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“Biology is the study of complicated things that give the appearance of having been designed for 

a purpose.” - Richard Dawkins. 

In nature, protein molecules exhibit an extraordinary interconnection between their structure 

and function. Proteins play diverse roles with immense specificity and accuracy dictated by their 

three-dimensional (3D) structure. This 3D structure is determined by the sequence of amino acids 

that make up the protein’s 1D strings. In 1961, Anfinsen et al. showed that the folding of RNase 

A is driven by spontaneous folding free energy.[1] This observation laid a foundation for structural 

biologists to explore the relationship between the sequence, structure and function of proteins. 

1.1.Evolution of Proteins 

The interest in protein structure and folding began way before Anfinsen. Langmuir, in 1938[2] 

introduced the hydrophobic concept in protein stability based on Traube’s surface tension studies[3] 

in the late 19th century.[4] Hydrophobic concept or a factor play a major role in the structural 

organization of protein polymers by reducing water molecules interaction from the non-polar 

residues on the protein surface. Although the hydrophobic principle was recognized in the early 

20th century,[5,6] it was popularized among protein chemists only after Kauzmann took it forward.[7]  

During the same period, Fischer and Fischer proposed that enzymes are proteins and their 

catalytic activities depend on their 3D-structure.[8] Nevertheless, the biggest challenge was how to 

resolve the 3D-structure of a protein. The revolutionary article by Pauling and Corey in 1951 

deduced the two major structural features of proteins: α-helix and β-sheet.[9] In their opening 

remarks, they stated “The problem we have set ourselves is that of finding all hydrogen-bonded 

structures for a single polypeptide chain, in which the residues are equivalent (except for the 

differences in the side chain R).” which is indeed the basic framework for a protein secondary 

structure till date. Although the discovery of α-helix and β-sheet was significant, the discovery of 

sophisticated X-ray crystallographic methods lead to the depiction of complete 3D-conformation 

of the globular protein, myoglobin by Kendrew and Perutz in 1958.[10,11]  

 

 

https://quotefancy.com/richard-dawkins-quotes
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1.2. Protein folding  

Over the following decades, researchers used X-ray crystallography, NMR spectroscopy, 

and other techniques to investigate the structures of numerous proteins. After understanding the 

role of H-bonding and hydrophobic concept the major concern was how proteins attain their 

generic 3D-conformation. In 1960s, Anfinsen[1] introduced the concept that the native state (N) 

can be attained by its amino acid sequence which will be unique, stable, active and highly 

accessible which is later known as Anfinsen’s dogma.  

“It struck me recently, that one should really consider the sequence of a protein molecule 

about to fold into a precise geometric form as a line of melody written in a canon form and so 

designed by the Nature to fold back into itself, creating harmonic chords of interaction consistent 

with biological function.” - Christian Anfinsen 

In 1964, based on the folding equilibrium data of chymotrypsin, Brandts proposed two-

state model for protein folding mechanism. He suggested that the native (N) and unfolded (U) 

conformations stay in an equilibrium.[12] This concept is still valid for many of the single-domain 

proteins.[13,14] The two-state protein folding mechanism guided the musing of Levinthal’s article 

“Are There Pathways for Protein Folding?” [15] where he stated “a native protein exists in some 

kind of thermodynamic configurational equilibrium, with the biologically active state being the 

one with the lowest configurational energy” which is popularly known as Levinthal’s paradox. 

This indicates that protein folding is not a random search, it should have a folding pathway which 

is energetically favorable.[16,17] Thereafter, many protein chemists proposed different methods to 

isolate or identify folding intermediates[18–20] including molten globules. Molten globules from 

different proteins shares a common property, like tertiary structure, non-rigid side chains and 

compact conformations.[21] Though the presence of folding intermediates is widely accepted, its 

role is still controversial among researchers. Folding intermediates shed light on energy landscape 

and folding kinetics, but it also arises the question of whether these intermediates lead toward 

folding or merely represent misfolded conformations. 
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1.3. Protein fibrillation 

In the course of understanding the function and kinetics of folding intermediates or molten 

globules, researchers encountered a natural phenomenon where proteins fail to fold properly and 

form large highly stable oligomeric states resulting in a dramatic decrease in their native 

conformations.[22–24] In 1851 Virchow observed an aggregation in cerebral corpora and named it 

“amyloid”.[25] He predicted that it could be a cellulose accumulation. Later in 1859, Friedrich and 

Kekule identified it as protein aggregates.[25] Despite of varying amino acid sequences and native 

conformations, the amyloids formed by proteins have a common structural arrangement. Amyloid 

fibrils are an outcome of homotypic polymerization of protein monomers resulting in protofibrils 

intertwined with each other and this process is termed as fibrillation or amyloidosis. Amyloid 

fibrils are several micrometers long and 5-15 nm width filamentous structural architect to form 

cross-β as tertiary contacts in which multiple β-strands run perpendicular to the fibrillar axis as 

illustrated in Fig. 1.1A.[26–29]  

The fibrillation process of a protein might include three stages, lag phase, exponential 

phase and stationary phase, and occurs by two different pathways, lag-independent and lag-

dependent as shown in Fig. 1.1B  

 

 

Fig. 1.1. Protein fibrillation. (A) Pictorial representation of protein fibrils adapted from Anthony,2006[30] showing 

multiple β-strands stacked perpendicular to the fibrillar axis represented as white colour arrow. The protofibrils are 

represented in different colours as red, yellow, blue and green intertwined with each other to form mature fibrils. (B) 

Representative fibrillation kinetics of a protein following a lag-dependent (solid line) and lag-independent (dashed 

line) fibril formation pathway monitored by a spectral probe. Different phases of fibril formation, lag, elongation and 

saturation are marked in the graph. 
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During lag phase, soluble protein monomers undergo oligomerization which further acts 

as a nucleus to form protofibrils in lag-dependent pathway. In case of lag-independent pathway, 

soluble protein monomers do not undergo nucleation, but form fast-intermediate oligomers. These 

protofibrils or intermediate oligomers rearrange themselves to form fibrils during the elongation 

phase. If the fibrils formed are stable, then this process is known as primary process. Otherwise, 

in the secondary process, these fibrils undergo fragmentation and reassociation or twisting and 

branching to form mature fibrils. The probable steps involved in fibril formation are schematically 

explained in Fig. 1.2.[31,32] 

 

 

Fig. 1.2. Protein fibrillation occurs through two pathways:[32] the primary pathway (top row) involving lag-

dependent mechanism (left side) which requires protofibril formation or lag-independent (right side) 

intermediate oligomers which directly form fibrils. The secondary pathway (bottom row) involving 

fragmentation and reassociation (left side) or branching (right side) of existing fibrils. 

1.4. Energy landscape: globular proteins vs intrinsically disordered proteins  

In order to understand the protein folding and aggregation kinetics, it is important to know 

the intermediate states and how they guide proteins to attain their native structure in living cells 

within a fraction of a second. It is known that proteins can attain multiple conformations which 

makes finding the intermediates “a needle in the haystack”. In a protein, the compact and low 

energy conformational ensembles have less entropy distribution.[33–37] Here, ensembles refer to 

various microscopic states occurring simultaneously and even contribute to many microscopic 
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processes together subsequently. This idea converted the sequential folding pathway to funnel-

based parallel events. This concept was a solution to Levinthal’s paradox as “folding funnel, not 

tunnel”.[37] Let’s consider a monomeric linear sequence of homopolymer that can attain all the 

spatial conformations available at the top of a folding funnel and referred as unfolded states due 

to its high entropy. The minimum energy search from these conformations may lead the 

polypeptide chain to different minima states in the funnel such as folding intermediates, partially 

unfolded states, the native conformation or aggregates by random condensation followed by chain 

reconfiguration with entropy reduction[34] as shown in Fig. 1.3A.  

 

 

Fig. 1.3. Energy landscape: (A) Globular protein folds to the native conformation with stable intramolecular 

interactions from different unfolded states. This could be disturbed by a stress condition leading to a higher 

entropy conformation such as folding intermediate or partially unfolded state. (B) Intrinsically disorder 

protein has ensembles of partially unfolded conformations due to its highly rough lower energy surface for 

intramolecular interactions. In presence of osmolytes, these partially unfolded states might undergo 

oligomerization to form amorphous aggregates or highly stable amyloid fibrils through the processes 

described in Fig. 1.2 or with the help of chaperons it could be refolded to prevent aggregation. 

 

“Orgel's First Rule: Whenever a spontaneous process is too slow or too inefficient, a protein will 

evolve to speed it up or make it more efficient.” - Leslie Eleazer Orgel[38] 

Earlier studies on globular proteins were focused on protein structure-function paradigms 

that a protein requires a native folded structure to perform its biological function. This considered 

the proteins as compact and in a packed conformation.[39,40] After Koshland’s “induced-fit model”, 

the presence of flexibility in a protein to perform a biological function was widely accepted.[41] 

Protein structure evolves based on its function inside the cell and also due to its stability, 

environmental properties, aggregation propensity and the interacting chaperones.[42,43,52–54,44–51] 
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For a long time, the disordered characteristics of some of the proteins was neglected due to missing 

electron density, difficulty in purification and lack of structure and considered as artifacts or 

experimental error. However, the structure-independent functions were so noticeable due to its 

abundance in all the organisms[55–61] which resulted in the discovery of many disordered proteins. 

It was also observed that the complexity of organisms increases the fraction of disordered protein 

or region, but the reason is yet to be clearly established. In some studies, it is linked with increase 

in multidomain functions in proteins in higher organisms[49,56,67,68,57,58,60,62–66]. 

These proteins or unstructured regions in proteins are named as intrinsically disordered 

proteins (IDPs) and intrinsically disordered protein regions (IDPRs), respectively. Hydrophobic 

concept and electrostatic repulsion were well understood, but IDPs introduce the classic chaos by 

these forces which set a new arena for biochemists.[69–73] IDPs and IDPRs can attain multiple 

conformations by interacting with different substances and may act on completely unrelated targets 

for biological functions (termed as ‘moonlighting”)[70,74–77] Thus, it plays wider roles in cell 

signaling, maintaining cell integrity and transporters etc. The ensemble of conformations accessed 

by a single polypeptide chain of IDP even at lower energy states called as partially unfolded states 

results in a more roughed landscape compared to globular proteins[78,79] (Fig. 1.3B). This roughed 

landscape drives many IDPs to undergo fibrillation which is reported to be involved in many 

disease conditions.[80,81]  

1.5. α-Synuclein and fibril formation 

Synucleinopathies are neurodegenerative disorders with a characteristic accumulation of 

fibrillar aggregates of the protein, α-synuclein (α-syn).[82–85] α-syn is a 140 amino acids protein 

expressed abundantly in the brain primarily in the synaptic termini.[86,87] The presence of an 

aggregated form of α-syn brought major attention as a mediator of Parkinson’s disease (PD) and 

dementia with Lewy bodies (DLB) pathogenesis.[86] The monomeric form of α-syn structure 

(protein data bank[88] id: 1XQ8) consists of two α-helices ranging from V3 to V37 (helix-1) and 

from K45 to T92 (helix-2)[89] and an unstructured C-terminal domain (Fig. 1.4A). The fibrillar 

form of the protein (PDB id: 2N0A) has fibril structure with parallel in-register β-sheets between 

polypeptide chains having Greek-key topology formed by the residues V37 to D98 form (Fig. 

1.4B).[90] This region consists of five β-strands from each monomer (Fig. 1.4.L5), namely strand-

A (L38-V55), strand-B (E61-V66), strand-C (V70-A78), strand-D (T81-E83) and strand-E (I88-
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K97). Based on fibril association, the α-syn sequence can be divided into three regions, (Fig. 

1.4.C)[91]:   

1. N-terminal (NTR: residues 1-36) - an amphipathic membrane binding domain.[92]  

2. Fibrillar core (FC: residues 37-98) – consists of non-amyloid β-component (61-95 amino 

acids) a hydrophobic region essential for fibrillation.[93] The amino acid residues 37-98 has 

the potential to form fibrils by self-association. 

3.  C-terminal (CTR: 99-140) - a disordered region mostly consists of acidic residues.[92] 

 
Fig. 1.4. Structure of α-synuclein in its (A) monomeric (PDB id: 1XQ8) and (B) fibrillar form (PDB 

id:2N0A). The blue, green and pink colors represent the N-terminal, fibril core and C-terminal regions, 

respectively. (C) Structural characteristics of α-syn: (L1) The polypeptide chain of α-syn is divided into 

three regions: N-terminal region (NTR: M1-G36), fibril core (FC: V37-D98) and C-terminal region (CTR: 

Q99-A140). (L2) Monomeric form α-syn (PDB id: 1XQ8) with helix-1 and helix-2 represented as blue 

colour helices. (L3) Six pseudo repeat domains in the protein are marked as RTDs. (L4) Nine hydrophobic 

regions are marked as HPRs. (L5) Monomer from fibril (PDB id: 2N0A) with five red colour arrows 

representing β-strands.  

 

The protein has six repeat domains named as RTD, three in NTR as RTD1-RTD3 and three in 

FC as RTD4-RTD6) demonstrate in 1.4.L3 as RTD1 (K10-V15), RTD2 (K21-V26), RTD3 (K32-

V37), RTD4 (K43-V48), RTD5 (K56-V63) and RTD6 (K80-A86). In general IDPs have high 

electrostatic repulsion and low hydrophobicity in the sequence[94] but exceptionally in α-syn there 
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are also nine HPR (Hydrophobic regions ) demonstrate in 1.4.L4 as two in NTR named as HPR1 

(G14-A19) and HPR2 (G25-G31), four in FC as HPR3 (G36-G41), HPR4 (G47-A56), HPR5 

(V66-A78) and HPR6 (G84-V95), and three in CTR as HPR7 (G106-P108), HPR8 (G111-L113) 

and HPR9 (A124-G133).[91] 

The intrinsically disordered nature of α-syn makes it unique and challenging to depict its 

aggregation mechanism. Due to its chameleon’s nature, it may either hold an unfolded or partially 

folded amyloidogenesis conformation or may even fold into an α-helical or a β-rich structure in 

both monomeric or oligomeric forms.[95] Conformational ensembles of α-syn generated using 

various computational and experimental methods have provided certain insights into its fibrillation 

mechanism, but a clear correlation between the structures and the fibrillation initiation is still a 

topic of debate. In chapter 2, we demonstrated the major intermediates structures of α-syn during 

its monomeric[89]to fibril[90] transition by concerted enhanced sampling methods and classical 

dynamics simulation (CMD) of monomeric and fibrillar forms of the protein.  

1.6. Neural osmolytes and α-synuclein  

During hyperosmotic stress in the hippocampus, there have been observations of cell-

dependent fibril formation of α-syn.[96] α-Syn is partially unfolded in nature, which allows its 

residues to have increased access to the solvent, and their interactions become crucial in 

conformational transitions. In hyperosmotic conditions, neural cells respond by releasing both 

organic and inorganic osmolytes in high concentrations.[97] Osmolytes are a significant class of 

smaller molecules that cells accumulate to counteract external stresses and protected 

macromolecules from the stress environment.[98,99] These osmolytes also play a role in regulating 

molecular chaperones within cells.[100] When cells experience combined salt and heat stresses, 

osmolytes are found to stabilize or destabilize the protein surface by altering the nature of the 

hydration shell and affect aggregation and folding of proteins demonstrate in Fig. 1.5.[101–104] 

Organic osmolytes can be categorized into different groups such as carbohydrates (polyols and 

sugars), amino acids (arginine, glutamate, and glutamine), methylamine (TMAO), and methyl 

sulphonium (urea).[105] The release of charged amino acids and their derivatives, such as glutamate 

and N-acetylated aspartic acid, in an isovolumic state regulates protein folding and aggregation 

within the cell.[97,99,106] Previous research has suggested that charged amino acids can impede the 
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formation of protein fibrils that are involved in neuronal diseases.[107–109] Therefore, in chapter 3 

we are trying to analyze effect of charge distribution on polar amino acids and its derivatives (AAs) 

on the fibrillation of rα-syn (recombinant human α-syn) and in chapter 4 the molecular mechanism 

behind the AA- α-syn interactions are depicted with the help of CMD.  

 

 

Fig. 1.5. AA as osmolytes: In stress environment cells release organic (green coloured) and inorganic (pink 

coloured) osmolytes. Here, AA from class of inorganic osmolytes affects partially unfolded state shown in 

Fig.1.3 by altering its hydration shells and could promotes or inhibits the fibrillation process. 
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2.1. Abstract 

 Fibril formation of α-synuclein (α-syn) is directly linked with Parkinson's disease. Due to 

its intrinsically disordered nature, α-syn shows extensive conformational plasticity. Hence, it is 

quite impossible to identify all the intermediate structures of α-syn during its transition from the 

native monomeric to disease-associated fibril form by any single sampling method. Therefore, we 

implemented different simulation methods such as steered molecular dynamics (SMD) followed 

by umbrella sampling, and replica-exchange and conventional MD simulations of both the native 

(MS) and a single chain from the fibril state (MF). Nineteen distinct intermediate structures were 

obtained from these simulations either by plotting free energy landscape or cluster analysis. These 

structures were then sorted based on their secondary structural content, radius of gyration and 

solvent exposure to depict the fibril dissociation pathway from cross β-sheets to α-helical 

conformation. The analysis showed that following the initial dissociation of the polypeptide chain 

from the fibril, the protein might either form compact conformations by long-range interactions or 

form extended conformations stabilized by local interactions. This could lead the protein to adapt 

two different pathways which would further converge into a helical-conformational pathway. The 

secondary structure content, solvent accessibility, contact distance, backbone dihedral angles of 

sixty selected residues, and interaction energies were analyzed for all the 19 intermediate 

structures. The results suggested that the formation of β-turn in the fibril core region, 

reorganization of salt bridges in the pseudo-repeat domains, dihedral changes in the hydrophobic 

regions are the major driving forces for the conversion of α-syn from monomer to fibril state. 

Further, the long-range interactions between N- and C-terminal regions are found to alter the 

stability of the α-helical structure. The interactions in the identified structures also correlated with 

the earlier experimental and computational studies. Thus, the present study provides critical 

information about the essential intermediate structures and pathways leading to the fibril formation 

of α-syn. 
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2.2. Introduction 

α-Synuclein (α-syn) is an intrinsically unfolded 140 amino acid residue protein. It is 

abundantly expressed in the brain, primarily in the synaptic termini.[110–112] The aggregated form 

of α-syn is associated with Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) 

pathogenesis. [86,110,113,114] The protein has three major domains (Fig. 2.1): (i) membrane-binding 

N-terminal domain (residues 1-60) consists of four pseudo tandem repeats of KTKXGV (RTD1 to 

RTD4) responsible for making the N-terminal positively charged, (ii) highly hydrophobic central 

domain (residues 61-95) known as non- amyloid component (NAC) which also contains a repeat 

domain (RTD6),and (iii) highly acidic C-terminal domain (residues 96-140) with 5 aspartate and 

10 glutamate residues.[115–117] Further, a repeat domain, RTD5 overlaps with both N-terminal and 

NAC regions (residues K58-V63). 

Compared to structurally well-defined globular proteins, intrinsically disordered proteins 

(IDPs) exhibit larger conformational fluctuations and are sensitive to the solvent 

environment.[118,119] α-Syn adapts different conformational states in water and in surfactants or 

lipids. The N-terminal of α-syn forms an extended single helix or broken helices with a non-helical 

linker region depending on the protein to surfactant ratio. The broken helical form of α-syn consists 

of two α-helices ranging from V3 to V37 (helix-1) and from K45 to T92 (helix-2), respectively.[89] 

Helix-1 interacts with membranes and transforms helix-2 into a β-sheet that facilitates the 

oligomerization process.[120,121] The toxic oligomeric intermediates formed by α-syn are invariably 

β-rich in NAC region.[122,123] The C-terminal has disordered conformation in either of the structural 

states, monomeric or fibril; however, it maintains long-range interactions with the rest of the 

protein.[124,125] The residues D115-D119 and Y125-S129 in C-terminal might form interactions 

with the residues in NAC region which could influence the fibril formation of α-syn.[125] Also, the 

interaction of hydrophobic region in CTR with helix-1 in N-terminal delays the fibrillation 

process.[126,127] 
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Fig. 2.1. Structural characteristics of α-synuclein: (L1) The polypeptide chain of α-syn is divided into three 

regions: N-terminal region (NTR: M1-G36), fibril core (FC: V37-D98) and C-terminal region (CTR: Q99-

A140). (L2) Six pseudo repeat domains in the protein are marked as RTDs. (L3) Nine hydrophobic regions 

are marked as HPRs. (L4) α-helix (cylinder) and β-sheet (arrows) regions in the fibril form of α-syn. The 

panels show (A) the fibril assembly of α-syn obtained from PDB id: 2N0A, and (B) a single chain from the 

fibril assembly, MF. (L5) Monomeric form α-syn (PDB id: 1XQ8) with helix-1 and helix-2 represented as 

cylinders. Panel (C) shows the monomeric helical form of α-syn, MS. In all the lines, L1-L5, blue, green 

and pink colors represent the NTR, FC and CTR, respectively, and the orange color represents HPRs in the 

FC.  

