation of three different 

protein preparations. (C) AFM image (amplitude mode) of the aggregates formed at 5 h of 

the aggregation of α-synuclein.  
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 b) Number of times agitation is interrupted during aggregation and mixed by pipette prior to 

withdrawal of an aliquot: It was known from previous studies that at higher pH (6 and 7) in 

the absence of salt, fibrillar structures formed, while large amorphous aggregates formed at 

lower pH (below 5). (Hoyer et al., 2002). So for getting reproducible kinetics of aggregation 

leading to a fibrillar morphology of the aggregates, α-synuclein was aggregated at pH 6.  

    α-synuclein was found to aggregate faster, when the number of times agitation was 

interrupted for withdrawal of aliquots for ThT fluorescence readings was smaller (Figure 

3.4A and B). The presence of fibrils was confirmed at pH 6 (Figure 3.4C and D). The clumps 

of aggregates contained only fibrils and not amorphous aggregates. This was confirmed by 

rescaling the AFM image (Figure 3.4E). At each time point, for monitoring the ThT 

fluorescence signal in the Fluoromax-3 spectrofluorometer (manual measurement), the 

aggregation of protein was disturbed by two ways. (i) Agitation of the aggregation sample 

was stopped and (ii) Sample was mixed by pipette. Either one of these factors or both, 

contributed to the inhibition of aggregation. To dissect out which factor contributes to the 

inhibition of aggregation, the effect of one factor was kept constant for all the replicates 

while the other factor was varied. In one case, the number of times the agitation was stopped, 

was kept constant, and the mixing of the sample was done less frequently for fewer 

replicates (Figure 3.5A) and more frequently for other replicates (Figure 3.5 B). Aggregation 

was found to be faster in the case where the mixing of the sample was less frequent, which 

indicated that the mixing of the sample by pipette inhibits the aggregation.  

    To check whether aggregation is affected by the number of timed agitation is 

interrupted (stopped) for aliquot withdrawal, the aggregation sample was aliquoted into 

different wells and for every reading, the sample was taken from a new previously untouched 

well. In this way, the effect of the mixing of sample to the inhibition of aggregation was 

eliminated and the agitation was stopped only a few times for a few replicates (Figure 3.6A) 

and more often for other replicates (Figure 3.6B). The duration of each stop was 5 min. It 

was found that aggregation was inhibited when agitation was interrupted (stopped 

transiently).  
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Figure 3.4: Identification of factors causing irreproducibility in the aggregation kinetics. 

Formation of amyloid fibril by 100 μM α-synuclein at pH 6 in 20 mM sodium MES buffer at 

37 °C and with agitation at 1000 rpm in the thermo-mixer shaker (aggregation condition-5, 

Table 3.1). (A) ThT fluorescence readings were taken less frequently for three replicates. (B) 

ThT fluorescence readings were taken more frequently for four replicates. (C) AFM images 

(topography mode), (D) AFM image (amplitude mode) and (E) AFM image (topography 

mode) of the aggregate formed at 25 h.  
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Figure 3.5: Variation in the kinetics of aggregation of α-synuclein due to the difference in 

the number of the times of mixing of the aggregation sample by pipette. Formation of 

aggregates by 100 μM α-synuclein at pH 6 in 20 mM sodium MES buffer at 37 °C, with 

agitation at 1000 rpm in the thermo-mixer shaker (aggregation condition-5, Table 3.1). (A) 

Mixing of the solution was less frequent at the times shown (three times in fifteen hours). 

Error bars represent the spread of the signals from seven replicates. (B) Mixing of the 

solution was more frequent at the times shown (seven times in fifteen hours). Error bars 

represents the spread of the signals from five replicates.  
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Figure 3.6: Variation in the kinetics of the aggregation of α-synuclein due to the difference 

in the number of times agitation was interrupted. Formation of aggregates by 100 μM α-

synuclein at pH 6 in 20 mM sodium MES buffer at 37 °C, with agitation at 1000 rpm in the 

thermo-mixer shaker (aggregation condition-5, Table 3.1). (A) ThT fluorescence signal when 

interruption of the agitation was less frequent (7 times) and the duration of each interruption 

(stop) was 5 min. Error bars represent the spread in the data from two replicates. (B) ThT 

fluorescence signal when interruption of the agitation was more frequent (at every 1 h) and 

the duration of each interruption (stop) was 5 min. Error bars represent the spread in data 

from three replicates. (C) Agitation during aggregation was stopped only once at the end of 

experiment at 10 h. (D) Agitation of the aggregation was interrupted (stopped) for 30 s at 

every 1 h until 10 h.  
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Aggregation was inhibited even when agitation was stopped for only 30 s, which suggests 

that the number of stops affects aggregation but not the duration of each stop (Figure 3.6C 

and D). 

Minimizing variation in the aggregation kinetics. 

  The following procedure was followed to minimize variation and inhibition of 

aggregation. Sample was aliquoted into different wells (aggregation condition-5, Table 3.1) 

and for each ThT fluorescence reading, sample was withdrawn from a new previously 

untouched well, so that any inhibition caused by pipette mixing was removed. The numbers 

of stops during the agitation of the aggregation sample were reduced so that this factor does 

not completely inhibit the aggregation. Because variation in the aggregation kinetics was 

found across, as well as within the slots of the Eppendorf thermo-mixer, the Fluoroskan 

shaker was used for agitating the aggregation sample. A high concentration (250 μM) of α-

synuclein was used in the aggregation sample so that the effect of these factors which cause 

inhibition of the aggregation would not contribute much. 

  The aggregation of α-synuclein was carried out at pH 6 (aggregation condition-5, 

Table 3.1). Aggregation was found to be reproducible for the replicates within a day but not 

across different days (Figure 3.7A). After normalization of the ThT fluorescence signals for 

each day separately to the maximum signal, the rate of the formation of the aggregates was 

found to be reproducible (Figure 3.7B). Both oligomer and fibril were found to be present in 

this aggregation condition at pH 6 (Figure 3.7C). 

α-synuclein was aggregated under various aggregation conditions to achieve 

reproducible aggregation kinetics. 

  The aggregation of α-synuclein was carried out under various aggregation conditions. 

The rate of aggregation, reproducibility in the aggregation kinetics, and the morphology of 

the aggregates were found to be dependent on the aggregation condition. Various conditions 

were screened to get reproducible aggregation kinetics, as well as a fibrillar morphology of 

the aggregates. 

  Aggregation kinetics was found to be irreproducible across different protein 

preparations at pH 6 (aggregation condition-5, Table 3.1, Figure 3.7), pH 3 (aggregation 

condition-1, Table 3.1, Figure 3.8) and pH 5.5 (aggregation condition-4, Table 3.2, Figure 

3.3).  
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Table 3.2: Aggregation of α-synuclein at pH 7. 

 

 

 

 

 

 

 

 

 

Aggregation 

condition 

 

Protein 

concentration, 

pH, buffer, salt 

and temperature 

Mode of 

agitation 

and speed 

of agitation 

Presence of 

ThT in the 

aggregation 

sample 

ThT Fluorescence 

measurement 

Reproducibity in 

the kinetics 

Morpgology of 

aggregates 

 

 

 

1. 