The matured fibrils of α-syn are formed by cross-β interactions of the residues in the central 

NAC region. A stretch of amino acid residues prior to NAC region known as pre-NAC segment 

(37-60) is also reported to involve in various familial mutants linked to PD and has implications 

in the fibrillation of α-syn.[87,128] The β-hairpin formed by residue 36-55 of α-syn promotes 
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nucleation-dependent fibril formation.[129,130] It is also reported that β-wrapin designed with the 

residues in pre-NAC region (residues 37-54) interferes with the nucleation process and inhibits the 

fibril formation.[131,132] The familial mutants in the N-terminal of α-syn might affect the fibril 

elongation process and lead to polymorphism in the fibrils.[93,133] The fibril structure resolved from 

solid-state NMR experiments shows that the residuesV37 to D98 form the fibril core (FC) with 

parallel in-register β-sheets having Greek-key topology.[90] This FC consists of five β-strands from 

each monomer, namely strand-A (L38-V55), strand-B (E61-V66), strand-C (V70-A78), strand-D 

(T81-E83) and strand-E (I88-K97).[90] From H/D exchange mass spectrometric experiments, two 

types of oligomeric states are identified. The fibril core sequence Y39–T75 is protected from 

hydrogen exchange in both type-I and type-II oligomers, but the flanking regions (A18-L38 and 

A76-A89) are protected only in type-I. Oligomer of type-I forms straight fibrils, whereas oligomer 

type II forms amorphous aggregates.[134] Further, there could be differences between the β-sheet 

geometry of the intermediate oligomeric species (anti-parallel β-sheet) and the fibrillar form of the 

protein (mainly parallel β-sheet).[130,135] 

Different mechanisms have been proposed for the initiation of structural changes in the 

fibrillation of α-syn. It is suggested that fibrillation begins with the destabilization of helical 

tetrameric aggregates leading to misfolded α-syn monomer followed by aggregation,[136,137] while 

the presence of monomeric α-syn has been reported to be harmless in mouse brain and mammalian 

cell lines.[138] A few studies suggest that monomeric α-syn bound to a membrane via helix-2 region 

losses its helicity and transforms into a β-rich conformational state. This might further lead to fibril 

formation. It is also suggested that these β-sheets may be different in conformation than the fibril 

state ones.[139] The disruption of long-range interactions between the CTR with NTR and NAC 

regions could be one of the major steps in fibril initiation. NTR retains its helical character in 

oligomeric states.[140] In the absence of any lipids, the initial monomeric state might show short β-

sheet-like structures. The β-sheet to oligomeric conversion might be the major energy barrier 

during fibril formation.[120] 

The conformational ensembles of α-syn generated using various computational and 

experimental methods illustrate different structures adopted by the protein. However, the intrinsic 

conformational plasticity of α-syn makes it more challenging to depict its aggregation 

mechanism.[141–145] Most of the computational studies are carried out with the truncated forms of 

α-syn covering only the NAC or pre-NAC region to analyze the monomeric or fibrillar structures 
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of the protein.[131,146–148] However, the experimental studies suggest the presence of long-range 

interactions between CTR and the other regions.[149] Disruption of these long-range interactions 

might facilitate the aggregation of the protein by solvent exposure of the hydrophobic NAC 

region.[125,150] Further, in vitro studies have demonstrated that CTR truncation alters the rate of 

fibrillation and morphology.[151,152] The computational studies carried out with full-length protein, 

however, encounter conformational sampling limits and metastable intermediates during the 

fibrillation process could not be identified.[93,153–156] A comprehensive study using different 

sampling methods might overcome this limitation and enable us to identify the possible 

intermediate conformations involved in the fibrillation pathway of α-syn. 

In the present study, steered molecular dynamics (SMD) was implemented to pull out a 

single chain from the fibril assembly of α-syn followed by umbrella sampling (US) of the selected 

conformations from the fibril dissociation pathway. Further, replica exchange molecular dynamics 

(REMD) simulations were performed for a single chain taken from the fibril conformation (MF) 

and for the monomeric form of α-syn (MS). Conventional molecular dynamics (CMD) simulations 

were also performed for both conformations. The combined analysis of all these simulations 

demonstrated that there could be at least two different pathways for fibrillation distinguishable by 

the long-range interactions between the domains. Moreover, the major intermediate states during 

fibril dissociation and their structural features such as β-turns in pre-NAC and NAC regions, 

essential salt bridges and broken α-helix are identified. 

2.3. Methods 

2.3.1. Steered molecular dynamics (SMD) and umbrella sampling (US) 

The fibrillar structure of α-syn was retrieved from the protein databank (PDB)[88] having 

the ID: 2N0A.[90] The structure consists of 10 chains. Out of this, the first three chains (A, B and 

C) were selected to represent the fibrillar assembly for steered molecular dynamics (SMD) study. 

CHARMM27 force field[157] implemented in GROMACS 5.1.4 package[158] was used for all the 

simulations. The protein chains were placed in a rectangular box and solvated with TIP3P water 

model. The system was energy minimized with the steepest descent algorithm. The system was 

then equilibrated at 310 K and 1 atm using V-rescale thermostat[159] and Parrinello–Rahman 

barostat,[160] respectively with non-bonded interaction cut-off of 1.2 nm. From the fibril assembly, 
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the polypeptide chain at the one end (chain-A) was subjected to a center of mass (COM) based 

pulling[161] along the Z-axis direction till the chain was completely dissociated from the other two 

chains. The weighted histogram analysis method (WHAM)[162] was used to calculate the force on 

harmonic spring from a single SMD of 1450 ps. During this, a position-restrained was applied on 

the chains B and C. 

The conformations for umbrella sampling (US) were selected from the trajectory of SMD 

based on the distance between the center of mass of chain-A and chain-B. For the distance ranging 

between 1.6 and 4.0 nm, the conformations were selected at every 0.1 nm which resulted in 24 

conformations. This was considered as phase-I of SMD-US. From the distances ranging from 4.0 

to 12.0 nm, the conformations were selected at every 0.4 nm and for the range 12.0 to 14.6 nm, 

every 0.2 nm interval was used. This provided 20 and 13 conformational states, respectively, which 

were labeled as phase-II and phase-III of SMD-US. The 57 selected conformations were subjected 

to independent conventional MD simulation (CMD) with NPT equilibration for 100 ps followed 

by 10 ns of production simulations. The potential of mean force from the trajectories was evaluated 

using WHAM[162] analysis.  

2.3.2. Replica exchange molecular dynamics (REMD) 

The full-length monomeric structure of α-syn was obtained from PDB (ID:1XQ8) which 

has two anti-parallel helices in the N-terminal and a disordered C-terminal region.[89] Monomeric 

α-syn (MS) placed in a dodecahedron box was solvated with TIP3P water. The temperature 

intervals to run REMD between the range of 303 K to 328 K were chosen using REMD 

temperature generator server[163] with an acceptance ratio of 0.2. There were 54 replicas generated 

and the temperatures are listed in Table 1. NPT and NVT equilibrations of MS were performed for 

2 ns at each temperature. It was followed by 10 ns of production runs with every 2 ps of exchange 

attempt between the replicas. Also, a single chain from the fibril structure of α-syn (MF) was 

retrieved from the solid-state NMR structure of α-syn fibril (Chain-A from PDB id: 2N0A) and 

REMD simulation was performed for the same temperature range using 32 replicas following a 

similar procedure. The temperatures of replicas are presented in Table 1. 
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Table 2.1. Temperatures used for the replicas of REMD simulation. 
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Replica  Temperature (K) 

1 303.00 1 303.00 

2 303.80 2 303.46 

3 304.61 3 303.93 

4 305.41 4 304.39 

5 306.22 5 304.86 

6 307.02 6 305.32 

7 307.83 7 305.79 

8 308.65 8 306.26 

9 309.46 9 306.72 

10 310.27 10 307.19 

11 311.09 11 307.64 

12 311.91 12 308.11 

13 312.73 13 308.58 

14 313.55 14 309.05 

15 314.38 15 309.53 

16 315.20 16 310.00 

17 316.03 17 310.47 

18 316.86 18 310.94 

19 317.69 19 311.42 

20 318.52 20 311.89 

21 319.36 21 312.36 

22 320.19 22 312.84 

23 321.03 23 313.31 

24 321.87 24 313.79 

25 322.71 25 314.27 

26 323.55 26 314.75 

27 324.39 27 315.22 

28 325.24 28 315.70 

29 326.09 29 316.18 

30 326.94 30 316.66 

31 327.79 31 317.14 

32 328.00 32 317.62 

 33 318.10 

34 318.58 

35 319.07 

36 319.55 

37 320.03 

38 320.52 

39 321.00 

40 321.49 

41 321.97 

42 322.46      

43 322.95 

44 323.44 continued… 
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45 323.93 

46 324.42 

47 324.90 

48 325.39 

49 325.89 

50 326.38 

51 326.87 

52 327.36 

53 327.85 

54 328.00 

 

2.3.3. Conventional molecular dynamics simulation (CMD) 

CMD of monomeric form of α-syn (MS) was performed in a dodecahedron box with two force 

fields CHARMM27 (C27FF)[158] and CHARMM36-modified IDP specific force field 

(C36IDPSFF)[164,165] using TIP3P and TIP4P-D[164] water models. Initially, NVT and NPT 

equilibrations of the structures were performed for 1 ns each at 310 K and 1 atm pressure. This 

was followed by 200 ns of production simulation. CMD of the single chain obtained from fibril 

structure (MF) was also carried out with the same experimental conditions. 

2.3.4. Analysis 

2.3.4.1. Preliminary analysis 

 Cα-RMSD of full-length (FL) protein and only the residues in the fibril core (FC), Radius of 

gyration (Rg) of FL, and solvent accessible surface area of FL and FC residues were calculated 

using gmx_rms, gmx_gyrate and gmx_sasa modules of GROMACS, respectively. The contact 

map between the residues was obtained using gmx_mdmat module with a distance cut-off of 1.5 

nm. The secondary structure components were analyzed using gmx_do_dssp module. The distance 

calculations were carried out with gmx_distance module. Radial distribution function (RDF) for 

oxygen atom of water around the heavy atoms of the protein was evaluated by gmx_rdf. The 

number of hydrogen bonds was calculated using gmx_hbond with a distance cut-off of 3.5 Å and 

an angle cut-off 30o. Changes in the torsion angles, phi (Φ) and psi (Ψ), were calculated using 

gmx_angle for the selected residues. Secondary structural contents were analyzed using the DSSP 
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module in VMD[166]. The salt bridge interactions were analyzed in VMD using a built-in package 

with a distance cutoff of 0.6 nm.  

2.3.4.2. Selection of intermediate structures 

  To identify the plausible intermediate structures during the conformational transitions from 

a monomeric α-helical form to a cross-β fibrillar structure, the metastable structures from different 

simulations were evaluated. Free energy landscape (FEL) was constructed by projecting the 

RMSD of fibrillar core (FC) residues against the native contacts using the 57,000 conformations 

obtained from SMD-US. Eight distinct energy minimum structures representing eight different 

umbrellas in the SMD-US were extracted and used for further analysis. The conformational 

distribution in REMD simulations were analyzed by clustering for both the simulations of MF and 

MS with a cut-off of 1.5 nm and 1 nm, respectively, using gmx_cluster module. The trajectories of 

CMD simulation were also analyzed by clustering with a cut-off of 1 nm. To exclude the selection 

of structurally close conformations obtained from different simulation methods, RMSD matrix 

between the selected structures were constructed using the gmx_rms. Only the conformations 

having RMSD values >1 nm was considered as distinct structures.  

2.3.4.3. Energy calculations 

The solvent rearrangements around the three different regions of α-syn were evaluated using 

solvation energy (∆Gsol) defined as, [167][168]: 

∆𝐺𝑠𝑜𝑙 = −𝑘𝛽𝑇𝑙𝑜𝑔 (
∑𝑒

(−𝛽{𝐼(𝑋)+𝐼(𝑋,Ø)})

∑𝑒
−𝛽𝐼(𝑋)

)   (2.1) 

Here, I(X) is water-water interaction energy in a pure water simulation and I(X,Ø) is protein-water 

interaction energy. β= 1/kBT, where kB is Boltzmann constant and T = 310 K. The solvent 

interaction energies (I(X) and I(X,Ø)) were calculated by the gmx_energy module. 

 The non-covalent interaction energy between the residues in the protein was defined as the 

sum of Lennard-Jones (L-J) potential and coulombic interaction energy.[167] These values were 

also calculated using gmx_energy module. 
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2.4. Results 

2.4.1. Conformational sampling of fibril dissociation by SMD-US 

Identification of all the accessible conformations of IDPs is an uphill task due to their high 

plasticity. The structural transformation of α-syn from a monomeric α-helix to interchain cross-β-

sheets involves many conformational changes across the protein chain. Characterization of the 

structural intermediates during this transition using conventional MD simulation alone is 

unachievable. Therefore, steered molecular dynamics (SMD) with umbrella sampling (US) was 

employed for the initial analysis of the fibril dissociation pathway. SMD was performed by 

applying a pull force to detach a polypeptide chain from one end of the fibril assembly (chain-A)  

Fig. 2.2. Steered molecular dynamics-umbrella sampling (SMD-US): (A) The distance between the center 

of masses (COM) of chain-A and chain-B of α-syn during SMD. The inset shows the change in COM 

distance calculated for the residues in the fibril core (FC) region alone. (B) Number of interchain H-bonds 

between chain-A and chain-B. The time points of three different phases, P-I, P-II, and P-III, are marked 

with gray lines. From these phases, 24, 20 and 13 conformations were selected for US, respectively. (C) 

Distance between the COM of FC residues of chain-A and chain-B in each umbrella. (D and E) 

Representative conformations of α-syn during the transitions from P-I to P-II and P-II to P-III extracted 

from SMD simulation. The white arrows indicate the direction of dissociation of chain-A (green to cyan in 

panel D and cyan to green in panel E) from chain-B (gray ribbon).  
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from its neighboring chain (chain-B). The resultant SMD trajectory was divided into three different 

phases based on the center of mass (COM) distance between the chains and on the number of 

interchain H-bonding interactions formed by the FC residues (Fig. 2.2A and B). 

In phase-I, until 0.53 ns of SMD, the COM between the chains was increased from 1.6 nm to 

4 nm; however, the distance between the residues in the FC was not significantly altered (Fig. 

2.2A-inset). After 0.53 ns, the interchain distance was steeply increased and the cross-β 

interactions were completely lost at 0.70 ns. This time window was represented as phase-II. In the 

last phase, from 0.70 to 1.45 ns, there was no interaction between chains A and B which was 

confirmed by the loss of interchain H-bonds (Fig. 2.2B). From these three phases of SMD, 57 

representative conformations were collected (as mentioned in Section 2.3.1) to analyze the 

different stages of the chain dissociation and were subjected to umbrella sampling (US).  

 

Fig. 2.3. Number of H-bonds between each cross β-strand of chain A and chain B of representative 

umbrellas from different phases of SMD P-I (U1), P-II (U25, U37 and U42), and P-III(U55). 

 

The COM distance between the residues in FC of chain-A and chain-B calculated for each 

umbrella (Fig. 2.2C) was similar to the distances calculated from SMD. In phase-I, the cross β-

sheets in the FC were mostly retained. At the beginning of phase-II, the β-sheets A and E in the 

FC (for labeling, refer Fig. 2.1) lost a few of their interchain H-bonding whereas the other β-sheets 

did not show any significant change (Fig. 2.3). Further in phase-II, the interchain H-bonding of β-

sheet E was completely lost followed by the loss of β-sheets D. At the end of phase-II, the 

conformations obtained from US did not show any cross β-sheet interactions between the chains. 

Moreover, the formation of β-turns was observed during this phase, particularly in the hydrophobic 

region V66-V70. In phase-III, the chain-A was completely dissociated from the fibril assembly 
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and showed formation of a short α-helical structure in H2 region around the residues K45-H50, a 

part of RTD4. Further, the structural transition from cross β-sheet to α-helix (fibril to monomer) 

was analyzed by secondary structural changes in each umbrella. The representative umbrellas from 

each phase of SMD are presented in Fig. 2.4.  

 

Fig. 2.4. Secondary structural changes in FC residues during SMD-US calculated by DSSP analysis. 

Representative umbrellas from phase-I (U1), phase-II (U25, U37 and U42) and phase-III (U55) are shown. 

The colors corresponding to each secondary structural elements are given in the legend. Red arrows on the 

left side represent the residues forming β-sheets in the FC and the blue spiral on the right side represents 

the residues forming α-helix in the monomeric form of α-syn. 

 

To understand the overall structural changes, the trajectories obtained from the US 

simulations were concatenated and analyzed. Root mean square deviation (RMSD) of chain-A 
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showed an increase up to ~2.38 nm in which nearly 1.67 nm of RMSD was from FC residues alone 

(Fig. 2.5A). The radius of gyration (Rg) of chain-A increased during phase-I (Fig. 2.5B) suggesting 

the formation of an extended conformation of the chain. In the following phases, Rg value 

decreased which indicated that chain-A attained a compact conformation after its dissociation from 

chain-B. Solvent accessible surface area (SASA) of chain-A also exhibited a similar trend as Rg 

(Fig. 2.5C) that the SASA values slightly increased in phase-I, but decreased during phase-II. The 

SASA of FC residues showed a notable increase during phase-II indicating that the FC was more 

solvent accessible in these umbrellas which could be attributed to the dissociation of chain-A from 

the fibril assembly. This was complemented by the gradual loss of native contacts in FC residues 

during phase-II (Fig. 2.5D). In phase-III, chain-A showed a compact conformation with a decrease 

in Rg and SASA, and a loss in most of the native fibril contacts. Overall, from SMD-US 

simulation, it was observed that chain-A had extended conformation with less solvent exposure in 

the fibril state which was exposed to the solvent and become compact during the dissociation 

phase. The separated chain-A, in phase-III, had a compact structure with the loss of all cross β-

interactions and showed a short α-helical formation as well. 

 

Fig. 2.5. Analysis of cumulative trajectory of 57 US simulations each run for 10 ns. (A) Root mean square 

deviation (RMSD) of Cα atoms of full-length α-syn. The inset shows the RMSD of fibril core residues 

alone. (B) Radius of gyration (Rg) changes in the protein. (C) Solvent accessible surface area (SASA) of 

full length α-syn and the inset shows the SASA of fibril core residues alone. (D) Fraction of native contacts 

of fibril core residues of chain-A. The vertical grey lines in each panel represent the umbrellas from phase-

I, phase-II and phase-III of SMD.  
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2.4.2. Intermediate conformations from FEL 

 
Fig. 2.6. Free energy landscape constructed by projecting the fraction of native contacts in FC against Cα-

RMSD of FC residues for the conformations obtained from the umbrella sampling. The eight minimum 

energy structures identified are marked as IU1 to IU8. (B) Structures of low-energy conformations 

extracted from FEL. Blue, green and pink indicate NTR, FC and CTR, respectively. The four orange-

colored regions represent the hydrophobic regions, HPR3, HPR4, HPR5 and HPR6 in the FC. The 

intrachain salt bridges in IU4 and IU5 are shown as sticks. 

 

To identify major structural intermediates during the fibril dissociation process, FEL was 

constructed by projecting the native contacts against Cα-RMSD of the FC residues (Fig. 2.6) using 

57,000 conformations obtained from US. Eight distinct minimum energy conformations from 

different energy basins were identified from the FEL. Two of these conformations (IU1 and IU2) 
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belonged to phase-I of SMD which were traced to umbrellas 8 and 17. In these structures, FC 

region of chain-A was intact with chain-B and the number of H-bonds in the cross β-sheets was 

comparable with the fibril structure (Fig. 2.7A). However, in IU2, the helix-1 (H1) formed by the 

hydrophobic residues V16-A20 was disrupted. Such conformational change in the N-terminal 

region was observed in the fibril structure characterized by solid-state NMR experiment as well.[90] 

 

Fig. 2.7. (A) Number of interchain (between chain-A and chain-B, brown) and intrachain (within chain-A, 

yellow) H-bonds formed by FC residues in the intermediate structures identified from FEL analysis, IU1 

to IU8. (B) Number of H-bonds in each cross β-sheet of selected conformations from phase-II, IU3 (gray), 

IU4 (blue) and IU5 (red). (C) The existence map of interchain salt bridges formed by E46 and D98 of chain-

A with K80 (red) and K96 (blue) of chain-B, respectively in the intermediate structures, IU1 to IU8. The 

vertical lines represent the presence of salt bridge interactions. 

 

Three of the conformations from FEL (IU3, IU4 and IU5) fell within phase-II of SMD and 

the corresponding umbrellas were 25, 37 and 39. These structures gradually lost the interchain H-

bonding interactions between chain-A and chain-B (Fig. 2.7A). However, the number of H-bonds 

formed within chain-A was slightly increased in IU4 and IU5 compared to IU3. The analysis of 

each cross β-sheet interaction in the FC (Fig. 2.7B) showed that β-sheet E was first disrupted in 

IU3 followed by the loss of interactions in β-sheets A, C and D in IU4. This could be mainly 

attributed to the breaking of the interchain salt bridge between D98 of chain-A (part of β-sheet E) 

and K96 of chain-B which might initiate the fibril dissociation (Fig. 2.7C). At the later stages, the 

salt bridge between E46 in chain-A and K80 in chain-B present in β-sheets A and D, respectively, 

was also disrupted. This could facilitate the further dissociation of FC. The secondary structural 

analysis of the intermediates (Fig. 2.8) showed that IU3 formed a short β-turn in strand-A and 

strand-E regions whereas in IU4, β-turns were formed between the residues of strand-B and strand-

C. In the case of IU5, the interactions between the chains were completely lost and β-turns were 
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observed in the regions of strands A, C and E. For further insight, the distance between each cross 

β-sheet in the FC was evaluated (Fig. 2.9). This also suggested that initially, the residues in strand-

E moved away followed by the residues in the strands A, C, and D. However, in IU5, the distance 

between the residues in strand-C was reduced. This did not lead to any increase in the number of 

interchain H-bonds. Since this region (V70-A78) is dominated by hydrophobic residues (Fig. 

2.9C), these conformational changes could be attributed to hydrophobic interactions between the 

chains. 

 

Fig. 2.8. Change in the secondary structure of FC residues of selected conformations from the free energy 

landscape analysis of SMD-US, IU1 to IU8. The color codes of the secondary structural elements are given 

in the legend. The red arrows on the left side show the residues belonging to strands-A to E in the fibril 

form of α-syn and the blue spiral on the right side shows the residues belonging to helix-2 in the monomeric 

form of α-syn. 
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Fig. 2.9. Centre of mass (COM) distance between each strand, A to E, in chain-A and chain-B for the 

selected conformations from phase-II of umbrella sampling, (A) IU3, (B) IU4, and (C) IU5. It may be noted 

that in phase-I, all the strands have cross-β interactions and in phase-III the cross β-sheets are completely 

broken. 

 

The remaining three conformations (IU6, IU7 and IU8) were found in phase-III of SMD 

corresponding to the umbrellas 46, 48 and 55, respectively. In all these conformations, chain-A 

completely dissociated from the fibril assembly which was evident from the absence of any 

interchain H-bonding interactions (Fig. 2.7A). Also, the H-bonding interactions within chain-A 

gradually increased in IU6 and IU7 and there was a marginal decrease in IU8. Both IU6 and IU7 

showed β-turn conformation with the residues corresponding to strands B, D and E (Fig. 2.9). In 

addition, IU7 also showed a β-sheet formation between the hydrophobic regions G51-V55 and 

V74-A78. In IU8, there was an α-helical structure in the RTD-4 which was a part of helix-2 (H2) 

in the native monomeric conformation of α-syn. In all three structures in phase-III, β-turn was 

observed between the residues V66-V73, a part of hydrophobic region-5 (HPR5). There were no 

notable interactions between the three domains in all the selected conformations. 

2.4.3. REMD simulation of a single chain from the fibrillar structure (MF): 

The conformational states accessible by the protein from its β-sheet state were analyzed by 

REMD simulation of a single chain obtained from the fibrillar state, MF (Fig. 2.1, L4-B), using 32 

replicas generated in the temperature range of 303 to 328 K. Nearly 32,000 conformations were 

obtained from the total simulation of 320 ns. The overall analysis of all the conformations obtained 

from REMD (Fig. 2.10) showed that Cα-RMSD of the protein varied up to 3.1 nm from the initial 
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structure at 303 K, while the fluctuation in FC alone was nearly 2.3 nm. The Rg value of the protein 

was ranging from 1.74 to 4.74 nm. The predicted Rg value for a protein with 140 amino acids is 

1.5 nm in a globular state and 5.2 nm in a fully-extended state.[169] The obtained Rg values, thus, 

suggest that the REMD simulation could access varying conformations from compact to extended. 

This was complemented by the differences in the SASA values which was from 122.7 nm2 to 175.7 

nm2 for the full-length of α-syn and from 46.8 nm2 to 76.70 nm2 for the residues in FC alone.  

Fig. 2.10. Change in (A) Cα-RMSD of full-length α-syn and only FC residues (inset), (B) Radius of gyration 

(Rg) of full-length α-syn, and (C) SASA of full-length protein and only FC residues (inset) during the 

REMD simulations of a single-chain from fibril assembly, MF (red) and the native α-helical monomer, MS 

(blue). The trajectories of all the replicas are concatenated and sorted to represent the overall change in the 

conformations obtained from REMD. 

For further evaluation of conformational distribution, clustering analysis was performed 

with a cut-off value of 1 nm of Cα-RMSD. Though 143 clusters were obtained in total, the 

frequency of occurrence of many of the conformations was found to be less (Fig. 2.11A). This 

could be attributed to the plasticity of C-terminal residues of the protein. Therefore, the 

conformations appearing for at least 1% of the conformations in the total trajectory were extracted. 

This resulted in 41 clusters covering nearly 73% of the total conformations (Fig. 2.11A). Among 

the selected conformations, it was noticed that the fibril core region was similar in a few of the 

conformations. The mean structure from each cluster was collected and compared for their 

structural differences in the FC region based on their Cα-RMSD values (Fig. 2.11B). The 

conformations showing RMSD values >1nm in the FC region were identified. These 14 structures 

were further compared with the intermediate structures identified from umbrella sampling (IU1 to 

IU9) for their similarity using the above-mentioned criteria that Cα-RMSD of fibril core residues 

was >1 nm. Out of 14, eight structures were similar to the conformations obtained from US (Fig. 
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2.11C). The other six distinct structures were chosen for further analysis and labeled as IR1to IR6 

(Fig. 2.13A). 

 

Fig. 2.11. (A) Cumulative percentage of the conformations covered by the clusters obtained from REMD 

simulation of a single chain from fibril structure of α-syn, MF. (B) Cα-RMSD matrix of FC residues for the 

mean structures obtained from the first 41 clusters each covering at least 1% of the total conformations. 

Out of 41, only 14 structures showed RMSD values of >1 nm. (C) Cα-RMSD matrix between the 14 

structures obtained from REMD simulation and the structures identified from SMD-US (IU1 to IU8). 

2.4.4. REMD simulation of monomeric α-syn (MS): 

To evaluate the conformational states accessible by the native-monomeric form of α-syn, 

REMD simulation of MS (Fig. 2.1.L5-A) was performed for the temperature range of 303 to 328 

K using 54 temperature replicas. From the total simulation run, 54,000 conformations were 

obtained. The combined analysis of the trajectories (Fig. 2.10) showed that the RMSD values of 

Cα-atoms increased up to 3.55 nm compared to the initial conformation, whereas the Cα-RMSD 

of FC residues alone was up to 1.5 nm. The Rg values varied from 2.5 to 5.8 nm suggesting that 

the simulation assessed most of the extended conformations. The SASA values of the protein 

varied from 116 to 157 nm2 and for the FC alone the changes were from 55.6 to 67.8 nm2. To 
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extract the frequently accessed conformations, clustering analysis was performed using a cut-off 

value of 1 nm of Cα-RMSD. Among the 317 clusters obtained from the trajectory, the 

conformations appearing for at least 1 % of the total conformations were extracted. This resulted 

in 20 structures which covered nearly 35% of the total simulation (Fig. 2.12A). The mean structure 

from each cluster was collected and compared for the structural differences within their FC 

residues (Fig. 2.12B). Only two conformations showed RMSD values >1 nm in the FC region 

suggesting that the other structures might have more fluctuations in the disordered C-terminal 

region. The selected conformations were compared with the structures obtained from SMD-US 

and found to have RMSD values > 1.5 nm. These conformations were named as IR7 and IR8 (Fig. 

2.13) and considered for further analysis. 

 

Fig. 2.12. (A) Cumulative frequency of conformations covered by the clusters obtained from REMD 

simulation of monomeric α-helical form of α-syn, MS. (B) Cα-RMSD matrix of FC residues for the mean 

structures obtained from the first 20 clusters each covering at least 1% of the total conformations. Out of 

20, only 2 structures showed RMSD values of > 1 nm. (C) Cα-RMSD matrix between the 2 structures 

obtained from REMD simulation and the structures identified from SMD-US (IU1 and IU8). 
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Fig. 2.13. Selected structures from REMD simulations of (A) a single chain from the fibril structure of α-

syn, MF (IR1 to IR6) and (B) native α-helical structure of the protein, MS (IR7 and IR8). In the cartoons, 

blue, green and pink indicate NTR, FC and CTR, respectively. The four orange-colored regions in the FC 

represent the hydrophobic regions, HPR3 to HPR6. The intrachain salt bridges are shown as sticks. 

2.4.5. Structural characteristics of IR1-IR8 conformations 

Secondary structural analysis of the conformations selected from REMD simulations were 

analyzed (Fig. 2.14). IR1-IR6 showed a helical structure between the residues 14-21 in NTR that 

consistently appeared in the fibril structure of α-syn. A transient helix formation in CTR, between 

the residues 119-124 was also observed in these conformations. In CTR, only IR8 showed a helical 

structure formed by the residues 108-115. In the FC region, a transient appearance of a short-helix 

(mostly with the length of four residues) was noted in IR2-IR6.  
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Fig. 2.14. Change in the secondary structure of the selected intermediate conformations obtained from the 

REMD simulations of MF (IR1-IR6) and MS (IR7 and IR8). The color codes of the secondary structural 

elements are given in the legend. 

 The hydrophobic regions in the FC (HPR3 to HPR6) showed major differences in their 

conformations and changes in the long-range interdomain contacts (Fig. 2.13). In the fibrillar state, 

the regions HPR4, HPR5 and HPR6 are packed together to form a Greek-key motif which is 

facilitated by a salt bridge between E46 and K80, the flanking residues of HPR4 and HPR5 regions, 

respectively. In any of the conformations, IR1-IR8, this salt bridge and the Greek-key topology 

were not observed. In IR1, the HPR4 and HPR5 moved away from each other (Fig. 2.13.A). HPR4 

formed a long loop with a formation of a salt bridge between the flanking residues K45 and E57. 

HPR5, however, retained the hydrophobic packing with HPR6. In IR2, the packing of HPR5 and 

HPR6 regions was lost, whereas there was a formation of a short helix in HPR5 (V74-V77). This 

region is a part of helix-2 in the monomeric state of α-syn. Salt bridge formed by D98 with 

K80/K102 could stabilize the loop formed by HPR6.  
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In IR3, there were short loops formed by the residues partly from HPR5 and HPR6. 

Residue E83 formed a salt bridge or H-bonding interactions with K97/Q99 which facilitated the 

loop structure. Further, IR3 showed significant long-range interactions between NTR and CTR 

(K32-E131 and K12/K34-E126, Fig 2.13A). In IR4, each of the hydrophobic regions formed loops 

with no significant packing between the HPRs. H-bonding interaction between the residues 

K58/K60 and N65 was noted. Also, a short-helix formation by the residues in HPR-6 (A89- F94) 

was observed. IR5 showed a significant rearrangement of residue conformations with a formation 

of a long loop covering the residues from HPR-5 and HPR-6 together. Also, a part of HPR-3 and 

HPR-4 residues formed short loops. In IR6, along with the loop formation by HPRs, a short helix 

formation (T59-E61) was also noted. IR7 and IR8 had two helical structures covering the residues 

2-34 and 45-91; however, the orientation of helices was different in these two states (Fig. 2.13B). 

IR7 showed an anti-parallel H1-H2 conformation similar to the monomeric α-syn whereas IR8 

showed an orthogonal bend in helix-2. The bend in helix-2 region has been earlier reported in the 

membrane-bound forms of the protein.[93,153] Further, IR7 and IR8 showed a salt bridge interaction 

between E57 and K60 which was similar to the monomeric α-helical structure.  

2.4.6. Conventional MD simulations of MF and MS conformations of α-syn 

Conventional MD (CMD) simulations of a single-chain obtained from the fibril structure 

(MF) and the monomeric α-syn (MS) were carried out at 310 K for 200 ns each. The simulations 

were carried out with C27FF and with C36IDPSFF as well which was specifically developed and 

tested for intrinsically disordered proteins.[164] Initially, the convergence of simulations was 

analyzed for both the force field trajectories by “time- dependent changes of conformational 

clusters”.[164] The trajectories of C27FF converged at 20 and 6 clusters for MS and MF, respectively, 

whereas the trajectories of C36IDPSFF showed 2 or 3 clusters (Fig. 2.15A and B). 
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Fig. 2.15. The convergence of CMD simulations of MF (red lines) and MS (blue lines) analyzed by time-

dependent conformational clusters for the trajectories obtained using (A) C27FF and (B) C36IDPSFF. 

Panels (C1 to C4) and (D1-D4) present the analysis of trajectories of C27FF and C36IDPSFF, respectively. 

(C1&D1) RMSD of Cα atoms of all the residues in the protein and the inset shows RMSD of the FC residues 

alone. (C2&D2) Root mean square fluctuations (RMSF) of each residue. (C3&D3) Radius of gyration (Rg) 

of the protein chain. (C4&D4) Solvent accessible surface acre (SASA) for the full-length protein and the 

inset shows SASA of the FC residues alone.  

  

 The initial structural analysis of the trajectories is presented in Fig. 2.15. The RMSD 

changes suggested that the residue fluctuations were more in MS than in MF for C27FF trajectories 

whereas the fluctuations in the FC residues were similar in both the conformations. This suggested 

that the residues in NTR and CTR of MS might have larger fluctuations compared to MF. This was 

confirmed by the RMSF values calculated for each residue in both the conformations (Fig. 2.15-

C2). However, the RMSD of MF was higher than MS for the C36IDPSFF trajectories and the 

fluctuations in the FC residues were also slightly higher for MF. The corresponding RMSF of the 

individual residues suggested that the difference in the fluctuations between MF and MS were 

around the residues 80 to 110 covering a part of FC residues and CTR as well. The Rg and SASA 

of both the conformations decreased and converged to similar values for C27FF trajectories (Fig. 

2.15-C3 and C4), whereas the Rg of MS was consistently higher than MF in the C36IDPSFF 

simulation (Fig. 2.15-D3). Also, the SASA values showed significant variations. Though they 
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converged to a similar value for the full-length, the SASA value of FC residues was slightly 

increased for MS, whereas it was decreased for MF (Fig. 2.15-C4 and D4). Overall, the amplitude 

of fluctuations, thus the conformational changes, were more in C27FF compared to C36IDPSFF 

for α-syn. 

Further, to analyze the major conformational states sampled in the CMD simulations, 

cluster analysis was performed for each trajectory using the same conditions mentioned for REMD 

simulations. The trajectories of MF and MS from C27FF produced 7 and 22 clusters, respectively 

(Fig. 2.16A). Out of these, only first 3 and first 11 were found to cover at least 1 % of the 

conformations in their respective trajectories. MF and MS trajectories obtained from C36IDPSFF 

simulations produced only 3 clusters in each case. The mean structures of these clusters were 

extracted and compared. The six structures obtained from C36IDPSFF were found to be similar 

(RMSD <1 nm) to one of the 14 structures obtained from the cluster analysis of MF and MS of 

C27FF (Fig. 2.16B). Therefore, the conformations obtained from the trajectories of C27FF were 

alone used for further analysis. The structures obtained from MF and MS simulations with C27FF 

were compared among themselves to identify the changes around the FC residues. All the three 

structures of MF were distinct in their fibril core (Fig. 2.16C) whereas only three out of 11 were 

distinct in the case of MS (Fig. 2.16D). These six structures were then compared with the already 

selected structures from SMD-US and REMD simulations (IU1 to IU8 and IR1 to IR8). Only one 

structure from MF (IC1) and two structures from MS (IC2 and IC3) were distinct from the other 

selected conformations (Fig. 2.16E). These three conformations (Fig. 2.17) were used for further 

analysis. 

 



Chapter 2 

40 

 

 

Fig. 2.16 (A) Cumulative frequency of conformations covered by the clusters obtained from conventional 

MD simulations of MF and MS structures of α-syn using C27FF. The first three and first 11 clusters of MF 

and MS simulations cover at least 1% of the total conformations in their respective trajectories. The inset 

presents the cumulative frequency for the simulations run with C36IDPSFF. Only three clusters were 

obtained for each MF and MS and their mean-structures were extracted. (B) Cα-RMSD matrix of fibril core 

residues of the six conformations selected from the clustering of C36IDPSFF trajectories against the 

conformations selected from C27FF trajectories. All the six structures from C36IDPSFF trajectories are 

similar to one of the structures from C27FF trajectories with RMSD <1 nm. (C and D) Cα-RMSD matrix 

of fibril core residues for the mean structures obtained from the cluster analysis of MF and MS simulations 

with C27FF. All three from MF and three out of 11 from MS have RMSD >1 nm within themselves. (E) 

These six structures are further compared with the structures obtained from SMD-US (IU1 to IU8) and 

REMD (IR1 to IR8) simulations. One structure from MF (IC1) and two structures from MS (IC2 and IC3) 

are distinct from the others with Cα-RMSD >1 nm. 

 

2.4.7. Structural characteristics of IC1-IC3 intermediates 

The secondary structural analysis of the selected conformations was performed using DSSP (Fig. 

2.17B). The FC region of IC1 showed a short helix in HPR5. The HPRs in FC region were well 

packed in this conformation with significant interactions between the HPRs (Fig. 2.17A). Notably, 

there was a salt bridge formation between the residues E46- K58 and E28-K45. IC1 also had two 
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Fig. 2.17. (A) Selected conformations from CMD simulations, IC1, IC2 and IC3 are shown as cartoons. 

The blue, green and pink colors indicate NTR, FC and CTR, respectively. Four orange-colored regions in 

FC represent the hydrophobic regions, HPR3 to HPR6. The intrachain salt bridges are shown as sticks. (B) 

Change in the secondary structure of the selected intermediate conformations IC1, IC2 and IC3 obtained 

from the conventional MD simulations of MF and MS. The color codes of the secondary structural elements 

are given in the legend. 
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short helices in NTR which is a part of helix-1 in the native monomeric α-syn.  In IC2, helix-2 

region (K45-T92) was broken at HPR-5 and formed two separate helical structures which were 

anti-parallel to each other and orthogonal to helix-1 (Fig. 2.17A). A break in the helix-2 region 

was observed in IC3 as well; however, overall, it showed a different conformational state (Fig. 

2.17A). HPR4 and HPR6 regions were closer to each other in IC2 whereas they were relatively 

far away in IC3 state. In all three conformations, a short-helical structure by the residues D119-

Y125 was noted in CTR similar to the helix observed in the conformations IR1-IR8. There was 

another short helical structure in IC2 covering the residues Q99- N103. Further, IC1 and IC2 

showed long-range interdomain interactions mainly stabilized by salt bridges, whereas the 

interdomain interactions in IC3 were almost null. 

2.4.8. Fibril dissociation pathway(s) 

From SMD-US, REMD and CMD simulations, eight, eight, and three distinct structures 

were obtained, respectively. The Cα-RMSD of FC residues between these structures were 

calculated and found to be >1 nm for each other (Fig. 2.18). The overall procedure followed for 

the selection of these conformations is presented in Fig. 2.19. These 19 structures were arranged 

based on their secondary-structural content, accessible surface area, and intra and intermolecular 

H-bonding interactions to predict the probable fibril dissociation pathway (Fig. 2.20). The analysis 

predicted that after the initial dissociation of chain-A from the fibril (fibril-dissociation stage), there 

could be at least two different pathways. In one of the pathways, the protein chain maintained 

compactness through interdomain (NTR, FC and CTR) interactions that was named as “compact-

conformational pathway”. In another pathway, the α-syn had an elongated chain with little or no 

long-range interactions that was named as “extended-conformational pathway”. In further steps, 

these conformations followed similar structural changes to attain a monomeric α-helical structure 

(helical-conformational stage). 
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Fig. 2.19. A flowchart of the methodology followed to select 19 distinct conformations (IU1 to IU8, IR1 

to IR8, and IC1 to IC3) from different sampling methods, steered MD-umbrella sampling (SMD-US), 

replica exchange MD (REMD) and conventional MD (CMD) simulation. MF and MS indicate a single chain 

from α-syn fibril chain and monomeric helical form of α-syn, respectively. COM – center of mass, FC – 

fibril core, and FEL – free energy landscape.  