100 μM, 

pH 7, 10 mM 

sodium phosphate 

buffer, 

no salt, 

37 0C 

 

Used 1.5 ml 

tube in 1.5 

ml thermo-

mixer, 1000 

rpm 

 

No Fluoromax-3  

spectrofluorometer 

Not reproducible Long and thin 

Fibril forms 

 

 

 

 

 

 

 

2. 

200 μM, 

pH 7, 10 mM 

sodium phosphate 

buffer, 

no salt, 

37 0C 

 

Used 1.5 ml 

tube in 1.5 

ml thermo-

mixer, 1000 

rpm 

 

No Fluoromax-3  

spectrofluorometer 

Not reproducible Long and thin  

Fibril forms 

 

 

 

3. 

100 μM, 

pH 7, 10 mM 

sodium phosphate 

buffer, 

no salt, 

37 0C 

 

Fluoroskan 

and 1020 

rpm 

1 mM Fluoroskan Reproducible 

both across and 

within protein 

preparations 

Short Fibril forms 
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Figure 3.7: Measurement of the formation of aggregates by 250 μM α-synuclein at pH 6 in 

20 mM sodium MES at 37 °C, with agitation at 1000 rpm in the thermo-mixer shaker 

(aggregation condition-5, Table 3.1). (A) ThT fluorescence measurement of the aggregation 

on two different days (●), (○). Error bars represent the spread in the data from two replicates. 

(B) ThT fluorescence values were normalized to the final signal for the aggregates, 

separately for the different days. (C) AFM image (topography mode) of the fibril at 12 h of 

the aggregation.  
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Figure 3.8:  Measurement of the formation of aggregates by 100 μM α-synuclein at pH 3 in 

50 mM sodium acetate buffer, 300 mM NaCl at 37 °C, with agitation at 1000 rpm in the 

thermo-mixer shaker (aggregation condition-1, Table 3.1). (A) ThT fluorescence signal from 

one protein preparation. Error bars represent the spread in the signal from four replicates. (B) 

ThT fluorescence signal from two different protein preparations (●, ▲). Error bars represent 

the variation in the signal within one protein preparation. (C) AFM image (amplitude mode) 

of the fibrils formed at 180 min of the aggregation. 
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Although aggregation kinetics was found to be reproducible, at pH 5.5, when ThT 

fluorescence was monitored by the Fluoroskan (an automated system) in the presence of 1 

mM ThT, amorphous aggregates were formed under this condition (aggregation condition-2, 

Table 3.1, Figure 3.3). None of the conditions at lower pH (pH 3 to 6) was found to be 

reproducible, as well as to lead to fibrillar aggregates, so further aggregation of α-synuclein 

was carried out at neutral pH. 

  At neutral pH, α-synuclein was aggregated (Table 3.2) and ThT fluorescence was 

measured using both an automated system in the presence of 1 mM ThT (aggregation 

condition-3, Table 3.2, Figure 3.9) and a manual system in the absence of ThT (aggregation 

condition-1 and 2, Table 3.2, Figure 3.10). Finally, the aggregation kinetics was found to be 

reproducible, and fibrillar aggregates were found to be formed, when α-synuclein was 

aggregated using the automated system in the presence of 1 mM ThT (Figure 3.9). However 

aggregation was not found to be reproducible, when the aggregation sample was agitated in 

thermo-mixer and ThT fluorescence was measured using the Fluoromax-3 

spectrofluorometer and (Figure 3.10). This suggests that the use of an automated system for 

both agitation and for the measurement of ThT fluorescence signal gives reproducible 

aggregation kinetics. 

3.4 Conclusion 

  Small variations in the conditions used for the aggregation of α-synuclein were found 

to be the reason behind the major changes in the aggregation kinetics. Aggregation was 

found to be sensitive to the mixing of the sample by pipette and to an interruption (transient 

stopping) of the agitation of the aggregation sample. One reason for this could be the 

formation of unstable intermediate aggregates which easily get fragmented or converted into 

monomer, either upon mixing of the sample by pipette, or by stopping agitation transiently. 

Another reason for the sensitivity of the aggregation might be heterogeneity in the starting 

monomer conformations, and heterogeneity in the aggregates which results in multiple 

pathways being utilized for the formation of the final aggregates. One or the other pathway 

may get accelerated or decelerated, depending on small variations in the sample handling.  

  Since aggregation is very sensitive to sample handling, more reproducible 

aggregation kinetics can be obtained using an automated system (Fluoroskan).  

 



47 
 

          

                               

 

                           

Figure 3.9: Measurement of the formation of aggregates by 100 μM α-synuclein at pH 7 in 

10 mM sodium phosphate buffer at 37 °C, with agitation at 1020 rpm in the presence of 1 

mM ThT (aggregation condition-3, Table 3.2). (A) The ThT fluorescence signal was 

measured in the Fluoroskan. Error bars represent the spread in the data from twenty eight 

replicates from four protein preparations. (B) AFM image (amplitude mode) of the fibrils 

formed at 20 h of aggregation. 
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Figure 3.10:  Measurement of the formation of aggregates by α-synuclein at pH 7 in 25 mM 

sodium phosphate buffer at 37 °C, with agitation at 1000 rpm in a thermo-mixer (aggregation 

condition-1 and 2, Table 3.2). Aggregation was monitored using ThT fluorescence assay. α-

synuclein concentration (A) 200 μM. (B) 100 μM. 
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The shaking of aggregates was also found to be more uniform across the wells in the 

Fluoroskan as compared to the Eppendorf thermo-mixer. The Fluoroskan contains two 

heating plates, one heating plate is placed under the sample plate and other one is above. 

Evaporation and condensation of the water in the sample on the lid of the tube was not the 

problem at any temperature because the temperature of the upper plate was 1.2 °C higher 

than the lower plate. Evaporation and condensation of the solvent can cause variation in the 

aggregation because this lead to a change in the sample volume and may lead to a non-

homogeneous solution. 

  The morphology of the aggregates and kinetics of aggregation were found to be 

highly dependent on the aggregation condition (Tables 3.1 and 3.2). A reproducible 

aggregation condition leading to aggregates with a fibrillar morphology was found at neutral 

pH in the presence of ThT, when the Fluoroskan (an automated) system was used for 

agitation as well as for the measurement of the ThT fluorescence signal. 
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Chapter 4 

Effect of ThT on the aggregation of α-synuclein 
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4.1 Introduction        

  Obtaining reproducible kinetics for the aggregation of α-synuclein is extremely 

challenging, and is the main reason behind the lack of understanding of the aggregation 

pathways and intermediate aggregates of α-synuclein. Aggregation was found to be very 

sensitive to sample handling and the use of an automated system (Fluoroskan) has helped in 

avoiding some of the variations seen in the aggregation kinetics. Two previous studies, 

which showed reproducible aggregation kinetics for α-synuclein had used an automated 

system ( Giehm and Otzen, 2010; Grey et al., 2011). 