Fig. 2.18. Cα-RMSD of fibril core residues calculated 

between all 19 selected structures: IU1 to IU8 from 

SMD-US, IR1 to IR8 from REMD and IC1 to IC3 

from CMD. 
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Fig. 2.20. The schematic presentation of transition of cross β-sheet rich fibril form of α-syn to α-helical 

monomer. The transition is divided into three different stages. Stage-1: fibril-dissociation stage where chain 

A separates from chain B of the fibril assembly. Stage-2: After dissociation, the protein might adopt two 

different pathways, compact-conformational pathway or extended-conformational pathway. During this 

stage, α-syn undergoes conformational changes to attain helical structure. Stage-3: helical-conformational 

pathway where rearrangement of helix-1 and helix-2 regions occur. The dotted arrows suggest that there 

are unidentifiable intermediate states between those structures. In the cartoon representations of α-syn, blue, 

green and pink colors indicate NTR, FC and CTR, respectively.  
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2.4.8.A. Intermediates in fibril-dissociation stage 

The initial conformational changes during the fibril dissociation could be identified from SMD-

US simulations. The first five structures selected from these simulations showed a gradual 

disruption of cross β-structure between the polypeptide chains A and B. Initially, the interchain 

salt bridge between chain A:K96 - chain B:D98 was broken (IU2). This further led to the complete 

loss of β-sheet E formed by the residues I88-D98 along with a partial loss of interactions in β-sheet 

A (IU3) consisting of the residues V37-G41. These residues were part of HPR6 and HPR3, 

respectively. In the next stage (IU4), the salt bridge between chain A:K80 - chain B:E46 was 

broken (Fig. 2.7C) which destabilized the β-sheets A, C, and D (Fig. 2.8). This was facilitated by 

the formation of intrachain salt bridges between the residues in the β-sheet regions A and D (E46-

K80, K43-E83 and E57-K60). A long loop was formed by the hydrophobic residues in HPR4 and 

HPR5 which were part of the β-sheets B and C. Also, a short α-helical structure was noted in HPR6 

region. The salt bridges in IU4 were labile and they might form interactions with the charged 

residues in the adjacent regions as well. This altered the conformation of the loop formed by HPR4 

and HPR5 (IU5). Further from this stage, two possible pathways for the transition into α-helix 

could be identified from the selected structures based on their inter-domain contacts (Fig. 2.21). 

2.4.8.B. Intermediates in compact-conformational pathway: 

At the initial stage, the salt bridge interactions between RTD4-RTD6 (both E46-K80 and 

K43-E83) were lost. This increased the distance between HPR4 and HPR6, but there was a 

formation of β-hairpin by the residues in HPR4 and HPR5 (IU7). Further, the formation of short 

α-helix in HPR6 was also noted in this conformation. In the next stage, all the four HPRs in the 

fibril core forming dependent loops having no interaction with other HPRs except a few found 

between HPR5 and HPR6 (IR3). This could be due to the H-bonding between the sidechains of 

E83 and Q99. Apart from this, a short helix in HPR5 and long-range interactions between N- and 

C-terminal regions and NTR with FC were also found (Fig. 2.21). Particularly, salt bridge 

interactions between the terminal regions (K12/K34-E126) and hydrophobic packing of HPR1 

from NTR with HPR3 from FC were noted.   
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A compaction of fibril core region occurs in the further steps which were mostly stabilized 

by H-bonding and salt bridge interactions. In IR4, the HPR4 structure was stabilized by the H-

bonding interactions of K58/ K60-N65. The structure also showed a helix formation in HPR6 

region. The next compact conformation (IC1) was also stabilized by the interactions between 

RTD4 and RTD5. Further, long-range interactions between the domains were noticeable (Fig. 2.20 

and 2.21). For instance, NTD and CTD had interactions via, K23-D135/E139 while the FC region 

(K97) interacted with both NTD (E35) and CTD (E114/ D119). Also, K45 from FC region 

interacted with E28 of NTD. In IC1, a helical structure in HPR5 was also observed. Long-range 

interactions between CTR residues 124-138 and NTR are noted from paramagnetic relaxation 

experiments.[127] The experiments also showed that the CTR interacts with pre-NAC region of the 

fibril core and with HPR5 and HPR6 as well.  

The next possible conformation obtained from the analysis was IC2 which contained two 

helices in the FC region, one by the residues in HPR4 and another by HPR5 and HPR6, which 

were part of helix-2 in the native monomeric state of α-syn. A long helix in NTD (F4 to E28) 

similar to that of helix-1 in the monomeric form of α-syn was also found in the structure. In this 

conformation, there were long-range interactions between NTD and CTD by salt bridge 

interactions of K6/K10 with D135, and NTD and FC region by E20-K58 & K23-E61. The 

paramagnetic relaxation enhancement (PRE) experiments have demonstrated that long-range 

interactions between NTR and CTR might be stabilized by columbic interactions whereas NAC 

and CTR interactions could be mostly hydrophobic.[125] We propose that there could be a few more 

intermediate structures between IC1 and IC2 that could not be sampled in the present analysis. 

Specifically, the forces or interactions inducing the formation of α-helical structure by HPR4 

which might be part of helix-2 and the extension of helix-1 in the native monomeric-like 

conformations could not be resolved.  
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Fig. 2.21. Contact maps of (A) full length and (B) FC region of α-syn shown in the order of identified-

intermediate structures (refer Fig. 10). White boxes in (A) and black boxes in (B) represent the fibril core 

and hydrophobic (HPR3 to HPR6) regions, respectively 
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2.4.8.C. Intermediate structures in extended-conformational pathway:  

In an alternate pathway, the protein chain might attain α-helical conformation from the fibril 

dissociation stage (IU5) without adapting compact structures. In the extended conformational 

pathway, no long-range interactions between the HPRs or between the domains were observed 

(Fig. 2.21).  In the initial conformation (IR5), the protein had three major loops in the FC region 

formed individually by HPR4, HPR5 and HPR6. The loops formed by HPR5 and HPR6 were 

packed together by hydrophobic interactions. The interactions between the HPRs in the monomeric 

α-syn are observed in NMR experiments. They are denoted as fibril-like contacts, since they are 

part of β-sheets in the fibril state of the protein.[127] The loop region was more flexible and might 

adapt different conformations (IR1). In the further stages, the loop region was disrupted and 

formed a short helical structure(s). Such a helix was observed in HPR5 in IR2, which also showed 

less hydrophobic packing with HPR6. Also, a salt bridge was found in HPR6 formed between K80 

and D98. The fibril core further adopted an extended conformation with the loss of loop structure 

formed by HPR4 (IR6). In this conformation, the HPR5 showed more flexibility and a transient 

conversion between a short helix and β-hairpin α-helix and β-hairpin (Fig. 2.13). In the following 

step (IU6), a loop formation by HPR4 and HPR5 with a β-bridge within the residues V66-A69 

was noted. In IU8, a helical structure was formed by the residues in HPR4 and HPR5 formed a 

long loop whereas HPR6 showed an extended conformation. 

 The formation of helices by HPR4 and HPR5 could be sampled in the extended 

conformational pathway in which long-range interactions between NTD and CTD were completely 

absent (Fig. 2.21). We propose that the next step would be the extension of these helices as seen 

in IC3 in the helical-conformational stage (discussed below) which might further lead to native-

like helical conformation. However, within the sampling limits, we could not detect the possible 

intermediate structures between the conformations IU8 and IC3.  

2.4.8. D. Intermediates in helical-conformational stage:  

In this stage, the early conformation (IC3) had a fully extended helix-1 as in the native form of α-

syn (residues F4 to E35) and two interdomain salt bridge interactions E35-K45 and K96-D119. 

However, the FC region still retained the two helices formed by the residues of HPR4 and the 

residues of HPR5 and HPR6 as similar to IC2 conformation. The formation of broken α-helices in 
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α-syn is reported in the presence of micelles. The hydrophobic residues G84-G86 and G67-A69 

are noted as linker region between the helices.[125,170] Computational studies on monomeric α-syn 

have also shown the broken helical forms in FC region.[93][153] In the next step, the conformation 

of helices in the FC region was altered and showed an extended single α-helix from the residue 

K45 to A91 which was anti-parallel orientation with the N-terminal helix formed by the residues 

V3-G36 (IR8). The helix in FC region showed a bend between HPR4 and HPR5 with the inner 

surface mostly hydrophobic in nature which was similar to the conformation earlier reported for 

α-syn while binding to the membranes.[89] The helical conformation was mostly stabilized by the 

salt bridges formed within the repeat domain (RTD) residues. Also, in CTD, a transient helical 

formation in HPR7 and salt bridge interactions (K97-E104 and K102-E123) were also noticed. 

This could reduce the solvent exposure of the residues in CTD compared to preceding structures. 

This conformation further led to the native-like monomeric conformation of α-syn (IR7) which 

consisted of two long helices formed by the residues F4 to V27 from NTR and K45 and T92 from 

FC region.  

2.4.9. Solvation in different steps of fibril-dissociation 

 The hydration shell around the protein chain in different simulations was analyzed using 

radial distribution function, RDF (Fig. 2.22). The positions of the peaks represent the thickness 

of the coordination sphere of solvent molecules around the protein. For all three types of 

simulations, SMD, REMD and CMD, the first and second peaks appeared at the distance of 0.27 

and 0.38 nm. Also, the RDFs calculated from the CMD simulations run with C36IDPSFF also 

showed the peaks at the same distance. The values were comparable with the reported values 

derived from the experimental methods.[171] These observations suggested that the thickness of 

solvation sphere around the protein is similar in all the cases. The peak height, however, varied 

between the simulations (the insets in Fig. 2.22) indicating that the local density of water around 

the protein was different. This could be due to the differences in the conformation of α-syn in 

SMD, REMD and CMD which had differences in the hydrophobic exposure and inter-residue 

interactions during different stages of their simulations. In all the cases, the convergence of RDF 

values was almost the same implying that the bulk water behavior was also similar in all the 

simulations.  
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Fig. 2.22. The water around the protein surface was analyzed by the radial distribution function. (A) The 

RDF values of water evaluated from the steered MD (SMD) and REMD of both MF and MS simulations 

and CMD of MF and MS simulations performed using C27FF. (B) The RDF values of water evaluated 

from the CMD of MF and MS simulation performed using C27FF (solid lines) and C36IDPSFF (dashed 

lines). The colors of the lines are presented in the legends of each panel. 

 

 

 Further, to understand the role of solvation at each intermediate state, radius of gyration, 

SASA (Fig. 2.23), RDF of water around each intermediate, the number of H-bonds formed by the 

residues within the protein (intramolecular), and the number of protein-water H-bonds (Fig. 2.24) 

were calculated. Further, the free energy of solvation and the non-bonded interaction potential for 

each conformation was also evaluated (Fig. 2.25). The analyses were done for full-length and 

individual domains (NTR, FC and CTR) to understand the local and global solvation effects. 
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Fig. 2.23. (A1-A2) Rg and (B1-B2) SASA for full length protein and the fibril core of α-syn. In each panel 

moving from left to right represents the transition of fibril state to monomeric helical state of α-syn with 

each panel representing the identified intermediates (refer Fig 2.19 and Fig. 2.20).  

 

 In the fibril-dissociation stage, the initial conformations (IU1 to IU3) showed an increase 

in the Rg and SASA of the whole protein and in FC region as well (Fig. 2.23). This could be due 

to the loss of interchain cross β-sheets which resulted in the exposure of FC residues. The change 

in RDF values suggested that during the dissociation of chain-A from chain-B, the fraction of 

solvent molecules around the protein did not change in the first hydration shell, whereas the RDF 

values slightly increased in the second hydration shell (Fig. 2.24A and 2.24B). Further, the 

solvation free energies calculated for individual regions (Fig. 2.25) indicated that NTR and FC 

regions had increased solvation energy from IU1 to IU3 which corroborated with the observation 

that the number of protein-water H-bonding interactions was higher in IU3 (Fig. 2.24-D). 
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Fig. 2.24. The values of (A1-A2) first maxima and (B1-B2) second maxima in the radial distribution 

function (RDF) of water around the protein. A representative first and second maxima in an RDF plot is 

shown in the inset. (C1-C2) the number of intramolecular H-bonds in the protein, and (D1-D2) the number 

of H-bonds between the protein and water for full length (left panels) and fibril core residues (right panels) 

of α-syn. In each panel moving from left to right represents the transition of α-syn from fibril state to 

monomeric helical state with each panel representing the identified intermediates (refer Fig 2.20). 
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Fig. 2.25. (A1-A4) Solvation free energy and (B1-B4) intrachain non-bonded interaction energy for full 

length (FL), N-terminal (NTR), fibril core (FC) and C-terminal (CTR) of α-syn calculated for the selected 

19 intermediate structures. In each panel, moving from left to right represents the transition of the protein 

from fibril state to monomeric α-helical state following different pathways (for the transition pathways refer 

Fig. 2.20). 
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In the next steps (IU4 and IU5), where chain-A almost completely lost its interaction with 

chain-B, the protein showed a decrease in Rg and SASA values. The RDF values suggested that 

the fraction of solvent molecules around the complete protein chain remained similar to that of 

earlier stages, but the fraction around the FC region increased. A significant increase in the 

number of protein-water H-bonds compared to the change in the number of intramolecular H-

bonds in the FC region (Fig. 2.24C) suggested that the compaction could be due to the water 

network around the FC. An increase in solvation energy of FC region compared to NTR and CTR 

(Fig. 2.25) also emphasized that the water structure around the FC region would drive the chain 

to compaction. Also, the residues in HPR1 formed a short helix which could contribute to the 

reduction in the solvation free energy of N-terminal, whereas the solvation of C-terminal almost 

remained the same. 

 When α-syn follows the compact-conformational pathway, the SASA of the protein was 

gradually decreased (Fig. 2.23B) with a decrease in the number of water molecules around the 

protein, particularly the FC region as observed by the decrease in RDF peak values and the 

number of protein-water H-bonding interactions (Fig. 2.24). Decreased solvation free energy and 

increased non-bonded interaction potential suggested that intrachain interactions might stabilize 

these conformations. The increased intrachain H-bonding interactions in the FC region also 

evidenced for the same. Further, in these conformational states, the interdomain interaction of FC 

with both NTR and CTR was significantly increased along with the interactions between NTR 

and CTR (Fig. 2.26). These long-range interactions are known to influence the fibril formation 

propensity of α-syn:[125,127,150,169,172] thus, contributing directly to the alteration of fibril pathway. 

In the extended-conformational pathway, the Rg and SASA values of IU6 and IU8 were 

notably higher while the other four conformations did not show significant changes (Fig. 2.23). 

The increase in solvent accessibility of IU6 and IU8 could also be related with the decreased 

intrachain H-bonding interactions (Fig. 2.24C) and an increase in the protein-water hydrogen 

bonds (Fig. 2.24D). An increase in the solvation energy of all three regions, NTR, FC and CTR, 

in the case of IU6 and IU8 (Fig. 2.25) clearly indicated the expansion of the polypeptide chain. 

This could be due to weak long-range interactions within the domains and between three domains 

as well. Though other extended conformations showed intradomain interactions, the long-range 
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interactions between the domains (Fig. 2.26) were significantly reduced compared to the 

compact-conformational pathway.  

Fig. 2.26. Non-bonded interaction potential between the domains, (A) NTR-FC, (B) FC-CTR, and (C) 

NTR-CTR calculated to represent the long-range interaction between the regions. 

 

 In the later steps, which was the helical-conformational stage, NTR and FC region formed 

three helical structures (IC3 and IR8) which reduced the overall SASA and Rg values of α-syn 

(Fig. 2.23). The helix formation increased intrachain H-bonds and the non-bonded interaction 

potential, but the protein-water interactions were reduced. Also, a decrease in SASA of CTR was 

observed for IR8 in which formation of two salt bridges K97-E104 and K102-E123 were 

observed (Fig. 2.13B). This intradomain interaction could specifically reduce the solvent 

accessibility of the hydrophobic regions HPR-7 and HPR-8. At the end, the formation of a native-

like monomer structure (IR7), two long-helices formed by NTR and FC, increased the Rg and 

SASA of the protein chain. In these conformational states, FC showed a few long-range 

interactions with NTR due to helix-helix interaction whereas CTR did not show any significant 

interaction with NTR (Fig. 2.26).  
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2.4.10. Dihedral angle distribution during transitions  

 

 

 

Fig. 2.27. Representative Φ and Ψ dihedral 

distributions of an α-helix (red) and a β-strand 

(black) in a protein.  

 

 

 

 

Helices and sheets have specific distributions of Φ and Ψ angles (Fig. 2.27). Any secondary 

structural transition can be traced by following these distributions. To evaluate the changes in the 

backbone dihedral angles of α-syn during its helix-sheet transition, the Φ and Ψ angles of 32 

residues, such that two residues from each of six RTDs and 20 residues from HPR3 to HPR6 in 

the fibril core, were analyzed. RTD1 to RTD3 which are part of helix-1 showed large 

conformational plasticity (Fig. 2.28). These regions mostly formed β-turns of type I and II[173]  

with an intermittent occurrence of a short α-helical conformation when the protein was in the 

fibril form. During the dissociation via the compact conformational pathway, the helical 

formation was observed at late intermediates whereas in the extended-conformational pathway 

only a short α-helical formation was observed. In the helical-conformational stage, the backbone 

dihedrals of RTD1 and RTD2 were mostly α-helical, RTD3 showed a considerable fraction of β-

turn as well. The repeat domains RTD4 to RTD6 which were part of FC showed the dihedral 

angles corresponding to β-sheet contents or type-II β-turns during the initial dissociation stage. 

In the compact-conformational pathway, these regions showed structural transformations 

between type-I and type-II β-turns whereas the dihedrals with helical structural arrangements 

were observed in RTD4 only at the later stages. In the extended-conformational pathway, the 

RTD4 and RTD5 mostly showed type-II turns and in RTD6 notable fraction of helical structures 

were also observed. 
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 Fig. 2.28. Distribution of Φ and Ψ dihedral angles, of 12 residues of α-syn selected such that two residues 

(K and E or Q) from each of six pseudo-repeat domains, RTD1 to RTD6. For the transition pathway and 

the intermediate structures, refer Fig 2.20.  

 

The HPR3 and HPR5 regions which were part of FC, mostly remained as β-sheets or type-

II β-turn whereas HPR4 and HPR6 showed larger fluctuations in the backbone dihedral angles 

during the fibril dissociation stage (Fig. 2.29 and Fig. 2.30). In the compact-conformational 

pathway, the frequency of β-sheet occurrence was reduced; however, the α-helical dihedrals were 

sparsely observed only in HPR5 and HPR6 regions. Though the number of residues forming α-

helices was short during this stage, the dihedral distributions indicate that these regions might 

have more conformational plasticity to form α-helices. In the extended-conformational pathway, 

along with β-sheet, the dihedrals corresponding to both type-I and type-II were also noticed for 

the residues in the HPRs. Along with HPR5 and HPR6, the residues in the HPR4 region also 

showed α-helical dihedral distribution, though the fraction was less. In the helical-conformational 
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state, the sampling of the residues in HPR3 and end of HPR6 for α-helical dihedral angles was 

less.  

 

 

Fig. 2.29. Distribution of Φ and Ψ dihedral angles, of 20 residues from hydrophobic regions in the fibril 

core (four each from HPR3, six from HPR4 and three from HPR5) calculated for each intermediate structure 

identified for fibril-helix transition. For the transition pathway and the intermediate structures, refer Fig 

2.20.  
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Fig. 2.30. Distribution of Φ and Ψ dihedral angles, of 20 residues from hydrophobic regions in the fibril 

core (one from HPR5, six each from HPR 6) calculated for each intermediate structure identified for fibril-

helix transition. For the transition pathway and the intermediate structures, refer Fig 2.20. 

 

 

2.5. Discussion 

The structural transformation in α-syn from α-helical conformation to cross-β sheets 

involves many intermediate states. The combination of different conformational sampling methods 

enabled the identification of some of the major intermediate states that might show a definite 

influence on driving the fibril formation in the protein.  

2.5.1. Sampling of fibril dissociation pathway:  

 From the enhanced sampling methods, most sampled conformations were obtained and 

ordered based on the structural properties to characterize the probable fibril dissociation 
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pathways. The SASA, Rg values and secondary structural changes clearly indicated that there 

could be two different pathways. The initial dissociation of fibril monomers might be driven by 

the loss of salt bridges, then the hydrophobic residues in HPRs are finally released. The residues 

V71-V83, the center of the fibril core region, dissociates only at the end of steered-MD which are 

found to form rigid β-sheets by the experiments.[134] The flanking “helix-fraying” residues show 

more conformational flexibility in the fibril state as well compared to the central region. The 

dissociated chain might either transfer into a compact state by long-range interactions or helical 

transition might occur through the extended conformation itself driven by local interactions. 

Structural intermediates with varying solvent exposures in the FC region are observed in HX-

mass experiments.[134] 

In the compact-conformational pathway, the appearance of helical structure is more 

frequent compared to the structures in the extended-conformational pathway. This emphasized 

the experimental observations that long-range interactions between the NTR, NAC and CTR 

regions could stabilize the helices in α-syn.[127,174] The changes in the intermediate structures are 

mostly driven by the reorganization of β-turns in the FC residues which are mostly facilitated by 

the rearrangement of salt bridges between the repeat domains. Particularly, the Gly/Ala-rich 

regions G67-A69, G84-G86 and G89-A91 are more populated with the β-turns as suggested in 

the earlier solid-state NMR experiments[149] and by computational methods.[93] Formation of β-

hairpin structures in HPR3 and HPR4 (pre-NAC region) is also observed in computational 

studies.[175] It may also be noted that HPR5 (residues: 66-78) and HPR6 regions (residues: 84-95) 

show the early formation of α-helical conformation in both pathways. Further, β-turn around the 

Tyr-39 residue, similar to earlier studies,[127,146] could be noted at the early fibril dissociation stage 

and at the intermediates in the helical-conformational pathway. The conformational change in 

Tyr-39 plays a crucial role in fibril assembly and has been the target site for the binding of anti-

amyloidogenic agents.[131] 

In RTD2-RTD5 regions, most of the dihedral changes are associated with change in Φ-

angle during initial fibril dissociation states (IU1-IU4), whereas Ψ-angles show only little 

variations (except V48, K80 & E83, I88 & A90). HPR6 shows variation in both which shows a 

considerable population of β-turn formation as well. This suggests that the formation of β-turn 

could be an important conformational-switch during the helix-fibril transition in α-syn. In 

experiments, differences in the buffer conditions are found to influence the final morphology of 
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the fibrils by altering the fibrillation pathway.[109,176] The present study could identify at least two 

different pathways, though more might be possible. 

2.5.2. Monomer to fibril - the probable reverse transition pathway 

From the major intermediates identified, the probable transition pathway from helix to 

cross β-sheet could be predicted (Fig. 2.20). The initial steps could be bending of the long-helices 

(IR7), particularly through the dihedral changes around the RTD2 in helix-1 and HPR5 in helix-

2. Further, the loop region connecting the helices (HPR3) undergoes large conformational changes 

along with the flanking repeat domains, RTD3 and RTD4. In the further step, the bend region of 

HPR5 may lose its α-helical content and form loops which would convert the linear helix-2 into 

nearly two orthogonal helices (IR8 and IC3). However, helix-1 almost retains its complete α-

helical content. During these steps, the protein might become compact by the changes in 

intramolecular H-bonds in the FC region and the interdomain interactions between NTR and FC. 

From these conformations, α-syn may adapt different pathways to attain the cross β-sheet structure. 

 In a compact-conformational pathway, helix-2 might be disrupted further at HPR6 region 

and helix-2 becomes three short-helices (IC2). Then, the helical structures might be destabilized 

by protein-water H-bonding interactions and the loss of intramolecular salt bridges formed in the 

RTDs. However, they might possess long-range interdomain interactions between NTR, FC and 

CTR. During these conformational changes, helix-1 might also be disrupted due to the loss of 

interactions in RTD1 and RTD2 (IC1). In the further steps, the HPRs 3 to 6 (covering the FC 

region residues 37-98) form loops which might gradually lead to a decrease in the intramolecular 

H-bonding interactions and an increase in protein-water interactions (IR4). Also, the long-range 

interactions between the domains are also gradually lost. Initially, HPR3-HPR4 residues and 

HPR5-HPR6 residues form two loops with a transient appearance of short α-helical structure 

across the FC region. With the rearrangement of salt bridge interactions in the RTDs, HPR3 forms 

a short-independent loop whereas HPR4-HPR6 residues form a long loop. These conformational 

changes happen through the formation of transient β-turns. The loop interactions are slowly lost 

by the loss of intramolecular H-bonding interactions and the FC region become more solvent-

exposed and adopts a conformation similar to the Greek-key motif. These transformations also 

disrupted the long-range interactions between the domains (IU7).  
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 In an alternate, extended-conformational pathway, there are no notable interactions 

between the residues in HPRs. Each region independently adopts its own loop conformation. In 

these conformations (IU8, IR6 and IR2), the H-bonding interactions among the protein residues 

are less in FC region and the water around the FC region is consistently higher compared to the 

intermediates in the initial stage of compact-conformational pathway. Further, there are no 

significant long-range interactions between NTR and CTR, but a few interactions by FC region 

with the terminal regions, NTR and CTR, might occur. At later stages, the HPR regions might 

pack together, particularly the residues in HPR3-HPR4, and HPR5-HPR6 (IR1 and IR5). This 

might be driven by hydrophobic packing rather than the H-bonding interactions within the protein 

residues. In the further steps, the FC region may adapt the conformation similar to the Greek-key 

motif by loop rearrangements. 

Once the Greek-key motif-like conformation is attained by the loops in FC region, the 

interaction between the chains may be induced by the packing of hydrophobic residues in the FC 

region (IU3, IUR, and IU5) and interchain salt bridges. This might further stabilize the formation 

cross β-sheets between the chains (IU2 and IU1). In these steps, no long-range interactions 

between NTR and CTR regions could be found.  

2.5.3. Limitations  

This study mainly illustrates the conformational changes during helix-fibril transition with 

the ensembles obtained from different simulation methods. There could be more intermediate 

structures between any two states proposed here. For instance, the probable intermediate states 

between IC1 → IC2 and IU8 → IC3 are not sampled by any of the methods. Since different 

sampling methods are used, the rate of transition between the states could not be derived. Also, 

the transition energy between the states could not be evaluated. 
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2.6.  Conclusion  

Fibril dissociation pathway of full-length α-syn was followed by steered-MD simulation of 

pulling a single chain from the fibril conformation of α-syn. From three different stages of the 

SMD, 57 representative conformations were chosen and subjected to umbrella sampling. Further, 

REMD and CMD simulations of a single chain from the fibril (MF) and α-helical monomer (MS) 

of the protein was performed. From all these simulations, 19 distinct structures were chosen and 

arranged based on their Rg, SASA and secondary structure content to predict the fibril dissociation 

pathway. It was observed that the fibril dissociation might occur either through a compact-

conformational pathway or an extended-conformational pathway. The secondary structural 

content, salt bridge interactions, long-range contacts and solvent accessibility of each intermediate 

state was analyzed. From these analyses, probable fibril formation pathways were also predicted. 

This concerted approach helps to characterize the intermediate structures in the fibril formation 

pathway(s) of the intrinsically unfolded protein which otherwise would be an impossible task with 

any single method. Also, understanding the interactions in these intermediates including solvation 

energies and long-range contact might also aid in designing anti-fibrillation agents.  
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Effect of charged amino acids and their 

derivatives on the fibril formation of    

α-synuclein 
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3.1 Abstract 

Aggregation of α-synuclein, a 140 residue intrinsically disordered protein, is a hallmark of 

Parkinson’s and dementia with Lewy bodies (DLB) pathogenesis. The high plasticity and lack of 

stable tertiary structure make α-Syn highly susceptible to its surrounding environment. Under 

stress conditions, small organic molecules, called osmolytes might accumulate in the cells which 

could affect the conformational state and fibrillation pathways of proteins. In this chapter, the 

effect of charged amino acids (L-glutamate, L-aspartate, L-lysine, and L-arginine), amino acids 

with amide side chains (L- glutamine and L-asparagine), and N-acetylated amino acids (N-acetyl-

L-glutamic acid (NAG) and N-acetyl-L-lysine (NAL)) on the fibrillation of recombinant human 

α-syn was examined. Arg and NAL inhibited the fibrillation of α-syn at concentrations above 0.2 

M and 0.4 M, respectively. In the presence of Lys, As ang Glu, the protein attained the fibrillar 

state faster than in buffer which could be attributed to the reduction of lag time by these amino 

acids. NAG induced a lag-independent fibrillation, whereas Gln and Asn exhibited concentration-

dependent effects on α-syn fibrillation such that with an increase in their concentration, the lag 

time was reduced. 
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3.2 Introduction  

‘If you make monomers wet, they don’t turn into polymers’ - Bryson, B. [177]  

The popular literature explains the role of hydration in monomer to polymer transition. As 

an intrinsically disordered protein, α-syn has more unstructured regions in which folding or 

fibrillation is driven by its solvation properties.[118,119,178] These IDPs are involved in many 

neurodegenerative diseases by forming protein aggregates. The aggregated form of α-syn is 

associated with Parkinson's disease (PD) and dementia with Lewy bodies (DLB) 

pathogenesis.[110,113,114,179] It is reported that α-syn aggregates under hyperosmotic stress caused by 

different osmolytes. These aggregates appear only in dead cells suggesting that they are toxic.[96] 

3.2.1 Osmolytes in neural environment 

The earlier studies reported the activation of efflux pathways for amino acids, K+, and Cl- 

during a regulatory volume decrease (RVD) in cultured cerebellar granule neurons that are exposed 

to hyperosmotic conditions. During hyponatremia, an influx of water inside the neural cell across 

the plasma membrane in response to reduced plasma osmolarity is less than expected.[180,181] 

Franco et.al demonstrated the efflux of amino acids in the isovolumic regulation (IVR) inside the 

hippocampus slices to decrease the osmolarity of the cell.[97] The mechanism of cell volume 

restoration is different for different cells; however, it should be precise for the central nervous 

system (CNS) due to the physical restriction of the skull. Minor alterations in the volume of brain 

cells can significantly impact the spatial arrangements among neurons, astrocytes and the 

extracellular space. When brain cells swell, causing a decrease in the extracellular space, it leads 

to greater lateral diffusion and elevated levels of neurotransmitters outside the cells.[182,183] While 

inorganic osmolytes make up the majority (65%) of the contribution to cell volume adaptation, 

organic osmolytes are highly concentrated in the central nervous system (CNS).[184] The use of 

organic osmolytes helps to minimize the changes in membrane potential that can result from the 

outflow of inorganic osmolytes such as K+ or Cl-. Nevertheless, it is important to note that organic 

osmolytes have a "neuroactive" property and can activate their respective receptors on nearby 

neurons and glia leading to potential neurobiological effects.[185–189] Therefore, the release of 

organic osmolytes during volume correction has significant neurobiological consequences.  
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3.2.2 Osmolytes on protein fibrillation 

Inside a cell, osmolytes can behave in two different ways on globular proteins. Firstly, as 

protecting osmolytes such as trimethylamine N-oxide (TMAO) which pushes the free energy of 

protein towards the native conformation. Secondly, denaturing osmolytes such as urea lower the 

free energy to favour the unfolded states of proteins.[190–193] α-Syn aggregates inside the cells in 

the presence of osmoregulatory molecules, but how the presence of these molecules affect the 

fibril formation is still unclear. An osmolyte's mode of action can change based on its 

concentration. For example, the addition of 1 M TMAO results in a partially unfolded state of α-

syn which leads to fibril formation, whereas fibrillation is inhibited in the presence of higher 

concentrations of TMAO (>3M) and the protein forms only oligomers.[194] Charged amino acids 

and their derivatives act as osmolytes in neural cells.[195] Majorly, glutamate, glutamine, lysine, 

arginine and N-acetyl aspartate has been reported to affect the fibrillation of proteins inside the 

cell during neural disease conditions.[107,196,197]   

 

Fig. 3.1 Amino acids chosen for the current study: (A) basic amino acids with net positive charge, Arg and 

Lys, (B) polar amino acids with amide side chains, Gln and Asn, (C) acidic amino acids with net negative 

charge, Glu and Asp, and, (D) N-acetylated amino acids NAL and NAG. Black circles highlight the N-

acetylation group. 
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These acetyl derivatives are found in the mammalian brain and almost in all cells of 

eukaryotes. We here investigated the concertation-dependent effect of four charged amino acids, 

(L-glutamate, L-aspartate, L-lysine, and L-arginine) and amino acids with amide side chains (L- 

glutamine and L-asparagine) on α-syn fibrillation. It may be noted that N-acetyl aspartate (NAA) 

is insoluble in water at pH 7. Hence, N-acetyl glutamate (NAG) and N-acetyl lysine (NAL) were 

chosen to study the effect of acetylated amino acids. 

3.3 Materials and Methods 

3.3.1 Materials 

Nucleo-Spin® Gel and PCR Clean-Up Kit by Machearey-Nagel and GSURE® Plasmid 

Mini Prep Kit by GCC Biotech were used. DNA ladder, FastDigest restriction digestion enzymes 

and PCR mix along with their activation buffers were procured from Thermo Scientific. Protein 

ladder was bought from PUREGENE and Agar was from SRL. All the LB media components, 

EtBr and antibiotics were from HiMedia. Agarose was from Lonza. His60 Ni superflow resin and 

pCOLD1 were from Takara, PVDF membrane were from Merck Millipore. PierceTM ECL western 

blotting substrate and α-synuclein recombinant rabbit monoclonal antibody were from Thermo 

Fisher Scientific. All the chemicals required for SDS-PAGE and buffers preparation were obtained 

from SRL. Glu, Asp, Arg, and Lys were from SRL, and Gln, Asn, NAG, and NAL were from 

Sigma Aldrich.  

3.3.2 Cloning of α-synuclein  

The human synuclein-alpha (SNCA) complementary DNA (cDNA) open reading frame 

was amplified from pTOB7-SNCA (gifted by Prof. Chen Ru Ruby, Academia Sinica, Taiwan)[198] 

using forward primers SNCA-FP-NdeI (5′ CAA CAT ATG ATG GAT GTA TTC ATG AAA 

GGA CTT TCA AAG G 3′) and reverse primer SNCA-RP-HindIII (5′ GAC AAG CTT TTA GGC 

TTC AGG TTC GTA GTC TTG ATA C 3′). The amplified SNCA PCR products were digested 

with NdeI and HindIII. The vector pCold was digested with NdeI and HindIII to generate similar 

sticky ends for cloning the insert SNCA. NdeI and HindIII were selected, because they are single 

cutters for pCold I expression vector and zero cutters for SNCA. The ligation reaction was 

performed using T4 DNA ligase with 1:3 molar ratio of vector with insert and transformed into E. 

coli Rosetta (DE3) pLysS expression host strain by heat-shock method. Luria-Bertani (LB) Agar 
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plates with 0.1 mg/mL ampicillin (Amp) and 0.05 mg/mL chloramphenicol (Chl) were used for 

the selection and growth of the transformed bacteria.  

3.3.3 Expression of α-synuclein 

A single colony from the plate was used to inoculate a primary culture in 10 mL LB broth 

medium (Amp + Chl). The culture was allowed to grow overnight for 16 hours at 37 °C. From the 

overnight grown primary culture, 800 µL was used to inoculate secondary culture in 800 mL LB 

broth medium (without antibiotics). The secondary culture was incubated at 37 °C till the O.D. 

reached 0.6-0.8 as measured by Cary100 absorbance spectrophotometer at wavelength 600 nm. Tt 

was then removed from 37 °C and incubated on ice for 30 minutes. From the leftover primary 

culture, glycerol stock was prepared and stored at -80 ⁰C refrigerator. Then 1 mM IPTG (isopropyl 

β- d-1-thiogalactopyranoside) was added to the culture and allowed to incubate at 15 ⁰C for 24 

hours. Afterward 800 ml of culture was subjected to centrifugation at 10,000 rpm at 4 ⁰C where 

supernatant was discarded and pellet was stored at -80 ⁰C. 

3.3.4 Purification of α-synuclein 

Stored cells were harvested by sonication, where stored pellet was dissolved in lysis buffer 

(20 mM Tris buffer (pH 6.5), 500 mM NaCl, 20 mM Imidazole and 1mM PMSF) using sonicator 

with the amplitude 20 kHz. Each pulse was carried for 45 sec with an interval of 1 min cooling on 

ice. The process was repeated either till 10 cycle or until clear lysate is visible. Then, the lysed of 

cells were subjected to centrifuge at 10,000 rpm for 30 min. The supernatant was collected and 

filtered through a 0.45 μm filter syringe. Filtered supernatant consisted of all the proteins in the 

cells along with the overexpressed α-syn. 10 ml of the filtered cell lysate was added to the 1 ml of 

Ni-NTA beads in the column and allowed to incubate by rotating the column for 2 hours on 

Rotospin by Tarsons for effective binding of the protein on beads. The bound protein was washed 

and eluted with different concentration of imidazole (20 mM- 400 mM). The purity of the obtained 

protein was assessed on 15% SDS-PAGE.  

3.3.4 Western blot analysis 

α-Syn monoclonal antibody was used as a primary antibody, and horseradish peroxidase-

linked antibody raised in goat against Rabbit IgG was used as a secondary antibody. After SDS-
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PAGE separation, protein was blotted on to PVDF membrane in a semi-dry transfer apparatus 

(TE77-PWR semi-dry transfer unit, GE Healthcare). α-Syn protein was detected immunologically 

with Pierce TM ECL Western blotting substrate using Chemidoc (XRS+) and analyzed with Image 

Lab software (Bio-Rad). 

3.3.5 Structure and fibrillation studies  

Circular dichroism (CD) measurements were performed using 10 μM of purified 

recombinant α-syn (α-syn) in 20 mM sodium phosphate buffer at pH 7 in far-UV region 190 nm 

to 250 nm to evaluate the secondary structural content. The spectrum was collected in Jasco J-

1500 spectropolarimeter with a 0.02 cm pathlength cuvette. Fibrillation of α-syn was induced by 

40 µM of the protein in 20 mM phosphate buffer at pH 7 and shaked at 180 rpm with four sterile 

glass beads at 310 K (37°C) for 72 hrs. Fibril formation was followed using Thioflavin T (ThT) 

fluorescence measured between 460 and 510 nm in Jasco FP8500 after exciting the dye at 440 nm. 

The kinetics of fibril formation was followed by the change in ThT fluorescence at 485 nm. Fibrils 

formation was studied in the presence of varying concentration (0.2 M, 0.4 M, 0.6 M, 0.8 M, and 

1.0 M) of the selected amino acids under the same condition.  

3.3.6 Data analysis 

Fibrillation kinetics followed lag-dependent and lag-independent fibrillation pathways. 

The data were analyzed using the following equations to obtain the rate and lag time. 

        For lag-dependent kinetics[32],     

𝑌 = (𝑦𝑖 −  𝑚𝑖𝑡) +
(𝑦𝑓+𝑚𝑓𝑡)

1+ (𝑒𝑥𝑝 
𝑘𝑒𝑙(𝑡−𝑡𝑜)

)
                       (3.1)  

In Eqn. 3.1, Y is the change in ThT fluorescence, yi, and yf are intercepts and mi and mf are slopes 

for the initial and final phases, respectively. kel is the elongation rate of fibril formation, to is the 

time required to attain half of the total fluorescence change and t is time. Lag time (Tlag ) can be 

calculated as, Tlag = xo – (2/kel).  

For lag-independent kinetics[31]  

𝑌 = 𝑏 + 𝑎 (𝑒𝑥𝑝−𝑘𝑒𝑙.𝑡)                                       (3.2) 
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in Eqn. 3.2, b represents the exponential maxima and a is amplitude of the fluorescence change. 

To understand the cumulative effect of lag time (Tlag) and elongation rate (kel) on the 

fibril formation time, apparent time (Tapp) was calculated as[199], 

𝑇𝑎𝑝𝑝 = {
𝑡𝑙𝑎𝑔 + 2.3 𝑘𝑒𝑙 − 𝑙𝑎𝑔 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠⁄

2.3 𝑘𝑒𝑙 ⁄ − 𝑙𝑎𝑔 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠
}                (3.3) 

 

3.3.7 Microscopic studies  

The fibril samples of α-syn placed on a carbon-coated copper grids (from Ted Pella) were 

dried in ambient condition and stained with 1% uranyl acetate. The images were collected in a 

JEOL transmission electron microscope (TEM), JEM-F200 at an accelerating voltage of 200 kV. 

3.4 Results 

3.4.1 Confirmation of clone 

Polymerase chain reaction (PCR) was performed using the primers mentioned in the 

section 3.3.2. PCR product (Fig. 3.2C) and vector were double digested by NdeI and HindIII (Fig. 

3.2B) to produce a sticky end for each other and align in the proper direction in a frame. Both 

vector and insert were ligated using T4 DNA ligase and then transformed into the Top10 strain of 

E.coli. Screening for positive clones was done by colony PCR (Fig. 3.2D). Sequencing was 

performed to confirm the insertion of SNCA gene into the pCold I plasmid vector using the same 

forward and reverse primers. The obtained sequence with insert was aligned with the Snca cDNA 

sequence from NCBI with the help of Snap gene software. There was no mutation found (Fig. 