  The presence of Thioflavin T (ThT) is required in the sample for aggregation to be 

studied in an automated system, so it is important to know whether the presence of ThT 

affects the aggregation kinetics or not. A previous study had shown that the presence of ThT 

can accelerate the aggregation process and increase the life span of C.elegans. When Aβ (3-

42) and  poly Q proteins were expressed in C.elegans in the presence of ThT, the paralysis of 

C.elegans was reduced, as opposed to when the proteins were expressed in the absence of 

ThT (Alavez et al., 2011).  

  An earlier in vitro studies had shown that Aβ (1-40) fibrillization was induced in the 

presence of ThT (D’Amico et al., 2012). In the case of α-synuclein, the ThT fluorescence 

signal was found to have increased in the presence of ThT, and NMR revealed that ThT 

binds to the negatively charged C-terminal region of α-synuclein (Coelho-Cerqueira, 2014). 

The C-terminal region of the protein is known to interact with the N-terminal region by long 

distance interactions which stabilize the monomeric structure of the protein (Hoyer et al., 

2004). Any mutation, truncation or chemicals which interact with the C-terminal region are 

known to destabilize the monomer structure by disrupting the long range interaction. It is 

likely that this disruption of interaction induces aggregation (Souza et al., 2000; Fernandez et 

al., 2004; Bertoncini et al., 2005) 

   In this study, the aggregation of α-synuclein was carried out both in the presence and 

absence of ThT. α-synuclein was aggregated in the presence of various concentrations of 

ThT to determine the effect of ThT on its aggregation. To determine the effect on ThT on 

other amyloidogenic proteins the full length recombinant mouse prion protein (moPrP) and 

tau K18 have also been aggregated in the presence and absence of ThT. The amount of 

amyloid aggregates, their size, morphology, secondary structure, as well as the amount of 
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oligomer were investigated by monitoring the change in ThT fluorescence signal, and by 

dynamic light scattering (DLS), atomic force microscopy (AFM), circular dichroism (CD) 

and size exclusion chromatography (SEC) studies respectively. By using all the probes, 

differences in aggregation have been detected in two different aggregation conditions. 

4.2 Materials and methods 

Protein expression, purification and characterization. 

The purification of α-synuclein was carried out as described previously (Huang et al., 2005). 

An additional chromatography (SEC) step was included. Absorbance, fluorescence and CD 

spectra were acquired for the characterization of the purified protein.  

Buffers, solutions and aggregation conditions. 

The chemicals used for the purification of the protein were of analytical grade. The 

chemicals used for spectroscopic characterization and for aggregation experiments were 

from Sigma-Aldrich. For the characterization of the protein by various probes, α-synuclein 

was dissolved in 10 mM sodium phosphate buffer at pH 7. The aggregation of the protein 

was carried out in 10 mM sodium phosphate pH 7. Lypholized protein was dissolved in 20 

mM sodium phosphate buffer (2x aggregation buffer) pH 7, because the solubility of the 

protein was found to be less in Milli-Q water because of the acidic pH. After dissolving the 

protein in 2x aggregation buffer, ThT and Milli-Q water were added according to the 

aggregation condition so that the final concentration of the buffer was 1x and the pH was 7. 

moPrP, tau K18 and α-synuclein have been aggregated in the presence and absence of ThT, 

to determine whether the effect of ThT was similar on all three amyloidogenic proteins. 

Aggregation condition for moPrP: The aggregation of 100 μM moPrP was studied in the 

absence and presence of 1 mM ThT in 50 mM Tris buffer, 1 M GdnHCl (pH 7) at 37 °C with 

750 rpm agitation. The total sample volume was 250 μl in a 1.5 ml tube placed in a 1.5 ml 

Eppendorf thermo-mixer. 

Aggregation condition for the tau K18: The aggregation of 50 μM tau4RD was studied in the 

absence and presence of 1 mM ThT, in 25 mM Tris buffer, 50 mM NaCl, 1 mM DTT (pH 7) 

at 37 °C. The total sample volume was 1 ml in the 1.5 ml tube placed in a 1.5 ml Eppendorf 

and kept in a static incubator. 
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Aggregation condition for α-synuclein: The aggregation of 100 μM α-synuclein in 10 mM 

sodium phosphate buffer (pH 7) at 37 °C with agitation at 1020 rpm was studied in the 

presence and absence of ThT, sodium sulphate salt and azide. 

Aggregation assay. 

ThT fluorescence measurement using the Fluoromax-3 spectrofluorometer: The ThT 

assay was carried out at pH 8 in 50 mM Tris buffer. For the assay, a final concentration of 1 

μM of protein and 10 μM of ThT was used. 5 μl of the protein was taken out from the 

aggregation sample containing 100 μM α-synuclein and added to the 495 μl of 10 μM ThT 

solution, for the ThT fluorescence assay. When aggregation was done in the presence of 

ThT, the buffer containing ThT was made so that the final protein and ThT concentrations 

were 1 μM and 10 μM for the assay. The protein was agitated in the Eppendorf thermo-

mixer at 1000 rpm. ThT fluorescence was measured using a Fluoromax-3 spectrofluorometer 

(Jobin Yvon). The experimental settings were as follows: excitation wavelength, 440 nm; 

emission wavelength, 482 nm; excitation bandwidth, 1 nm; and emission bandwidth, 10 nm.  

ThT fluorescence measurement using the Fluoroskan Ascent: Samples were loaded into 

96 well Nunc plates. Different concentrations of ThT were added to the aggregation sample 

and α-synuclein protein concentration was 100 μM. The total volume of the sample in a well 

was 150 μl. ThT fluorescence assays were performed using a Fluoroskan Ascent (Thermo 

scientific). Measurements were taken at 5 min intervals, with excitation at 440 nm and 

emission monitored at 485 nm. ThT fluorescence was measured in the presence of low 

concentrations of ThT (5 μM, 10 μM, 15 μM) as well as at a high concentration of ThT 

(1000 μM). 

  In some experiments, the Fluoroskan was used only for agitating the samples and ThT 

fluorescence measurements were done using the Fluoromax-3 spectrofluorometer.  

Far-UV CD spectroscopy. 

A Jasco J-815 spectropolarimeter was used to acquire the far-UV CD spectrum at a protein 

concentration of 10 μM using a 1 mm path length cuvette. The spectrum was acquired after 

10-fold dilution of the aggregation sample containing 100 μM α-synuclein. The following 

acquisition parameters were used: scan range, 200-250 nm; data pitch, 1 nm; response time, 

1 s; bandwidth, 1 nm; scan speed, 50 nm/min; accumulation, 15 times; data integration time, 

1 s. 
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Sedimentation assay and filtration. 

Both oligomer and fibril were sedimented using an ultracentrifuge (HITACHI- S150NX) 

with the rotor S55-A2 at 55,000 rpm (2, 00, 000 xg) for 60 min at 4 °C. An Eppendorf 

centrifuge (23,000g for 10 min) was used to sediment only fibril. A 100 kDa cut-off filter 

was used to separate both oligomer and fibril from monomer as only monomer was able to 

pass through the filter. 