3.2A). The isolated pCOLD-SNCA gene was then transformed into a Rosetta cell (expression 

vector) for overexpression. The protein was then purified using 100 mM-400 mM of imidazole 

(Fig.3.2E). A Western blot was developed with the purified recombinant α-synuclein to confirm 

the protein (Fig.3.2F). 
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Fig. 3.2 (A) Sequence alignment with cDNA sequence of α-syn with single endonuclease cutter site. Black 

line represents the cDNA sequence and red line represent the SNCA gene in pCOLD1. (B)  L1: undigested 

pCold expression vector and L2: digested pCOLD I (4407 bp). (C) L1 and L2: PCR Amplified SNCA (423 

bp). (D) SNCA gene from colony PCR of pCold I-SNCA transformed to the Top10 cell. L1  has PCR 

amplified SNCA gene (positive control), L2, L3, L4, L5 and L6 represent SNCA gene from five different 

colonies from LB-Agar plate along with negative clone in L7 (reaction mix without clone). In all the gels 

(B-D) first lane represent DNA ladder marked as M. (E) SDS-PAGE of the α-Syn purified from Ni-NTA 

column where M is protein ladder of 10- 250 kDa, followed by (L1) protein found in pallet of lysed cells 

and (L2) supernatant flow through. (L3) Unbound proteins washed with 40 mM of imidazole and eluted 

with different concentrations of imidazole. The protein eluted at (L4) 100 mM, (L5) 200 mM, (L6) 300 

mM and (L7) 400 mM of imidazole. (F) The Western blot developed using α-synuclein recombinant rabbit 

monoclonal antibody with 1:2000 dilution.  

 

3.4.2 Fibrillation of α-Syn 

The random coil structure of purified α-syn was verified with far-UV CD spectrum of the 

protein. The negative ellipticity at 198 nm referring random coil conformation was observed 

similar to the earlier reports on monomeric state of α-syn (Fig. 3.3A).[200–202] . α-Syn is known to 

form fibrils through lag-dependent pathway with or without agitation.[30,198,203] The initial phase of 

fibrillation is known as nucleation which involves the formation of a homogenous nucleus 

composed of protein molecules. This step is considered to be an energy barrier during the 

fibrillation  

Following the lag time, the protein begins to assemble into cross-β structures by recruiting 

additional monomers or protofibrils.[32] This second phase, known as fibril elongation, typically 
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occurs at a faster rate than the lag phase and follows an exponential kinetics.[204–206] In the present 

study, the fibril formation of α-syn was initiated at pH 7 by shaking at 180 rpm and 37 °C for 72 

hours. The rate of fibrillation was followed by increase in ThT fluorescence (Fig. 3.3B). ThT 

specifically binds with the cross-β structures fibrils,[207] therefore, during the initial 

oligomerization it does not show any significant change in its fluorescence. The kinetic curve was 

fitted using Eqn. 3.1 to evaluate the lag time and rate of fibrillation. Further, the fibrils of α-syn 

were characterized with TEM micrographs that showed thin and long fibrils (Fig. 3.3C). 

 process. 

 

Fig. 3.3.  (A) The random coil nature of α-syn confirmed by far-UV CD spectra collected using 10 μM of 

the protein. (B) The fibril formation of α-syn followed by change in ThT fluorescence in 20 mM phosphate 

buffer at pH 7 incubated at 37 ⁰C with a constant shaking at 180 rpm. The solid line represents the data-fit 

using the Eqn. 3.1. Inset represents the fluorescence spectra at the initiation of fibrillation (black) and after 

72 hours (red). (C). Transmission electron microscopic image of the fibrils of α-syn. 

3.4.3 α-Syn fibrillation in the presence of amino acids  

The fibrillation process of α-syn was monitored in the presence of eight selected amino 

acids by varying their concentrations from 0.2 M to 1 M (Fig. 3.4). This concentration range could 

mimic the molar ratio of α-syn:amino acids inside the cellular environment. The rates and lag time 

were derived from these kinetic traces using Eqn. 3.1 or 2 (Fig. 3.5). Further to understand the 

total time taken by the protein to reach the saturation phase of the kinetics in the presence of amino 

acids, irrespective of whether it followed lag-dependent kinetics or not, apparent fibrillation time 

was evaluated using the Eqn. 3.3. 

In the presence of Glu, Asp, and Lys, α-syn formed fibrils earlier than in buffer alone. (Fig. 

3.4A-C) This could be due to the reduced lag time combined with faster elongation rate (Fig. 3.5A 

and C). The lag time in the presence of Glu an Asp was drastically reduced to 3±1 hour from the 
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18.7 hour in buffer. Lys showed a concentration-dependent changes in lag time that at the 

intermediate concentrations (0.4 and 0.6 M) the lag time was longer whereas at 0.2, 0.8 and 1.0 M 

it was similar to the time observed in the presence of other amino acids. Further, the elongation 

rate was increased in the presence of Glu, Asp and Lys. The rate was slightly decreased at the 

intermediate concentrations of Glu (0.4 and 0.6 M) and Lys (0.4 M) whereas in Asp the rate was 

similar at all the concentrations. Arg inhibited fibril formation at the concentrations higher than 

0.2 M (Fig. 3.4D).  

 

 

Fig. 3.4. Fibrillation kinetics of α- syn was monitored using ThT fluorescence in the presence of varying 

concentrations of amino acids and their derivatives, (A) L- glutamate, (B) L-aspartate, (C) L-arginine, (D) 

L-lysine, (E) L-glutamine, (F) L-asparagine (G) N-acetyl glutamate and (H) N-acetyl lysine. The circles 

represent the normalized fluorescence and the solid lines are data-fit using Eqn. 3.1 or Eqn. 3.2 for lag-

dependent or lag-independent kinetics, respectively. The presence of different concentrations of the amino 

acids are represented as black (0 M), red (0.2 M), green (0.4 M), dark yellow (0.6 M), blue (0.8 M), and 

purple (1.0 M). 

In 0.2 M of Arg, the lag time was not significantly altered whereas the elongation rate was 

increased that reduced the overall fibril formation time (Fig. 3.5A, C and E). The polar amino 

acids, Gln and Asn exhibited a concentration-dependent effect on α-syn fibrillation (Fig.3.4E and 

F, and Fig.3.5B and D). As the concentration of these amino acid was increased, the lag time 

decreased except in 0.2 M of Asn. Experiments could not be performed in the presence of 0.8 and 

1.0 M of Gln due the poor solubility of the amino acid. In the presence of NAG, α-syn showed a 
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lag-independent fibrillation kinetics. When 0.2 M of NAG was added, the fibrillation rate was 

reduced, however, further increase in the concentration of NAG accelerated the fibrillation. In 1.0 

M of NAG, the rate was higher than in buffer. At the concentrations ≤ 0.4 M, NAL induced a faster 

fibrillation with a short lag phase whereas at higher concertation it inhibited the fibrillation. 

 

 

 

Fig. 3.5. (A and B) Lag time, (C and D) rate of elongation, and apparent fibrillation time to form fibrils (E 

and F) by α-syn in different concentrations of the amino acids evaluated from Fig. 3.4. Left panels (A, C, 

and E): α-syn in the presence of Glu (red), Asp (brown), Lys (green), and Arg (blue). Right panels: (B, D 

and F): α-syn in the presence of Gln (pink), Asn (violet), NAG (orange) and NAL (light green). α-Syn 

without any cosolvent is shown as black star in every panel. 

Multiple cryo-electron microscopic structures are reported for α-syn fibrils in the protein 

database (www.rcsb.org).[88,90,208–211] Fibril formation in the presence of amino acids were 

analyzed with TEM images as described in section 3.3.7. In the absence of any cosolvent, the 
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fibrils were thin and long (Fig. 3.3C) whereas fibrils formed in the presence of cosolvents were 

structurally different (Fig 3.6). In Asp, α-Syn fibrils were thicker and showed end-to-end 

elongation whereas in Lys they were smaller. In Asn, the protein formed thin fibrils that were 

entangled. In 1.0 M of Arg no fibril-like structure was detected. The fibrils in the presence of NAG 

were thin as the fibrils formed in buffer, but shorter in length. α-syn formed thicker fibrils in the 

presence of NAL with the length similar to that formed in NAG. 

 

 

Fig. 3.6. Representative TEM images of α-syn fibrils in the presence of (A) 1 M Asp, (B) 1 M Lys, (C) 1 

M Arg (no fibril is detectable), (D) 1 M Asn, (E) 1 M NAG and (F) 0.2 M NAL. 

3.5 Discussion 

The inherent characteristic of α-syn as a natively unfolded protein presents a significant 

challenge in understanding the interaction of small molecules that could potentially modulate its 

aggregation. Many direct therapeutic strategies targeting α-syn aggregation based on the sequence 

were developed. However, due to the lack of their environmental condition and conformational 

transition, these were not efficient.[212] Therefore, it is foremost necessity to examine the effect of 

small compatible organic molecules on the fibrillar propensity of α-syn to design effective 

inhibitors against fibrillation. 
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3.5.1 Amino acid osmolytes  

Fragniere et.al. reported that under hyperosmotic stress α-syn forms aggregates that are 

toxic to the cells.[96] Though this feature of neural IDPs forming toxic aggregates is unique for α-

syn, they could not understand how these aggregates were formed in specific cells (Neuro-2a (N2a) 

cells) and why. Since different molecules such as, sugar, salt, and alcohol were used to induce 

osmotic stress in cells the formation of toxic aggregates of α-syn is proposed to be cell-dependent 

and not due to the osmolytes.[96]  However, cell volume restoration mechanisms vary among 

different cells. The amino acids and their derivatives are found to be major organic osmolytes 

released to maintain the cell volume of neural cells.[97,106,107,196] Therefore, the effect of natural 

amino acids, Lyz, Arg, Glu, Asp, Gln and Asn on the fibrillation of α-syn is examined in this study.  

A decrease in NAA (most abundant osmoregulatory amino acid derivative in neural cells) 

concentration is a neural biomarker for many neural diseases associated with neuron loss or 

dysfunction.[107] Though the exact function of NAA is not known, it is found to be a precursor of 

NAAG (N-acetylaspartylglutamate) along with NAG[213] and it can delay or inhibit the fibrillation 

of protein.[107] Unfortunately, NAA was not soluble in water at high concentration, thus limiting 

our in vitro studies. In the present study, only NAG and NAL were chosen to understand the 

changes induced by the acetylated amino acids on α-syn fibrillation.  

3.5.2 Fibrillation of α-syn in cosolvents 

The fibrillation mechanism follows two pathways as described in section 3.2.2, lag-

dependent and lag-independent. Lag-dependent fibrillation consists of protofibrils formation at the 

beginning, and these protofibrils are more toxic to the cells than the mature fibrils.[214,215] 

Protofibrils can even induce aggregation of different other proteins present in the environment. In 

synucleinopathy, many heteropolymer aggregates were reported due to the high cross-seeding 

efficiency of α-syn.[216–219] Therefore, it is important to understand how the selected osmolytes can 

modulate the α-syn fibrillation mechanism.  

Various clinical and epidemiological reports suggest that occupational exposure to metal 

ions such as manganese, copper, lead, iron, mercury, zinc, and aluminum increase the risk of 

Parkinson’s disease.[220,221] It is shown by Uversky and co-workers that in the presence of all these 

ions α-syn followed faster fibrillation kinetics with and without lag phase.[222,223] Even oxidized α-
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syn which does not form fibril, exhibits faster kinetics in presence of Pb2+ and Zn2+ without lag 

phase, whereas Al3+ induces shorter lag phase.[222,223] Lower concentration of organic solvents 

favour partially folded or unfolded structures of α-syn leading to the fast fibrillation with and 

without lag phase. When concentration of these organic solvents is increased, it induces α-helical 

or β-strand structures of α-syn which inhibits fibrillation by forming amorphous aggregates.[224] 

However, in 40% of TFE and 30% of HFiP α-syn doesn’t form any aggregates due to its stable 

helical conformation.[224] Osmolytes such as trehalose[225], glycerol and lower concentrations of 

TMAO[194] induce faster fibrillation of α-syn with shortened lag-phase, whereas higher 

concentrations of urea[226] and TMAO[194] inhibit α-syn fibrillation. 

The charged amino acids, except Arg, reduce the lag time and increase the elongation rate. 

This combined effect results in faster fibrillation of the protein. This suggest that the amino acids 

might interact with the protein at monomeric and protofibril state as well. Higher concentration of 

polymers such as protein, polysaccharides and polyethylene glycol has also been reported to 

induce α-syn fibrillation with drastic decrease in the lag time.[227–229] The concertation-dependent 

change on the effect of these amino acids is less (Fig. 3.5A and B). This suggests that the 

interaction between α-syn and these amino acids could be limited to specific sites such that any 

increased concentration does not affect the fibrillation pathway. A similar effect is reported by 

Ghosh et.al[203] that arginine retards the fibrillation, glutamic acid accelerates fibrillation, lysine 

slightly accelerates α-syn fibrillation. However, their studies are limited to low concentrations that 

is up to 0.1 M.  

Though polar amino acids, Gln and Asn also accelerate the fibril formation by altering both 

lag time and elongation rate, they show a concertation-dependent effect (Fig. 3.6B and D). The 

interaction sites of these amino acids may be more on the protein surface which might lead to the 

concentration-dependent effect on the fibrillation. Among the N-acetylated amino acids, NAG 

induces lag-independent fibril formation at all the concentrations whereas NAL shows an 

inhibitory effect at the concentrations above 0.4 M. Interestingly, the fibrillation time is faster in 

the presence of lower concentrations of NAL. This could be due to the change in interactions 

between the protein and NAL at higher concentrations. To further understand the residue-level 

interactions of α-syn with the amino acids, molecular dynamics simulation of the protein in the 
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presence of these amino acids were performed and the results are presented in the following 

Chapter. 

 3.6 Conclusion 

Osmolytes are the compatible organic molecules found in high concentration in the cells 

under different stress conditions and are released to protect proteins inside the cell. Therefore, it 

is important to investigate the concentration-based effects of naturally occurring osmolytes to 

understand their functional role. Effects of charged and polar amino acids, and their derivatives 

on the fibrillation kinetics of α-syn was probed with ThT-based fluorescence assay. It is observed 

that Gln, Asn, and NAG show a concentration-dependent effect on the fibrillation of α-syn. Arg 

and NAL promote the fibrillation at lower concentrations, whereas they inhibit at higher 

concentrations. Glu, Asp, and Lys accelerate the fibril formation and show little change with the 

concentration. The amino acids promoting the fibrillation might interact with the protein in its 

monomeric and protofibril form; thus, altering the lag time and the elongation rate. Further, the 

morphology of the fibrils formed in the presence of the amino acids are different from the fibrils 

formed in buffer. 
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4.1 Abstract 

 Osmolytes are naturally occurring compounds that interact with proteins through 

preferential interaction leading to distinct effects on protein structure and function. α-Syn is an 

intrinsically disordered protein associated with synucleopathies like Parkinson's disease. 

Understanding the structure and fibril formation of α-syn in the presence of natural osmolytes is 

crucial for therapeutic development. The previous chapter examined the fibrillation process of α-

syn in the presence of selected AAs. Here, we performed conventional molecular dynamic (MD) 

simulations of α-syn in the presence of 0.5 M of Glu (negatively charged), Lys and Arg (positively 

charged), Gln (amide side chain), and NAG and NAL (N-acetylated amino acid) representing 

different effects on the kinetics such as lag-dependent accelerated fibrillation, lag-independent 

accelerated fibrillation and inhibition of fibrillation. Analysis of the simulation trajectories 

revealed that AAs promote interdomain contacts between N-terminal (NTR) and fibril core (FC) 

regions, while the lack of intradomain interactions within the residues of FC accelerates 

fibrillation. The AAs interacting with the protein through non-columbic interactions reduce the 

fibrillation time by shortening the lag phase. In contrast, AAs having preferential binding with α-

syn through strong electrostatic interactions disrupt the intradomain contacts and favor the 

extended conformation of the proteins exclude water from the protein surface and inhibit fibril 

formation.  
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4.2 Introduction 

Monomeric α-synuclein (α-syn), a peptide consisting of 140 amino acids is a soluble 

protein and plays a crucial role in the transportation of vesicles within neurons[230]. However, under 

certain stress conditions like hyperosmotic stress in neurons, it has the ability to aggregate into 

large and insoluble amyloid fibrils.[96] These fibrils are linked to the degeneration of substantia 

nigra neurons and the development of Parkinson's disease.[85,231] α-syn is divided into three distinct 

regions, N-terminal, fibrillar core and C-terminal. It also consists of nine hydrophobic regions 

(HPRs) and six conserved repeat domains (RTD) as described in Fig 1.4. The long-range 

intradomain interactions prevent the aggregation of α-syn through electrostatic and hydrophobic 

contacts.[91,125,232] α-Syn exhibits a dynamic ensemble of structures due to the presence of multiple 

local minima separated by low energy barriers in its energy landscape. This unique characteristic 

of α-syn enables susceptibility to the cellular environment[233]. By altering the surrounded solvent 

conditions such as temperature, pH, and ionic strength, the balance between favorable and 

unfavorable interactions within the protein can be disrupted.[198,234,235] Further, the addition of 

small molecular osmolytes, crowding agents and metal ions can significantly impact the protein 

conformation. Osmolytes are small organic molecules that help in regulating osmotic pressure and 

protect proteins from denaturation under stress conditions.[98,101] They modify the protein's stability 

by affecting the solvation properties or altering the strength of intermolecular interactions.[236] 

Crowding agents simulate the crowded environment within cells, where proteins naturally reside, 

and can influence the protein stability by changing the effective concentration and molecular 

interactions.[237] In presence of crowders and also in divalent and trivalent metals ions, α-syn α-

syn shows faster fibrils formation.   

4.2.1 Osmolytes  

Osmolytes are a diverse group of naturally occurring compounds that interact with proteins 

and can exert distinct effects on their structure and function. The different classes of osmolytes are 

polyols, trimethylamine N-oxide (TMAO), sugars, and amino acids and their derivatives.[99,193,238–

240] Numerous computational approaches have been employed to investigate the impact of 

osmolytes on the folding and fibrillation of proteins at the atomic-level.[102,241–245] Previous reports 

have proposed that certain osmolytes have the propensity to accumulate in the proximity of 
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proteins as a result of direct interactions with the unfolded protein states. This phenomenon, known 

as preferential interaction (Fig 4.1), is found to contribute to the enthalpic energy required for 

protein unfolding.[246] Polyol molecules form clusters around proteins at the distance of 4 Å from 

the surface and encourages the formation of highly ordered water molecules within 2 Å from the 

protein surface resulting in preferential hydration (Fig 4.1). Polyols decrease water entropy in the 

first hydration shell and more significant effects are observed as the polyol size increases. These 

interactions indirectly protect the protein from thermal unfolding by offering a shielding effect.[247] 

Certain osmolytes act as denaturants by promoting protein unfolding through van der Waals 

interactions.[103,248–250] Conversely, specific osmolytes, such as trimethylamine N-oxide, act as 

protectants, aiding proteins to fold into a stable native conformations through electrostatic 

interactions.[103,249–251] In case of α-syn, protectant osmolytes play a role in promoting the adoption 

of an intrinsically disordered conformation which is regarded as a stable native state for this 

protein.[252,253]

 

Fig. 4.1. Effect of osmolytes: Stabilizing osmolytes (brown diamonds) promote the close-packing of 

ordered water molecules around the protein (green wire) with minimal direct interaction between the 

osmolyte and the protein known as preferential hydration. Destabilizing osmolytes (red triangle) exclude 

water from the protein's surface and form clusters of osmolytes that have direct interactions with the protein 

referred as preferential interaction. 

4.2.1 Osmolytes in protein aggregation 

During the process of protein aggregation, initially misfolded or intrinsically disordered 

proteins come together to form oligomers. These oligomers can subsequently grow and organize 

into well-structured aggregates called amyloid fibrils, characterized by their abundance of β-sheet 

structures (as described in section 1.3).[254,255] Procuring insights into the mechanisms of protein 

aggregation and the formation of amyloid fibrils is essential for comprehending the development 

of neurodegenerative diseases and devising therapeutic interventions. In the realm of protein 

aggregation, molecular dynamics (MD) simulations is a valuable tool for investigating the 
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interactions and assembly of misfolded or intrinsically disordered proteins into oligomers and 

fibrils.[256,257] Through the application of fundamental principles of physics and the utilization of 

force fields, molecular dynamics simulations offer valuable insights into the dynamic behavior, 

folding, and unfolding of proteins, along with their interactions with other molecules.  