Static light scattering assay. 

 The scattering intensity (SI) of the sample was measured using a Fluoromax-3 

spectrofluorometer (Jobin Yvon). 50 μl of sample were withdrawn from a well of the 96 well 

plate, and mixed with 50 μl of 1x aggregation buffer. Scattering was measured at some time 

points. The following acquisition parameters were used: excitation and emission λ, 500 nm; 

excitation bandwidth, 1 nm; emission bandwidth, 10 nm; total time, 60 s; averaging time 2 s. 

  The wavelength of 500 nm was selected for the scattering assay because at lower 

wavelengths (below 500 nm), ThT absorbs the light, and the scattering of light varies 

depending upon the concentration of ThT. Hence, measurement of the amount of aggregate 

formation in the presence of various concentrations of ThT was not accurate at lower 

wavelength. 

Dynamic light scattering (DLS). 

 A DynaPro-99 instrument (Protein Solutions) was used to determine the hydrodynamic 

radius of the aggregated sample. The size of the aggregates was measured in the presence 

and absence of ThT. 100 μl of aggregation sample containing 100 μM protein were diluted 

10-fold into the aggregation buffer. 50 auto-correlation functions were averaged to plot the 

size distribution. 30% of the data were excluded because of a poor auto-correlation function. 

Atomic Force Microscopy (AFM). 

Sample preparation for AFM imaging: Charging of the mica was required when α-synuclein 

was aggregated at pH values higher than the pI (above 4.7) of the protein. MgCl2 was used 

for the charging of the mica. 5 mM MgCl2 was applied on a freshly cleaved mica surface and 

incubated for 5 min. After incubation, the mica surface was washed with filtered (0.22 µM 

filter) MilliQ water, and then dried for 1 h under vacuum. After charging of the mica by 

MgCl2, the neat aggregation sample was applied onto the mica surface and was incubated for 
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3 min. After incubation, mica surface was washed with filtered MilliQ water whose pH was 

adjusted to that of the aggregation buffer and dried for 1 h under vacuum. 

   Images were obtained using a PicoPlus AFM instrument (Molecular Imaging Inc.). A 

small scanner (10 µm x 10 µm) was used in the noncontact mode of imaging. The cantilever 

had a frequency of 75 kHz and a force constant of 2.8 N/m. A round tip of radius less than 

10 nm (Nanoworld AG) was used. 

SEC to purify oligomers. 

A Superdex 200 analytical column (GE Healthcare) was used to separate the oligomer from 

monomer. The oligomer peak was detected in the void volume of the column (8 ml).   

Data analysis. 

Kinetic curves acquired under different aggregation conditions, were fit to a sigmoidal four-

parameter equation. 

                                 S ͚ - S 0 

S    =     S0 +                                                                                                        (4.1) 

                          1 + e – [(t- t
50

)/τ] 

S represents the ThT fluorescence signal at time t and S0 represents the ThT fluorescence 

signal at zero time. t is the time, t50  is time taken to reach half of the maximum ThT 

fluorescence signal change, and τ is the time constant. 

t50 was extracted from the fit of the data to the equation. The rate constant of fibril elongation 

was calculated by fitting the data to a single exponential three parameter equation. The initial 

20% of signal change was excluded, and the remaining signal change was fitted to the 

equation. 

S     =        S0 + a (1- e-kt)                                                                                         (4.2) 

S0 is the signal at zero time, a is the amplitude of the signal change, and k is the elongation 

rate. 
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4.3 Results  

Presence of ThT induces fibrilization of α-synuclein both in the absence and presence of 

salt. 

  Initially an automated system (Fluoroskan) was used for the agitation of the 

aggregation sample as well as to monitor the ThT fluorescence signal. It was required to 

know whether the presence of ThT affects, the aggregation or not. To determine this, 

aggregation was carried out both in the presence (1 mM) and absence of ThT. In the case 

where ThT was not present in the aggregation, the ThT fluorescence reading in the 

Fluoroskan could not been taken throughout the process but only at the end when 1 mM ThT 

was added. When ThT was present in the aggregating protein sample, the ThT fluorescence 

reading was taken at every 1 h. The ThT fluorescence was observed to be higher in the 

condition where ThT was present in the aggregation condition as compared to when ThT 

was not present in the aggregation sample (Figure 4.1A).  

  Fibrils and oligomers were found when ThT was present, during aggregation, 

whereas only a few oligomers were found when ThT was not present during aggregation. 

This suggests that ThT induces fibrillization (Figures 4.1B and C).  In this experiment the 

measurement of ThT fluorescence was made in the presence of 1 mM ThT. Such a high 

concentration of ThT caused an inner filter effect. The presence of an inner filter effect was 

confirmed by calculating the absorbance using Beer-Lambert’s law. 

  Further experiments were done in the presence of low concentrations of ThT to avoid 

an inner filter effect in the measurement of ThT fluorescence. Salt was added in the 

aggregation condition because in the absence of ThT or in the presence of a low 

concentration of ThT, aggregation is very low (Figure 3.10). The aggregation of α-synuclein 

was carried out in the presence of various concentrations of ThT (5 μM, 10 μM, 15 μM), as 

well as in the absence of ThT (Figure 4.2A). The rate of formation of fibril was faster in the 

presence of higher concentration of ThT. AFM images confirmed that fibril formation was 

more in the presence of ThT whereas oligomer formation was more in the absence of ThT 

(Figures 4.2B-D). 

 

 



57 
 

 

                                                    

 

Figure 4.1: Measurement of the formation of aggregates by 100 μM protein at pH 7 in 10 

mM sodium phosphate buffer at 37 °C, with agitation at 1020 rpm in the presence of 1 mM 

ThT and in the absence of ThT (aggregation condition-1, Table 4.2). (A) ThT fluorescence 

signal was monitored by the Fluoroskan in the presence of 1 mM ThT (●) and in the absence 

of ThT (■). Error bars represent the spread of the signal from four replicates. (B) AFM 

image (amplitude mode of imaging) of the sample at 20 h of the aggregation in the presence 

of ThT. (C) AFM image (amplitude mode of imaging) of the sample at 20 h of the 

aggregation in the absence of ThT. 
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Figure 4.2: Measurement of the formation of aggregates by 100 μM α-synuclein at pH 7 in 

10 mM sodium phosphate buffer in the presence of 200 mM sodium sulphate at 37 °C, with 

and agitation at 1020 rpm (aggregation condition-2, Table 4.2). (A) ThT fluorescence signal 

was measured in the Fluoroskan. (□, ■- two replicates) in the presence of 15 μM ThT; (o, ● – 

two replicates) in the presence of 10 μM ThT; (▼, Δ- two replicates) in the presence of 5 μM 

ThT; (◊,   - two replicates) in the absence of ThT. (B) AFM image (amplitude mode) at 25 h 

of aggregation in the absence of ThT. (C) AFM image (amplitude mode) at 25 h of 

aggregation in the presence of 5 μM ThT. (D) AFM image (amplitude mode)  at 25 h of 

aggregation in the presence of 10 μM ThT. 
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  To confirm the effect of ThT in inducing aggregation is similar even when salt is not 

present; α-synuclein was aggregated in the presence of a high concentration of ThT and in 

the absence of salt. ThT fluorescence was monitored in the Fluoromax-3 spectrofluorometer 

after dilution of the sample. For all the aggregation conditions, the ThT fluorescence assay 

was carried out with the protein concentration: ThT concentration ratio = 1 μM: 10 μM. The 

aggregation of α-synuclein was carried out in the presence of various concentrations of ThT 

(1000 μM, 100 μM) and in the absence of ThT. Protein was agitated in a 1.5 ml tube using a 

1.5 ml Eppendorf thermo-mixer, and the sample volume was 1 ml in the 1.5 ml tube. The 

aggregation rate was found to be faster in the presence of a high concentration of ThT (1000 

μM) than in the presence of a low concentration of ThT (100 μM) and lower in the absence 

of ThT (Figure 4.3A, Table 4.1). At the end of the aggregation, no oligomers were detected 

in the presence of the high concentration of ThT (1 mM), which suggested that either 

oligomers were converted quickly into fibrils, or that oligomer formation has inhibited in the 

presence of a high concentration (1 mM) of ThT (Figures 4.3B-D).  

  ThT increases fibril formation and reduces the amount of oligomers. This effect was 

found to be similar in both the presence and absence of salt. The amount of aggregates, as 

determined from the final amplitude of the ThT fluorescence signal, was more in the 

presence of ThT. 

Formation of β-sheet rich oligomers in the presence and absence of ThT. 

  Both oligomer and fibril could be separated from monomer by sedimentation using 

an ultracentrifugation at 2,00,000g for 60 min, or after filtration using a 100 kDa cut-off 

filter at 24 h of aggregation in the presence of 1 mM ThT (aggregation condition-3, Table 

4.2). Separated aggregates were confirmed by AFM (Figure 4.4) and by CD spectroscopy 

(Figure 4.5). However, only fibril was found to be sedimented by centrifugation at 23,000g 

for 10 min, as seen by AFM (Figure 4.6).  

  Samples containing both oligomer and monomer were injected into a Superdex 200 

analytical column. Fibrils were separated by centrifugation before injection, as their large-

size can block the column permanently. The oligomer eluted out in the void volume of 

column (at 7 ml); hence its size could not be determined although it can be expected to be 

more than 600 kDa.  
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Figure 4.3: Formation of aggregates by 100 μM α-synuclein at pH 7 in 10 mM sodium 

phosphate buffer at 37 °C, with agitation at 1000 rpm in the thermo-mixer (aggregation 

condition-3, Table 4.2). The ThT fluorescence was signal was monitored in the Fluoromax-3 

spectrofluorometer by using the particular ratio for ThT assay (ThT: Protein concentration, 

10 μM: 1 μM). Error bars show the spread in the data from two replicates in each condition. 

(A) In the presence of 1 mM ThT (▼), 100 μM ThT (○) and 0 μM ThT (●). (B) AFM image 

(amplitude mode) of aggregates at 100 h of aggregation in the presence of 1 mM ThT. (C) 

AFM image (amplitude mode) of aggregates at 100 h of aggregation in the presence of 100 

μM ThT. (D) AFM image (amplitude mode) of aggregates at 100 h of aggregation in the 

absence of ThT. 
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Table 4.1: Rate of formation of fibrils in the presence of various concentration of ThT 

 

 

ThT 

concentration 

(μM) 

Rate of 

formation of 

fibril (h-1) 

Final ThT 

fluorescence  

signal  (a.u.) 

t50 (h) 

0 

 

0.027 3.77 x 106 34 

100 

 

0.034 1.3 x 107 29 

1000 

 

0.125 1.96 x 107 21 
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Table 4.2:  Aggregation of 100 μM α-synuclein at pH 7 in 10 mM phosphate buffer at 37 

°C. α-synuclein was aggregated in different aggregation conditions to get reproducible 

aggregation kinetics and to monitor the ThT fluorescence signal accurately.  

 

 

 

 

   

Aggregation 

condition 

 

Presence 

of salt 

Presen

ce of 

azide 

Mode of 

agitation 

and speed 

of agitation 

ThT ThT 

Fluorescence 

measurement 

Reproducibility 

in the kinetics 

Figure number and problem 

 

 

 

1. 

No No Fluoroskan 

and 1020 

rpm 

1 mM(●) 

No ThT(■) 

Fluoroskan Reproducible 

kinetics. 

Figure 4.1 

 

Problem-At 1 mM ThT, Inner 

filter effect in ThT 

fluorescence measurement 

 

 

 

 

 

 

 

2. 

 

200 mM 

sodium 

sulphate 

No Fluoroskan 

and 1020 

rpm 

15 μM (■,□) 

10 μM (○●) 

5 μM (Δ▲) 

No ThT (◊    ) 

Fluoroskan Reproducible 

kinetics. 

Figure 4.2 

 

Problem -At low 

concentration 5 μM and 10 

μM, ThT amount was limiting 

in the ThT fluorescence 

measurement 

 

 

 

 

 

3. 

No 

 

No Thermo-

mixer and 

1000 rpm 

1 mM (▼) 

100 μM(○) 

No ThT (●) 

Fluoromax-3 

spectrofluoro

meter 

Reproducible 

kinetics. 

Figure 4.3 

 

Problem -Turbidity of the 

aggregation sample and 

fragmentation of protein was 

found at later time points 

 

 

 

 

4. 

No 

 

0.05 % 

(w/v) 

Fluoroskan 

and 1020 

rpm 

1 mM(○) 

No ThT(■) 

100 μM 

10  μM 

 

 

 

Fluoromax-3 

spectrofluoro

meter 

Reproducible 

kinetics. 

Figure 4.9 (Kinetics) 

Figure 4.14 (bar plot) 

 

No problem was detected in 

this condition 
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Figure 4.4: AFM images (amplitude mode) of the aggregates separated by 

ultracentrifugation and filtration. The neat sample contains the monomer and aggregates 

(oligomer and fibril). The separation of oligomer and fibril from monomer was done by 

using ultracentrifugation and by filtration through a 100 kDa filter (aggregation condition-3, 

Table 4.2). The AFM images were of samples collected at 24 h of aggregation in the 

presence of 1 mM ThT. 
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 Figure 4.5:  Far-UV CD spectra of an aggregated protein sample. Only the monomer passed 

through a 100 kDa filter. The monomer shows the characteristic spectrum of α-synuclein, 

and the separated aggregates showing the characteristic spectrum for β-sheet rich structure 

(Aggregation condition-3, Table 4.2). The CD spectra were collected at 24 h of aggregation 

in the presence of 1 mM ThT. 
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Figure 4.6:  AFM images (amplitude mode) of the aggregates separated by low speed 

centrifugation. The neat sample contains the monomer and all aggregates (oligomer and 

fibril). Separation of fibril from both monomer and oligomer was done centrifugation of the 

sample at 23,000g for 10 min (Aggregation condition-3, Table 4.2). The AFM images were 

collected at 24 h of aggregation in the presence of 1 mM ThT. 
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The monomer eluted out at 13 ml of the column volume which corresponds to a molecular 

weight of 40-60 kDa, which is expected for the unfolded monomer of α-synuclein. The CD 

spectrum of the oligomer was taken to determine its secondary structure. 