Notably, studies have reported strong interaction between methyl group of TMAO and the 

aromatic ring of Tyr residue in a short peptide sequence NNQQNY in its protofibril state. 

However, due to decrease in the accessibilty of Tyr in the folded or aggregated states, TMAO 

indirectly interacts with the amide backbone Asn and Gln residues and destabilizes these states. 

Thus, addition of TMAO promotes the protofibril state of the peptide.[258] Extensive MD 

simulation studies have been conducted on intrinsically disordered proteins, including Aβ protein, 

human amylin, tau protein, α-synuclein, and others.[259] Previous investigations have examined the 

impact of urea and TMAO on the conformational behavior of tau protein.[259–261] These studies 

revealed a population shift in the monomeric form of tau protein as a result of the influence of urea 

and TMAO.[259–261] Preferential interaction coefficient calculations are used to examine the 

hydration properties of α-synuclein. The results demonstrate that urea causes a significant 

displacement of water molecules from the protein surface where the displacement of water is less 

in the presence of TMAO. This disparity in behavior led to the formation of distinct extended and 

compact conformational ensembles in the presence of urea and TMAO, respectively.[253] By 

comparing the simulation results with experimental data, MD simulations can enhance our 

understanding of protein aggregation mechanisms at the atomic-level. This approach serves to 

complement and refine our knowledge. In the previous chapter, the revealed the inhibition of the 

fibrillation process in the presence of neural-osmoregulatory amino acids. To shed more light on 

the structural characteristics of α-syn and the potential regulatory role of specific amino acids and 

its derivatives in modulating the aggregation process of α-syn, MD simulation of the protein was 

carried out in the presence of Glu, Lys, and Gln in which the protein followed lag-dependent 

accelerated fibrillation kinetics, and in NAG in which the protein exhibited lag-independent 

accelerated fibrillation kinetics. Also, the MD simulations were performed in the presence of Arg 

and NAL which inhibited the fibril formation of the protein. The structures of these osmolytes are 

presented in Fig, 4.2. Interactions between the NTR and CTR domains and the loss of intradomain 

interaction in FC were identified as key factors accelerating the fibril formation of α-syn. 

Additionally, the preferential binding of AAs predominately via electrostatic interactions disrupted 



Structural insights of the α-syn-AA interaction. 

 

89 

 

interdomain interactions and lead to extended protein conformations which inhibited the 

fibrillation. 

4.3 Methods 

4.3.1 Conventional molecular dynamics (MD) simulation 

The monomeric α-syn structure was obtained from the Protein Data Bank 

(http://www.rcsb.org/ ) with PDB id: 1XQ8.[89] MD simulations were conducted using 

GROMACS package version 5.1.4[158] and the CHARMM27 force field[157]. To create the 

simulation environment, the protein was positioned within a dodecahedrane box and solvated with 

water molecules using the TIP3P water model. The system was subjected to energy minimization 

using the steepest descent algorithm. Subsequently, equilibration with NVT and NPT ensemble 

conditions for 1 ns each at 310 K and 1 atm pressure was perfomed. The temperature and pressure 

was maintained using V-rescale thermostat[159] and Parrinello-Rahman barostat,[160] respectively. 

A non-bonded interaction cut-off of 1.2 nm was applied. Following equilibration, production 

simulation was done for 100 ns. To study the effect of the selected osmolytes, Glu, Lys, Gln, Arg, 

NAG and NAL, a representative concentration of 0.5 M was used. To attain 0.5 M of 

concentration, required water molecules were replaced with cosolvents in the simulation box and 

the system was charge neutralized with appropriate counter ions (Table. 4.1.). The ternary systems 

of protein-water-cosolvent were simulated with the same conditions mentioned for the protein-

water system. The parameters for amino acids and their derivatives were obtained from 

CGenFF.[262,263] 

Fig. 4.2. Osmolytes selected for this study: (A) Fibrillation accelerating osmolytes: Glu (negatively 

charged), Lys (positively charged), and Gln (amide side chain) following lag-dependent kinetics and NAG 

(N-acetylated amino acid) following lag-independent kinetics. (B) Fibrillation inhibiting osmolytes: Arg 

(positively charged) and NAL (N-acetylated amino acid). The red, blue, gray, and white balls represent 

oxygen, nitrogen, carbon, and hydrogen atoms, respectively. 

http://www.rcsb.org/
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Table 4.1 Details of the MD simulation systems. 

System 

(with protein) 

Box volume 

(nm3) 

Number of water 

molecules 

Number of cosolvent 

molecules† 

Number of  

ions 

Water 3,968 1,29,436 -- 9 Na+ 

Glu 5,387 1,78,159 1,528 1,537 Na+ 

Arg 5,387 1,77,753 1,525 1,516 Cl- 

Lys 5,387 1,78,277 1,525 1,516 Cl- 

Gln 5,387 1,80,580 1,527 9 Na+ 

NAG 5,387 1,77,994 1,527 3,063 Na+ 

NAL 5,387 1,81,205 1,524 9 Na+ 

†-Corresponding to the concertation of 0.5 M. 

4.3.2 Preliminary analysis 

Root means square deviation (RMSD) of Cα-atoms of the protein and solvent accessible 

surface area (SASA) were computed for full length (FL) and fibril core region (FC) of α-syn using 

gmx_rms and gmx_sasa modules in GROMACS, respectively. The RMSF (root mean square 

fluctuation) of residues and the radius of gyration (Rg) of FL protein were calculated using the 

gmx_rmsf and gmx_gyrate modules, respectively. Distances between different regions of α-syn 

(referred as H1, H2, and CTR in Fig 1.4) were determined using the gmx_distance module. The 

contact maps, showing the average distance between the residues during simulation, were obtained 

using the gmx_mdmat module with a distance cut-off of 1.5 nm. The radial distribution function 

(RDF) of water oxygen atoms around the protein's heavy atoms was evaluated using the gmx_rdf 

module. RDF for amino acids (AAs) around the protein were derived by considering the heavy 

atoms of the AA against the protein's heavy atoms. RDFs were calculated for three different 

regions of α-syn, NTR, FC, and CTR. The secondary structural contents were analyzed using the 

DSSP module in VMD.[166] The non-covalent interaction energy between the AAs and the residues 

in α-syn was defined as the sum of L-J potential and coulombic interaction energy. These values 

were calculated using gmx_energy module after generating separate energy groups for AA and 

protein. All the analysis except RMSD were performed for last 60 ns of trajectories. 
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4.3.3 Preferential interaction 

To examine the distribution of water and AAs around the protein, the number density 

analysis was performed using the last 60 ns of the trajectory. The gmx_select tool was utilized 

with distance cut-offs of 0.28 nm, 0.4 nm, and 0.6 nm from the protein surface defining them as 

the first, second and third hydration shells, respectively. This analysis aimed to gain insights into 

the spatial arrangement of cosolvents and water molecules around the protein. To investigate the 

preferential interaction of the cosolvent three distinct parameters were evaluated. 

4.3.2.a. Hydration coefficient (χhyd) 

For each hydration shell, the hydration fraction was determined by calculating the ratio 

between the fraction of water molecules and AAs within the specified cut-off distance, which can 

be defined as 

𝜒ℎ𝑦𝑑 =
⟨𝑛𝑤⟩/𝑁𝑤

𝑡𝑜𝑡

⟨𝑛𝐴𝐴⟩/𝑁𝐴𝐴
𝑡𝑜𝑡        (4.1) 

where 𝑛𝑤and 𝑛𝐴𝐴 are average number of water and AA molecules within the given cut-off during 

the last 60 ns of trajectory, while 𝑁𝑤
𝑡𝑜𝑡and 𝑁𝐴𝐴

𝑡𝑜𝑡 are the total number of water and AAs in the 

system. 

4.3.2.b. Partition coefficient (Kp) 

The local-bulk partition coefficient is inversely proportional to the hydration fraction[264] 

which can be calculated as 

𝐾𝑝 =
⟨𝑛𝐴𝐴⟩/𝑁𝐴𝐴

𝑡𝑜𝑡

⟨𝑛𝑤⟩/𝑁𝑤
𝑡𝑜𝑡         (4.2) 

where Kp > 1 would indicate that the accumulation of cosolvents around the protein is more 

compared to the bulk concentration. This analysis was conducted using the last 60 ns of the 

trajectory for all the three hydration shells of the protein. 
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4.3.2.c. Preferential interaction coefficient (ΓP-AA) 

Preferential interaction coefficient provides a quantitative measure for the selective binding 

or exclusion of a cosolvent relative to water molecules around a protein in a ternary system 

consisting of a solute (protein), solvent (water), and cosolvent. It explains the degree to which the 

cosolvent exhibits a preference for interacting with the protein, either by binding closely to it or 

by being excluded from its vicinity compared to water molecules.[265] Preferential interaction 

coefficients of AAs with α-syn were calculated using following equation.[104] 

𝛤𝑃−𝐴𝐴 = 𝜌𝐴𝐴(𝐺𝑃−𝑤(𝑟) − 𝐺𝑃−𝐴𝐴(𝑟))     (4.3) 

where 𝜌𝐴𝐴 is number density of AAs in bulk solution and was evaluated as number of AA 

molecules over the volume of simulation box. Here, 𝐺𝑃−𝑤(𝑟) and 𝐺𝑃−𝐴𝐴(𝑟) are Kirkwood-buff 

integrals (KB integrals) for protein-water and protein-AA, respectively that was calculated at every 

0.02 nm cutoff as, 

𝐺(𝑟) = ∫ 4𝜋𝑟2(𝑔(𝑟) − 1) 𝑑𝑟
𝑟

0
       (4.4) 

where, (g(r)) refers to the integrated RDF values at the intervals of 0.02 nm up to the cut-off 

distance of 1 nm. A positive value of 𝛤𝑃−𝐴𝐴 indicates the presence of favorable binding between 

AAs and the protein surface. 

4.3.4 Cosolvent clustering 

In order to gain insights into the differences in the distribution of AAs around the protein, 

the clusters of AAs formed on the protein surface was analyzed. The last 60 ns of the trajectories 

consisting of 3000 frames were selected for each α-syn-AA simulation. A distance matrix was 

generated by calculating the distance between Cα-atom of each cosolvent in the simulation system. 

The distance matrix was converted into an adjacency matrix with a condition that the distance 

between two amino acids was less than or equal to 0.85 nm then the entry is one, otherwise zero. 

This was done using reshape2 and MASS libraries in R-studio. Based on this, interaction network 

was constructed such that each amino acid was considered as a node and the AAs within 0.85 nm 

distance from each other were connected with an edge. Using the igraph library, the edges were 
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categorized into different clusters of AAs. Subsequently, these clusters were categorized into four 

groups based on the number of AAs in the cluster. Small, medium, and large clusters were defined 

as having 4 to 10, 11 to 25, and 26 to 50 AAs, respectively. The largest clusters, which comprised 

of 50-150 AAs were referred as macro-clusters. To reduce the dimension of betweenness centrality 

of nodes in large and macro clusters, nodes with at least three edges were considered to be a part 

of a cluster. 

4.4 Results 

4.4.1. Global analysis 

In order to gain a comprehensive understanding of the overall conformational changes in 

α-syn throughout the trajectory, RMSD of Cα atoms were calculated using the respective initial 

conformations as reference (Fig. 4.3 A-D). The RMSD analysis revealed that α-syn in water 

exhibited an average deviation of 3.32 ± 0.76 nm for the full-length (FL) protein while the fibril 

core (FC) region alone showed an average RMSD value of 1.64 ± 0.37 nm. When 0.5 M of 

different cosolvents such as Glu, Arg, Lys, Gln, NAG, and NAL were present in the system, the 

RMSD values were reduced and the average RMSDs over the complete trajectory were observed 

to be 2.82 ± 0.60 nm, 3.09 ± 0.78 nm, 2.89 ± 0.43 nm, 2.81 ± 0.63 nm, 2.26 ± 0.41 nm, and 2.78 

± 0.66 nm, respectively. The RMSD values of FC region in these cosolvents were 0.75 ± 0.08 nm, 

0.77 ± 0.13 nm, 0.79 ± 0.11 nm, 0.62 ± 0.11 nm, 0.71 ± 0.08 nm and 0.79 ± 0.15 nm, respectively. 

Further, to identify the regions of α-syn with significant fluctuations, we calculated the RMSF of 

Cα atom of each residue for the FL protein (Fig. 4.3 E and F). It was observed that α-syn in the 

presence of Arg, Gln, and NAL exhibited the highest fluctuations in the N-terminal region (NTR). 

In contrast, fluctuations around FC region were higher in the presence of Arg, NAG, and NAL 

specifically at the hinge region between NTR-FC or FC-CTR. The C-terminal region (CTR) 

consistently showed the highest fluctuations in all systems, since it naturally lacks any ordered 

structure.[266] Moreover, in the absence of any cosolvents, α-syn showed larger fluctuation in NTR 

and CTR. Also, FC of α-syn displayed more fluctuation in the HPR3 and HPR5 regions, as 

described in Fig. 1.4. 
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The solvent accessible surface area of α-syn in all the systems was analyzed for the FL and 

FC regions of the protein (Fig. 4.4). The FL-SASA values revealed that NAG had the highest 

solvent accessibility, measured to be 143.24 ± 2.51 nm2. This was followed by NAL and Arg, with 

the values of 138.54 ± 3.14 nm2 and 137.51 ± 3.85 nm2, respectively. On the other hand, Glu, Lys, 

and Gln exhibited similar FL-SASA values as 111.20 ± 3.67 nm2, 119.43 ± 4.67 nm2, and 113.12± 

2.88 nm2, respectively. The SASA of the protein in the absence of any cosolent was 119.38 ± 5.39 

nm2.  

Fig. 4.3. Root mean square deviation (RMSD) of Cα atoms of full length protein (A-B), only fibril core 

residues, V37-D98 (C-D). Root mean square fluctuation (RMSF) of FL (E-F) of α-syn in the absence 

(black) and in the presence of 0.5 M of cosolvent. Right side panels represent the presence of Glu (red), 

Arg (blue) and Lys (green), while left side panels represent Gln (purple), NAG (orange) and NAL (light 

green). The vertical lines in panels, E and F, separates α-syn into N-terminal region (NTR, residues 1-36), 

fibrillar core (FC, residues 37-98), and C-terminal region (CTR, residues 99-140). 
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The FC-SASA values of α-syn in the presence of Glu, Lys, Gln, NAG, and NAL displayed 

similar values, ranging from 61.86 ± 1.07 nm2 to 63.06 ± 1.29 nm2. Arg exhibited slightly lower 

SASA of FC region with a value of 58.53 ± 2.21 nm2, whereas in the absence of cosolvents the FC 

region of α-syn showed  the lowest SASA value, 54.70 ± 1.94 nm2.  

 

Fig. 4.4. Solvent accessible surface area (SASA) of FL (A-B) and only FC region (C-D), and radius of 

gyration, Rg (E) of α-syn in water (black) and in 0.5 M of amino acids, Glu (red), Arg (blue) and Lys 

(green), Gln (purple), NAG (orange) and NAL (light green).  

The higher SASA of α-syn in the presence of Arg, NAG, and NAL complemented with the 

higher values of radius of gyration (Rg) of the protein (Fig. 4.4 E) in the presence of Arg (3.52 

±0.38 nm), NAG (3.44 ± 0.12 nm), and NAL (3.24 ± 0.17 nm). In contrast, the absence of cosolvent 

led to the lowest radius of gyration (Rg) value, 1.89 ± 0.081 nm. This indicated a more compact 
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conformation of the protein due to the limited solvent accessibility of the FC region. When α-syn 

was exposed to 0.5 M concentrations of Glu, Lys, and Gln, it had slightly increased Rg values, 

ranging from 2.45 ± 0.19 nm to 2.62 ± 0.12 nm.   

 

4.4.2. Surface solvation of α-syn  

Intrinsically disordered proteins (IDPs) are sensitive to their surrounding solvent 

environment[118,119]. This was evident in our initial analysis where significant differences in 

RMSD, Rg, and SASA were observed. These variations can be attributed to the differences in the 

interactions of solvent and cosolvents in the hydration shells surrounding α-syn, thus, leading to 

substantial alterations in the protein's conformation. Thus, the distribution of water and amino 

acids around the protein was analyzed using different parameters.  

4.4.2.a Radial distribution function 

RDF has been widely used by computational biologists to gain insights into atomic 

interactions between protein-water and protein-cosolvent systems[267]. The RDF illustrates how the 

density of surrounding molecules changes as a function of distance. An increase in the RDF peak 

indicates a higher number density of neighboring molecules. Initially, the RDF of water molecules 

around the protein in the absence of any cosolvent was analyzed (Fig. 4.5 A). The RDF plot showed 

the first maximum at 0.28 nm. This is commonly associated with tetrahedrally oriented water 

molecules around the heavy atoms of proteins.[268] In the presence of various AAs, the RDF values 

exhibited distinct peaks corresponding to the first, second, and third hydration spheres at 0.28 nm, 

0.40 nm, and 0.6 nm, respectively that are referred as shell1, shell2, and shell3. The RDF values 

for water in all three hydration shells were highest in the protein-water system compared to systems 

containing AAs. The RDF plots for the cosolvents around the FL-protein, NTR, FC region and 

CTR were also evaluated (Fig. 4.5 C-J). The RDF values were particularly elevated in the presence 

of Arg, NAG, and NAL. The higher RDF values in the presence of Arg were mainly due to its 

increased presence around CTR region, whereas NAG and NAL exhibited similar distribution 
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Fig. 4.5 Radial distribution function of (A-B) oxygen atoms of water around the heavy atoms of α-syn, (C-

D) heavy atoms of cosolvent around the heavy atoms of the protein. The RDF of amino acids around NTR, 

FC, and CTR regions of α-syn are shown in (E-F), (G-H), and (I-J), respectively. Right side panels represent 

the presence of Glu (Red), Arg (blue) and Lys (green), whereas left side panels represent the presence of 

Gln (purple), NAG (orange) and NAL (light green). The insets show the distribution of water or cosolvent 

reaching the value 1 suggesting that the RDF is complete. 
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across the protein. Lys demonstrated the least RDF value for FL α-syn, while Glu and Gln 

displayed similar behavior around the protein hydration shells. 

4.4.2.b Distribution of water and AAs around α-syn 

The RDF analysis of water and AAs revealed significant differences in the vicinity of α-

syn which were evident from the changes in Rg and SASA values as well. The average number of 

water and AA around the protein were calculated (Fig. 4.6. A and B). Higher number of water 

molecules around α-syn in only water, Arg and NAG were observed. In presence of Lys, the 

number of water molecules were higher for the first hydration shell of the protein, but decreaseed 

with the increase in distance. However, number of AA around the protein were also significant in 

presence of Arg, NAG and NAL. α-Syn exhibited a range of compact to extended conformations 

(Fig. 4.6 E-G), which could influence the distribution of AA and water molecules around the 

protein.  

Fig. 4.6. The number of water (A) and amino acid (B) molecules in the first, second and third hydrations 

shell of α-syn and the number of water (C) and AA (D) molecules per solvent-exposed surface area of the 

protein in water (black) and in the presence of Glu (red), Arg (blue), Lys (green), Gln (purple), NAG 

(orange) and NAL (light green). Representative (E) compact, (F) closely-packed, and (G) fully-extended 

conformations of α-syn obtained from the simulation of the protein in the presence of different AAs. Blue, 

green and pink colours represent NTR, FC and CTR, respectively. 

 

To evaluate the number of solvent and cosolvent molecules interacting with the surface 

exposed region of the protein, the molecules occupied per solvent-exposed surface area was 

calculated (Fig. 4.6 C and D). The number of water around the exposed surface of protein was 

higher for only water, Glu, Lys and Gln, whereas it decreases in presence of Arg, NAG and NAL. 
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The decrease in the number of water molecules was complemented with the higher amount of Arg, 

NAG, and NAL occupied in all three solvation shells of the protein compared to Glu, Lys, and Gln 

molecules. This suggested that the density of cosolvents in the vicinity of α-syn varies for different 

amino acids and they might stabilize different conformational states in the protein.  