  Sample that had been aggregated in the presence of 1mM ThT (aggregation 

condition-3, Table 4.2), was taken out at 2 h and injected into a Superdex 200 column 

(Figure 4.7A). The CD spectrum of the pure oligomer fraction that eluted out from the 

column, showed β-sheet rich secondary structure (Figure 4.7B). At every time point, exactly 

the same volume of sample was injected to calculate the amount of aggregates from the areas 

under the peaks. At 0 h, only monomer was present and the total area under the peak was 

taken as 100%. The amount of oligomer and monomer were calculated by the areas under 

the peaks and the sum of the areas of the monomer and oligomer peaks was subtracted from 

the total area under the monomer peak at 0 h, to determine the amount of fibril that had been 

sedimented out before injecting the sample into the column.  

  Sample that had been aggregated in the absence of ThT (aggregation condition-3, 

Table 4.2), also showed the presence of oligomer which eluted out at 7 ml.  The oligomer 

structure was found to be β-sheet rich (Figures 4.8A and B). 

Amount of oligomer first increases and then decreases with time of aggregation. 

  The amounts of monomer, oligomer and fibril were determined at various time points 

during aggregation in the presence of 1 mM ThT (aggregation condition-3, Table 4.2) by 

calculating the areas under the peaks in the SEC profile. The amount of oligomer was found 

to have increased at the initial time points, after which it was found to decreases with time of 

aggregation, which suggests that the oligomer could be an on-pathway intermediate 

aggregate, which finally converts into fibril (Table 4.3). The SEC profiles are shown for 

sample that had been aggregating for 2 h and 10 h (Figure 4.7C). 

Oligomer formation at the initial time point was fast in the presence of ThT. 

  The amounts of oligomer and monomer formed at 2 h of aggregation in the presence 

of ThT and in the absence of ThT were determined. Amount of oligomer formed at 2 h was 

15% for the aggregation in the presence of ThT (Figure 4.7A), 5% for the aggregation in the 

absence of ThT (Figure 4.8A), which suggests that initial oligomer formation is fast in the 

presence of ThT. Fibrils were not found at 2 h of the aggregation in the presence and absence 

of ThT. 
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Table 4.3: Amount of monomer, oligomer and fibril at different time points of the 

aggregation. (Aggregation condition-3, Table 4.2 in the presence of 1 mM ThT). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time (h) Monomer (%) Oligomers (%) Fibril (%) 

0 100 0 0 

2 85.5 14.5 0 

6 84.1 15.9 0 

8 84.1 15.9 0 

10 70.1 10.4 19.5 

24 15.3 6.1 78.6 

36 12.6 1.8 85.6 

60 9.73 0.95 89.32 
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Figure 4.7: Separation of oligomer from monomer. Aggregation was carried out in the 

presence of 1 mM ThT (aggregation condition-2, Table 4.2). SEC was carried out using a 

Superdex 200 column and secondary structure was characterized by CD. (A) SEC of the 

sample after 2 h of aggregation. The first peak which elutes out at ~ 7 ml in the oligomer, 

and the second peak which elutes out at ~ 13 ml is the monomer. The areas under the peaks 

give the populations of aggregates and monomer at a particular time point. (B) The far-UV 

CD spectrum of the purified oligomer shows the characteristic spectrum of β-sheet structure. 

(C) The black and red continuous lines show the SEC profiles at 2 h and 10 h of aggregation 

respectively.  
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Figure 4.8: Separation of oligomer by SEC using a Superdex 200 column and 

characterization of its secondary structure by far-UV CD. (A) SEC of the sample after 2 h of 

aggregation in the absence of ThT. (B) far-UV CD spectrum of purified oligomers (first 

peak) shows the characteristic spectrum of β-sheet structure. (C) SEC profile at 24 h. The 

black line represents sample that had been aggregated in the presence of ThT and the red line 

represents sample aggregated in the absence of ThT. (D) SEC profile at 36 h. The black 

continuous line represent sample that had been aggregated in the presence of ThT and the red 

line represents sample that had been aggregated in the absence of ThT.  
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This result suggests that ThT induces fibrilization not by preventing the formation of 

oligomers but by converting oligomers into fibril. Hence practically no oligomer was 

detected at the later time points of the aggregation. Overall, it appears that presence of ThT 

induces oligomerization as well as fibrillization.  

α-synuclein was found to fragment at later time points of the aggregation. 

  The SEC profile indicated that fragmentation of α-synuclein occurred during the 

course of aggregation. When ThT was not present during aggregation, aggregation was 

found to be slow and fragmentation was found to be more. The fragment of the monomer 

eluted out at 18-19 ml of elution in the Superdex column, which corresponds to a molecular 

weight below 20 kDa whereas the intact monomer elutes at the volume (13 ml) which 

corresponds to the molecular weight of around 50 kDa, which is expected for the unfolded α-

synuclein. To confirm that the peak which comes after the monomer peak is fragmented 

protein and not folded monomer, the CD spectrum of that peak was acquired and found to be 

characteristic of unfolded protein. This suggests that this peak corresponds to fragments of 

monomer. At 24 h of aggregation, sample was injected into the Superdex 200 column from 

both the aggregation conditions, and fragmentation of the protein was found to be more for 

the sample where ThT was not present during aggregation as the amount of monomer was 

found to be more (Figure 4.8C). Further, at 36 h of aggregation, more fragmentation of 

monomer was found to have occurred (Figure 4.8D). At later time points, amorphous 

aggregates were found to have formed, and turbidity was seen in the aggregation solution, in 

the aggregation condition where ThT is not present.   

  The addition of sodium azide (0.05% w/v) prevented the fragmentation and the 

formation of the amorphous aggregates of α-synuclein. No turbidity was seen in the 

aggregating protein solution when sodium azide was present. 

Aggregation of α-synuclein was fast in the presence of sodium azide but the effect of 

ThT was consistent.  

  The presence of sodium azide also appears to have facilitated the aggregation process 

(aggregation conditions-3, and 4, Table 4.2) but the addition of azide was required for the 

study of long aggregation kinetics. Hence, further characterization of aggregates and of the 

effect of ThT were done in the aggregation condition where sodium azide was included 

(aggregation condition-4, Table 4.2). 
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  The ThT fluorescence assay and the scattering assay showed that aggregation was 

facilitated in the presence of ThT as compared to in the absence of ThT. The change in the 

amplitude of the ThT fluorescence signal was found to be very small for the aggregation 

condition where ThT was absent, as compared to the change seen where ThT was present 

(Figure 4.9). 

Differences in the size and secondary structure of the aggregates formed in the 

presence and absence of ThT. 

  DLS of the aggregates formed at 75 h was done after 10-fold dilution of the sample 

in the aggregation buffer. The RH (Hydrodynamic radius) of both large aggregates and small 

aggregates was found to be bigger for aggregation in the absence of ThT than in the presence 

of ThT. The RH of the small aggregates formed in the presence of ThT was 50 nm, whereas 

in the absence of ThT it was 60 nm. The RH of large aggregates formed in the presence of 

ThT is 200 nm, whereas in the absence of ThT it was 400 nm (Figures 4.10A and B). 

   CD has also confirmed that a β-sheet rich confirmation was observed at an earlier 

time point in the presence of ThT. However, in the absence of ThT, a spectrum for unfolded 

structure was observed even at longer time points. At 48 h, the CD spectrum of sample 

aggregation in the absence of ThT corresponded to that of unfolded structure, whereas in the 

presence of ThT, the spectrum corresponded to β-sheet rich structure (Figure 4.10C). 

The presence of ThT reduces heterogeneity in the aggregate morphology. 

  Only one kind of fibrillar morphology was found to have formed in the presence of 

ThT. Only a few oligomers were detected even at the early time points (Figure 4.11). On the 

other hand, aggregate morphology was very heterogeneous for aggregation formed in the 

absence of ThT. Oligomers, large aggregates, short fibrils and long fibrils were observed to 

have formed in the absence of ThT. The amount of oligomers formed was found to be more, 

and oligomers were present for a longer time during aggregation in the absence of ThT 

(Figure 4.12).  

Difference in aggregates morphology in the presence and absence of ThT. 

   At 95 h of aggregation, the final fibril morphology of the aggregates formed in the 

presence of ThT was short and broad, with a height of 4-5 nm. For aggregates formed in the 

absence of ThT, the fibril morphology was long and thin, with a height of 2-3 nm.  
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Figure 4.9: Measurement of the formation of aggregates in the presence and absence of ThT 

(aggregation condition-4, Table 4.2). (A) ThT fluorescence measurement of aggregates in 

the presence (○) and in the absence (■) of 1 mM ThT. Error bars represent the spread in the 

data of two replicates from two different protein preparations. (B) SI of the aggregates 

formed in the presence (filled bars) and in the absence (empty bars) of 1 mM ThT. 
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Figure 4.10: Size and secondary structure of aggregates were measured by DLS and far UV 

CD (aggregation condition-4, Table 4.2). (A) Size or RH of the aggregates was measured for 

the 10-fold diluted aggregation sample at 75 h of aggregation. The black and red lines 

represent the size of aggregates formed in the presence and in the absence of 1 mM ThT. (B) 

The plot highlights the aggregates smaller than 100 nm, and is a rescaling of plot A. The 

black and red lines represent the aggregates formed in the presence and the absence of 1 mM 

ThT. (C) CD spectra. The red continuous line represents sample at 0 h of aggregation in the 

presence of 1 mM ThT, and the red dashed line represents sample at 0 h of aggregation in the 

absence of ThT. The blue continuous line represents sample at 48 h of aggregation in the 

presence of 1 mM ThT and blue dashed line represents at 48 h of aggregation in the absence 

of ThT. The black continuous line represents sample at 95 h of aggregation in the presence 

of 1 mM ThT, and the black dashed line represent sample at 95 h of aggregation in the 

absence of ThT. 
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Figure 4.11: AFM images (amplitude mode) of aggregates formed at different time points 

during aggregation in the presence of 1 mM ThT (aggregation condition-4, Table 4.2).  
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Figure 4.12: AFM images (amplitude mode) of aggregates formed at different time points 

during aggregation in the absence of ThT (aggregation condition-4, Table 4.2). 
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The significant difference in the fibril morphology suggests that different mechanism of 

fibril formation might be different under, the two different aggregation conditions (Figure 

4.13). 

   At 9 h of the aggregation, only oligomer was detected in the absence of ThT, 

whereas in the presence of ThT both oligomer and fibril were detected. This suggests that 

fibrillation is faster in the presence of ThT. 

Induction of aggregation depends on the concentration of ThT. 

  To determine the effect of the concentration of ThT on the aggregation of α-

synuclein. 0 μM, 10 μM, 100 μM and 1000 μM ThT were used to induce aggregation 

(aggregation condition-4, Table- 4.1). Maximum induction of aggregation was observed in 

the presence of 1000 μM ThT (Figure 4.14). 

Fibrillization of moPrP was induced in the presence of ThT. 

  Aggregation of moPrP was carried out in the presence (1 mM) and absence of ThT. 

The ThT fluorescence signal was found to be high at a later time point of the aggregation (54 

h) in the presence of ThT, whereas for aggregation in the absence of ThT, the signal did not 

change and remained low (Figure 4.15A). This suggested that the aggregation of the moPrP 

protein is accelerated in the presence of ThT. Fibril were found to have formed in the 

presence of ThT, whereas no aggregates were seen to have formed in the aggregation 

condition where ThT was not present (Figures 4.15B and C).  

  Oligomer was not found to have formed for moPrP aggregation at pH 7 (Figure 

4.15B and C). This suggests that the formation of oligomer is not required for the induction 

of moPrP fibrillization. It appears that ThT binds to monomer and induces the formation of 

fibrils. 

  The tau K18 protein was also aggregated in the presence (1 mM) and absence of 

ThT. Tau K18 was found not aggregated in both the conditions even at 100 h. This suggests 

that the aggregation of tau K18 is not facilitated in the presence of ThT. 

4.4 Discussion 

  In the current study, it is shown that ThT acts as an inducer of fibrillization of α-

synuclein and moPrP (Figure 4.3, Figure 4.15).  
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Figure 4.13: AFM images (amplitude mode) at an initial time point (9 h) and the final time 

point (95 h) of aggregation in the presence and absence of ThT (aggregation condition-4, 

Table 4.2). (A) At 9 h of aggregation in the absence of ThT. (B) At 9 h of aggregation in the 

presence of ThT. (C) At 95 h of aggregation in the absence of ThT. (D) At 95 h of 

aggregation in the presence of ThT. 
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Figure 4.14: Measurement of aggregate formation in the presence of various concentrations 

of ThT. ThT fluorescence values were normalized to the value of the signal observed in the 

presence of 1000 μM ThT (aggregation condition-4, Table 4.2). (A) At 24 h of aggregation 

(B) At 40 h of aggregation.  
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Figure 4.15: Measurement of the formation of aggregates by 100 μM moPrP at pH 7 in 50 

mM Tris, 1 M GdnHCl buffer at 37 °C, with agitation at 750 rpm in a 1.5 tube placed in an 

Eppendorf thermo-mixer. The total sample volume was 250 μl. (A) ThT fluorescence signal 

measurement at 0 h and 54 h. The open bar represents aggregation in the presence of 1 mM 

ThT and the filled bar represents aggregation in the absence of ThT. Error bars represent the 

spread in the data from two replicates. (B) AFM image (amplitude mode) at 54 h of 

aggregation in the presence of ThT. (C) AFM image (amplitude mode) at 54 h of 

aggregation in the absence of ThT. 
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The effect of ThT on the acceleration of fibrillization was found to be consistent, even when 

the aggregation condition was changed slightly in order to get more reproducible kinetics, 

and for the accurate measurement of the ThT fluorescence signal (Table 4.2). Both in the 

presence and absence of sodium sulphate, as well as and in the presence and absence of 

sodium azide, the effect of ThT on the induction of fibrillization was found to be similar. 

AFM images showed more fibrils form in the presence of ThT, and more oligomer in the 

absence of ThT (Figures 4.2 and 4.3). 

  Aggregation was found to be faster in the presence of 200 mM sodium sulphate than 

in its absence. The effect of salt on the aggregation of α- synuclein is known (Munishkina et 

al., 2004), and sodium sulphate is a fast accelerator. Other salts were not added, because the 

presence of salts like MgCl2 or NaCl leads to the formation of amorphous aggregates at pH 7 

(Hoyer et al., 2002). ThT fluorescence measurements on the Fluoroskan required a low 

concentration of ThT, to avoid the inner filter effect, so the effect of ThT was observed at a 

low range of ThT concentrations (0, 5, 10 and 15 μM). Fibril formation is fast in the 

presence of ThT, whereas only oligomer was found to have formed in the absence of ThT 

(Figure 4.2B). 

  Aggregate morphology was also found to be different when aggregation was carried 

out in the absence and presence of ThT (Figures 4.11 and 4.12). The heterogeneity in the 

aggregates was seen to have reduced in the presence of ThT, which suggests that ThT may 

reduce the number of pathways for the formation of aggregates. Hence, the presence of ThT 

during aggregation may reduce the formation of toxic aggregate intermediates. Obtaining 

reproducible aggregation kinetics was also found to be easier in the presence of ThT, 

presumably because the aggregates formed were less heterogeneous (Figure 4.11). The 

morphology of the final fibril at 95 h of aggregation was found to be significantly different 

for aggregation in the presence and absence of ThT (Figure 4.13). This suggests that the 

mechanism of formation of aggregates and toxicity might also be significantly different in 

the different aggregation conditions. 

  The effect of ThT on the aggregation of protein was first observed in the studies with 

C.elegans. The life span of C.elegans was found to increase in the presence of ThT (Alavez 

et al., 2011). The life span of C.elegans was suggested to have increased because of a 

decrease in the population of toxic aggregates. The effect of ThT has also been observed 

separately for poly Q35 and Aβ (3–42), and paralysis was found to have decreased in the 
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presence of ThT. Other than this study, an in vitro study of the aggregation of Aβ (1–40) has 

also shown a similar effect of ThT (D’Amico et al., 2012). A recent study, in which the 

aggregation of α-synuclein was found to have increased in the presence of ThT, showed that 

the binding site of the ThT was in the negatively charged C-terminal region. ThT is a 

cationic dye at pH 7 and the C-terminal region is negatively charged. Hence, the binding of 

ThT may occur through charge-charge interactions (Coelho-Cerqueira, 2014).  

  Until now, the ThT effect has been observed for Aβ (1-40), Aβ (3-42), poly Q and α-

synuclein, and ThT was found to be an inducer of aggregation. However, the binding site of 

ThT is known only in the case of α-synuclein. Sequence analysis suggests similarities in 

these proteins in terms of being negatively charged at pH 7 (Table 4.4). Also the effect of 

ThT was found to be less in the case of poly Q (Alavez et al., 2011), which has a very weak 

negative charge at pH 7 (Table 4.4). To determine the binding mechanism of ThT, the 

aggregation of proteins such as moPrP and tau K18, which are positively charged at pH 7 

(Table 4.5) was carried out in the presence of ThT. moPrP showed fast fibril formation in the 

presence of ThT (Figure 4.15), whereas tau did not aggregate in the absence or presence of 

ThT even in 100 h. However, the effect of ThT was expected to be similar for the moPrP 

protein and the tau K18 protein because of the similar pI values of the proteins. When the 

protein sequences of moPrP and tau K18 were studied carefully, no stretch of negatively 

charged amino acid residues was found in tau K18, whereas moPrP contains a negatively 

charged stretch of amino acids at its C-terminus (Table 4.6). 

4.5 Conclusion 

    When the aggregation of α-synuclein was carried out in the presence of ThT, the 

population of oligomer formed was reduced, because the formation of fibril was induced by 

ThT. The oligomer was populated for a shorter time for aggregation in the presence of ThT. 

It is known from a previous study that the presence of oligomer for a longer duration is more 

toxic than for a shorter duration (Winner et al., 2011). Hence, ThT can be tested as a drug, 

which can decrease the toxicity of aggregates by decreasing the population of oligomer and 

by decreasing the duration for which the oligomer is present. 
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Table 4.4: Analysis of the charges of proteins, whose aggregation reactions are known to be 

affected by the presence of ThT. 

 

Table 4.5: Charges of the proteins (moPrP and tau K18), which were aggregated in the 

presence of ThT, to observe the effect of ThT on the aggregation of positively charged 

proteins at pH 7. 

 

 

 

 

 

 

Table 4.6: Charges on small segments of the tau and the prion proteins. 

 

 Tau (244-312) moPrP (121-

231) 

tau (304-372) 

pI 9.89 5.88 9.39 

Charge at 

pH 7 

+ 6.4 

 

-1.7 

 

+ 4.6 

 

 

 

 

 

Aβ (1-40) α-synuclein 

(1-140) 

Poly Q Aβ (3-42) 

pI (Isoelectric 

point) 

5.59 4.7 5.5 6.25 

Charge at pH 

7 

-2.4 

 

-8.8 

 

-0.1 

 

-1.4 

 

 moPrP (23-231) tau K18 (244-

372) 

pI 9.47 9.71 

Charge at 

pH 7 

+ 10.0 

 

+ 11.1 
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  All proteins, whose aggregation is known to be induced by ThT, were found to be 

negatively charged at pH 7. ThT is a cationic dye at pH 7 so to confirm that ThT binds to 

only those proteins that are negatively charged at pH 7, the aggregation of moPrP and tau 

K18 (both positively charged at pH 7) was carried out in the presence (1 mM) and absence of 

ThT. moPrP aggregation was found to be induced in the presence of ThT, whereas the 

aggregation of tau K18 was not induced. This suggests that ThT binding requires either a 

negatively charged protein, or small stretch of negatively charged amino acid residues. NMR 

or other high resolution probes can be used to detect the binding sites of ThT in the monomer 

and in the aggregates, which can give a detailed idea about the mechanism of binding of ThT 

and how it accelerates fibrillization. Toxicity assays for the aggregates formed by α-

synuclein, poly Q, Aβ and moPrP in the presence and absence of ThT can be done. If 

toxicity decreases for the aggregates formed by all these proteins, which is known to happen 

for poly Q and Aβ (3–42) in C.elegans (Alavez et al., 2011), then ThT can be confirmed to 

be broad spectrum inhibitor of the formation of toxic aggregates.  
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