4.4.2.c Hydration coefficient and partition coefficient 

To investigate the solvation effects on α-syn, the hydration coefficient (χhyd) and partition 

coefficient (Kp) were calculated using Eqn. 4.1 and 4.2, respectively. These coefficients describe 

the proportional variation in density between the solvation shells and the bulk for water and 

cosolvent, respectively. They generally exhibit an inverse relationship for protein-cosolvent 

systems (Fig. 4.7). Hydration fraction of α-syn was found to be higher in the presence of Glu, Lys, 

and Gln compared to Arg which had larger χhyd values than NAG and NAL. On the other hand, the 

partition coefficients of the AAs showed an opposite trend with highest Kp values for Arg followed 

by NAG and NAL, whereas in the presence of Glu, Lys, and Gln the Kp value was reduced. As the 

distance from the protein increases the partition coefficient decreases indicating a stronger 

interaction of AAs in the first and second hydration shells (Fig. 4.7). Further, the solvent and 

cosolvent distribution around three distinct regions (NTR, FC, and CTR) of the protein was 

analyzed to understand the region-specific interactions of AAs (Fig 4.7 B-H). Glu, Lys and Gln 

showed higher χhyd for the amphipathic regions NTR and FC, and Arg had higher χhyd values in FC 

region than other regions, whereas the hydration coefficient of NAG and NAL was less across all 

the regions of the protein. The partition coefficient was highest for NAG and NAL in the NTR and 

FC regions whereas Arg showed higher Kp values for CTR. Glu, Lys and Gln showed less Kp 

values across the protein compared to other three AAs. In all the cases, the Kp values were found 

to be above one suggesting that the density of AAs near the protein surface was higher than the 

bulk. However, the extent of increased density around the protein significantly varied among the 

AAs.   
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 Fig.4.7 (A-D) Hydration fraction (χhyd) calculated using Eqn. 4.1 and (B) partition coefficient (Kp) 

calculated using Eqn. 4.2 for the first, second and third hydrations shells of the protein. The first, second 

and third hydration shells are considered to be at the distance of 0.28 nm, 0.4 nm and 0.6 nm from the 

protein surface, respectively based on the RDF plots shown in Fig. 4.5. (A and E) present χhyd and Kp for 

FL α-syn and (B-D and F-H) present χhyd and Kp for NTR, FC and CTR of α- syn. 

4 .4.2.d Preferential interaction coefficient  

 A low χhyd and high Kp values indicate a high affinity or direct interaction of AAs with the 

protein by excluding water from the surface of protein.[104,269] This is known as preferential 

binding. To gain more quantitative understanding of the preferential interaction of AAs with α-

syn, preferential interaction coefficient was calculated using Eqn. 4.3 (Fig 4.8 A-D). The plots 

demonstrated that all the AAs exhibited preferential binding to FL α-syn, with the order of 

preference as Arg > NAL > NAG > Lys > Glu > Gln. Lys showed preferential hydration for the 

NTR and FC regions, which corroborates with low Kp values and high χhyd values. However, it 

displayed high   preferential binding with the CTR region. The AAs which inhibit the fibrillation 

of α-syn, Arg, and NAL, exhibited a strong preferential binding across all three regions of α-syn. 

For the NTR region, the order of preferential binding was NAL ≈ Arg >NAG >Glu >Gln, while 

for the FC region, it was NAG ≈ NAL >Arg >Gln >Glu. 



Structural insights of the α-syn-AA interaction. 

 

101 

 

 

 Fig.4.8. Preferential interaction coefficient for different AAs, Glu (red), Arg (blue), Lys (green), Gln 

(purple), NAG (orange) and NAL (light green) for (A) FL,  (B) NTR, (C) FC and (D) CTR of α-syn derived 

from Eqn. 4.3  

4 .4.3 Dynamics of Cosolvent 

Earlier studies on protein-osmolyte interactions have suggested formation of molecular 

assemblies of osmolytes on the surface of proteins.[105,243,253,258] A significant amount of formation 

of clusters of AAs on the protein was noticed in the present study as well.  The dynamics of these 

assemblies on the protein surface was examined. To distinguish the cluster formation of AAs on 

the protein surface from their inherent nature to form small aggregates,[242,270]  MD simulation of 

0.5 M of each AA in the absence of the protein was also performed. The distribution of clusters 

and the number of each type of clusters, small, medium, large, and macro, were calculated (Fig. 

4.9). 

In the absence and presence of α-syn, the formation of small and medium-sized clusters 

was similar for Arg, Gln and NAL. Glu formed more number of medium clusters in the presence 

of α-syn by loss of small-sized clusters. The number of both small and medium clusters of NAG 

were reduced, but it formed a macro-sized cluster in the presence of the protein. Lys forms only 

small-sized clusters and the number of clusters were slightly reduced with the addition of protein. 

A small fraction of large clusters was observed only for NAG both in the absence and the presence 

of α-syn. NAL formed a macro-sized cluster only in the presence of α-syn without much changes 

in the number of small and medium-sized clusters. For all the amino acids, the number of small 

clusters are more than the medium or large clusters. An intriguing observation was the formation 

of a single macro-cluster by NAL comprising 65 AAs that completely covered the NTR region of 

α-syn (Fig. 4.9 B). Unlike NAL, NAG formed seven macro-clusters, one of which formed on the 

complete surface of α-syn and hinder the long-range interaction within the protein (Fig. 4.9 C). 
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Fig.4.9. (A) Distribution of clusters formed by different AAs for system without α-syn (as empty bar) and 

with α-syn (as filled lined bar). Formation cluster and their distribution analysis is described in section 

4.3.4. Representative macro-cluster of (B) NAL formed on NTR and (C) NAG on the FL α-syn. NTR, FC 

and CTR of α-syn are shown as blue, green and pink respectively and AAs are shown as grey coloured 

sticks. (D) Interaction energy of AA-FL α-syn where L-J potential (dark cyan) and coulombic interaction 

(Coul) energy (pink) contribution is presented of each system. 

 

To analyze the energetics of interactions between the AAs and α-syn, the non-covalent 

interaction energies were calculated (Fig.4.9 D). Notably, the amino acids inhibiting the protein 

fibrillation, Arg and NAL, exhibited exceptionally high coulombic (Coul) interaction energy with 

α-syn compared to other AAs. Lys also displayed high coulombic energy; however, as shown in 

Fig. 4.8 (B-C), this can be attributed to the preferential interaction of Lys with the CTR region of 

α-syn rather than the FC region. In case of NAG and NAL, a significant contribution of L-J 

potential was observed indicating the presence of non-polar interactions. In the case of NAL, the 

interaction energies might be due to its high polarity and binding affinity on the FL the protein 

whereas NAG due to its negative charge exhibited less affinity towards CTR region (Fig. 4.8) 

NAG had significant interactions with NTR and FC regions that are amphipathic with KTKEGV 

repeat domains and formed a macro cluster holding the NTR and FC regions of α-syn. 
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4 .4.4 Conformational characteristics of α-syn in presence of AA 

 4.4.4 a Contact index  

Fig. 4.10. The center of mass (COM) distance between (A-B) H1and H2, (C-D) H1 and CTR and, (E-F) 

H2 and CTR calculated for the last 60 ns of the simulation trajectories. Right side panels (A, C and E) 

represent the presence of Glu (red), Arg (blue) and Lys (green) while left side panels (B, D and F) represent 

the presence of Gln (purple), NAG (orange) and NAL (light green). The black lines present the distance 

changes in the absence of any AA.  

The interaction between the different regions of α-syn determines its fibrillation propensity. The 

formation of clusters by the AAs on the surface of α-syn had a significant influence on the contacts 

between different regions and leading to the adoption of various conformations. The interaction 

between helix-1 (H1: V3-G37), helix-2 (H2: T45-T92), and CTR (Q99-A140) was analyzed by 

measuring the distance between the center of mass (COM) of the residues in these regions. The 
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analysis was done for the last 60 ns of the simulation trajectories (Fig. 4.10). The distance between 

H1 and H2 of α-syn increased in the order: Gln < Glu  ≈ Lys ≈ in water < NAG < NAL < Arg. The 

distance between H1 and CTR of α-syn had larger fluctuations due to the disordered nature of 

CTR. The average distance, however, showed similar trend: Gln≈ Glu  ≈ Lys ≈ in water < NAL < 

NAG < Arg. The distance between H2 and CTR also had larger fluctuations. In the absence of 

AAs, α-syn exhibited compact conformations as evidenced from the minimal difference in distance 

between the regions. Conversely, in the presence of Arg, NAG, and NAL, the distance between 

the regions were higher suggesting the possibility of extended conformations. Notably, in the 

presence of NAG, the distance between H1 and H2 was considerably large and remained stable 

throughout the trajectory which can be attributed to the formation of a macro-cluster of NAG 

molecules between these helices (Fig. 4.9 C). 

Further, the contact maps were constructed for FL protein (Fig. 4.11) that complemented 

the above observations. In the absence of AAs, α-syn exhibited a high number of contacts between 

FC and CTR, involving both intra-region and inter-region interactions. AAs that accelerated α-syn 

fibrillation in a lag-dependent manner, Glu, Lys, and Gln, showed stronger interactions between 

NTR and FC regions. However, the AAs that accelerated fibrillation in a lag- independent manner 

did not exhibit any significant contacts between NTR, FC and CTR of α-syn. NAL and Arg, that 

inhibit the fibrillation, did not show any interaction between NTR and FC, but showed possible 

interactions between RTD5 from FC and Q99 to Q109 of CTR. 

4.4.4 b Secondary structural changes  

The secondary structure analysis was conducted to investigate the impact of AA molecules 

on the secondary structure of α-syn. In the absence of any cosolvent, α-syn adopted a highly 

compact conformation with a loss of helicity in the HPR5 region of FC resulting in a separation of 

H2 into two helices and the disruption of the helical structures from HPR2 to HPR3 (Fig. 4.11A). 

A transient loss of helicity in HPR5 and HPR6 was observed in the presence of Glu and Lys 

whereas in the presence of Gln and NAG there were minimal changes observed in the secondary 

structure of α-syn. Arg and NAL induced an extended conformation of α-syn with a notable loss 

of helicity in the H2 region.  
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Fig. 4.11 The contact maps between the residues in α-syn (upper panels) and the secondary structural 

changes (lower panels) of the protein in the absence of AAs, (A) and in the presence of Glu (B), Lys (C), 

Gln (D), NAG (E), NAL (F) and Arg (G) during the last 60 ns of MD simulations. The color codes for 

distance map is given in the bar. 

4.5 Discussion 

 Investigating the mechanism of α-syn fibrillation in presence of various osmolytes and 

crowding agents using different spectroscopic and computational methods aids in understanding 

the interactions dictating the structural transitions and in strategizing therapeutics for 

synucleinopathy. Here, residue-level interactions and dynamics of α-syn in the presence of L-

amino acids involved in neural osmoregulatory is analyzed and their influence on the fibril 

formation of the protein, experimentally studied in the previous chapter, is examined. Three 

different effects of AAs on α-syn fibrillation is mainly observed: (i) acceleration of fibrillation 

with lag-dependent mechanism, (ii) acceleration of fibrillation with lag-independent mechanism 

and (iii) inhibition of fibrillation.  
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Fig.4.12 Representative structures of α-syn from molecular dynamics simulations: At the center NMR-

resolved structure of α-syn from protein structure database (PDB ID:1XQ8) and α-syn in only water from 

MD simulation. Left side panels have α-syn structures in presence of AAs that inhibit fibrillation, Arg and 

NAL. Right side panels have AAs that accelerate fibrillation with lag-dependent (Glu, Lys and Gln) or lag-

independent pathway (NAG). NTR, FC and CTR of α-syn are shown as blue, green and pink, respectively. 

4.5.1 AAs accelerating fibrillation with lag-dependent mechanism 

 In the presence of Glu, Lys and Gln, the fibrillation of α-syn is accelerated, but without 

altering the lag-dependent pathway. In these AAs, α-syn exhibits significant interactions within 

NTR and FC (Fig. 4.10 and 4.11). A representative conformation of the protein in these AAs are 

presented in Fig. 4.12. Gln disrupts long-range interactions between the C-terminal region (CTR) 

and NTR or FC of α-syn (Fig. 4.11). Gln demonstrated preferential hydration around α-syn up to 

0.42 nm, except for the FC region (Fig. 4.8), which is primarily composed of hydrophobic amino 

acids. However, the hydrophobic interactions between the two chains of α-syn in the HPR5 (V71-

V83) region may compete with the week interaction of Gln and might result in the early fibrillation 

of α-syn. On the other hand, Glu and Lys display preferential interactions with the NTR and CTR 

regions, respectively, owing to their charges. This led to a transient loss of helicity in the HPR5 

and HPR6 regions of H2 enabling access of HPR5 between two chains and promoting fibril 
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formation. Notably, a compact conformation with significant intra-region interactions in the FC 

region is observed in the absence of any AAs indicating the necessity for additional structural 

transitions to access HPR5 between two chains of α-syn. 

4.5.2 AAs accelerating fibrillation with lag-independent mechanism 

 NAG, as observed in Fig. 4.9C, forms a macro-cluster around H1 and H2 regions of α-syn. 

It exhibits preferential hydration around the CTR region up to 0.42 nm primarily due to the 

negative charge. Additionally, NAG interacts with both NTR and FC regions of α-syn (Fig. 4.8). 

Despite its negative charge, NAG's interaction with α-syn is mainly driven by non-columbic 

interaction (Fig. 4.9) where water molecules might screen the charge-charge repulsion between 

NAG molecules and facilitate a tight packing to form macro-clusters (Fig. 4.9C). This 

conformational arrangement leads to the separation of H1 and H2 at the distance of ~2 nm (Fig. 

4.10B). Although NAG and α-syn shows strong L-J potential, it might be easily replaced by 

stronger hydrophobic interactions formed between two HPR5 regions of two α-syn chains. Due to 

NAG's interactions with water molecules, it breaks water network around the protein and create 

hydrophobic environment which may guide the association of polypeptide chains. As the 

concentration of NAG increases, the charge-charge repulsion intensifies, requiring a greater 

number of water molecules to hold NAG in place. Consequently, the distance between NAG and 

α-syn might increase that leading to faster fibrillation.  

4.5.3 Fibrillation inhibiting AA with α-syn 

Arg and NAL inhibit the fibrillation of α-syn. Structural characteristics of α-syn in presence 

of inhibitory AAs is similar to the intermediate IC3 of helical conformational pathway 

demonstrated in the Chapter 2 except for the long-range interaction of NTR and CTR shown in 

Fig. 4.13. In the presence of these AAs, the distance between NTR and FC regions of α-syn become 

longer whereas significant interactions between RTD5 from FC and Q99 to Q109 region of CTR 

is notable (Fig. 4.11 and 4.12). Arg is known to interact with aromatic residues through cation-π 

interactions and form salt bridges with charged residues on proteins.[242,270] The self-clustering 

behavior of Arg limits protein-protein interactions and inhibits fibrillation in many globular 

proteins.[271,272] Similar effect observed for Arg in the case of IDP as well. A high Coulombic 
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interaction energy raising due to a strong binding of these amino acids across all three regions of 

α-syn is observed. NAL has the highest affinity for NTR region, as indicated by its highest Kp 

value and lowest hydration fraction, and it forms clusters on this region (Fig. 4.7). Both Arg and 

NAL form small and medium-sized clusters that engage in high electrostatic interactions (Fig. 

4.9D) with the protein, thereby inhibiting the hydrophobic interactions between the FC regions of 

two α-syn chains.  

 

Fig.4.13 Representative structures of α-syn from MD simulation in presence of fibril-inhibiting AAs 

aligned with the intermediate IC3 (gray) from helical-conformation pathway (Chapter2). NTR, FC and CTR 

of α-syn in presence of (A) Arg and (B) NAL are shown as blue, green and pink respectively. Cyan and 

orange colour balls represents NTR and CTR respectively. 

4.5.4 Molecular interactions and fibrillation propensity 

 Monomeric α-syn in a pure water system adopts a compact conformation characterized by 

a ternary contact between NTR, CTR, and FC regions. This compact structure has been previously 

identified as a fibril-prone conformation of α-syn in a pure solvent condition.[125,127,134] In chapter 

2, the transition of α-syn from its monomeric state to fibrillar structures was studied which also 

suggested the same. In this chapter, the factors that determine the acceleration or inhibition of α-

syn fibrillation in presence of AAs was studied. It is observed that two key features play significant 

roles in the α-syn-AA system. Firstly, the conformational changes in α-syn induced by the AAs. 

The interdomain interactions between NTR and FC regions and the absence of intradomain 

interactions within FC region are associated with the acceleration of fibrillation. Conversely, the 



Structural insights of the α-syn-AA interaction. 

 

109 

 

lack of interaction of NTR with other regions of the protein along with loss of helicity in the H2 

region and the interaction between RTD5 from FC with the residues in CTR particularly Q99- 

Q109 resulted in inhibition of fibril formation. Previous studies have also indicated that the highly 

dynamic nature of RTD5 in oligomers leads to the formation of amorphous aggregates.[273] Urea 

interacts with α-syn by forming H-bond and leads to extended conformation that inhibits 

fibrillation.[253,260]  

Secondly, the strength of interaction energy between AA and α-syn determines the 

competition between AA-protein and protein-protein interactions. If an AA exhibits preferential 

interaction with α-syn through strong Coulombic interaction energy, it inhibits α-syn fibrillation. 

In such cases, the AA effectively excludes water molecules from the protein surface due to the 

strong electrostatic interactions between the AA and α-syn, thereby inhibiting protein-protein 

interactions. Non-polar interaction of AAs with the protein surface induces a hydrophobic 

environment surrounding the protein leading to a fast phase separation and accelerated protein-

protein interactions. Earlier studies have highlighted the significance of hydrophobicity for fibril 

stability, as amyloid fibril elongation is generally associated with a negative heat capacity, which 

correlates with the buried hydrophobic surface area upon fibril formation.[274,275] Similarly in our 

observations, a stronger non-columbic interaction contribution (NAG > Gln > Glu > Lys) 

corresponds to shorter lag times (NAG < Gln < Glu < Lys, as shown in Chapter 3).  
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4.6 Conclusion 

 Structural change in monomeric α-syn induced by various AAs were generated by CMD 

and the behavior of AAs were analyzed using the theory of preferential interaction. Major 

structural characteristics accelerating the fibril formation of α-syn is found to be interdomain 

interaction between NTR and CTR and loss of intradomain interaction in FC induced by strong 

non-columbic interactions. On the other hand, preferential interaction of AAs with α-syn through 

strong electrostatic potential resulting in disruption of interactions between the domains and 

leading to extended conformations of the protein. These findings shed light on the specific non-

covalent interactions that play a crucial role in determining the fate of α-syn fibrillation and provide 

further understanding on the unique characteristics exhibited by different AAs in their interactions 

with α-syn. 
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Overall summary 

α-Synuclein (α-syn) forms amyloid fibrils which are the major constituent of Lewy bodies, a 

hallmark of Parkinson’s disease (PD) and many other neurodegenerative diseases.Due to 

experimental challenges in following the fibrillation mechanism of intrinsically disordered α-syn, 

concerted enhanced sampling methods (SMD, Umbrella Sampling and REMD) and conventional 

molecular simulations (CMD) were performed to characterize the intermediate structures in the 

fibril formation pathway(s). Nineteen distinct structures were obtained and arranged between 

monomer to fibril, based on their radius of gyration, solvent-accessible surface area, and secondary 

structure content to predict the fibril dissociation pathway. The analysis showed that the initial 

dissociation of the polypeptide chain from the fibril might follow either a compact-conformational 

pathway due to the presence of long-range interactions or an extended-conformational pathway 

that is stabilized by local interactions. These two pathways might converge after complete 

dissociation of the fibril and further follow a helical-conformational pathway to attain the 

monomeric structure. The overall analysis of the pathways suggests that the formation of β-turns, 

reorganization of salt bridges, and dihedral changes in the hydrophobic regions are the major 

driving forces for helix-fibril transition. Further, the structural features of some of the identified 

intermediates correlated with the earlier experimental and computational studies. This concerted 

approach helps to characterize the intermediate structures in the fibril formation pathway(s) of the 

intrinsically disordered protein that otherwise would be an impossible task with any single method. 

Also, understanding the interactions in these intermediates including solvation energies, and long-

range contacts might aid in designing anti-fibrillation agents. 

The high plasticity and lack of stable tertiary structure makes α-Syn highly susceptible to 

its surrounding environment. It is observed that α-syn aggregates in hyperosmotic stress caused by 

different osmolytes. It is also reported that charged amino acids and their derivatives (AA) are 

essential for neural cell volume in hyperosmotic stress. Therefore, the effect of charged amino 

acids (L-Glutamate, L-Aspartate, L-Lysine, and L-Arginine), amino acids with amide side chains 

(L- Glutamine and L-Asparagine), and N-acetylated amino acids (N-acetyl-L-glutamic acid and N-

acetyl-L-lysine) on the fibrillation of recombinant human α-syn was examined. Arg and NAL 

inhibited the fibrillation of α-syn at the concentrations above 0.2 M and 0.4 M, respectively. In the 

presence of lysine, aspartate, and glutamate, due to the shorter lag time, the protein attained the 
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fibrillar state earlier. NAG followed lag-independent α-syn fibrillation whereas Gln, and Asn 

exhibited concentration-dependent effects on α-syn fibrillation. Gln and Asn showed a decrease in 

lag time with an increase in their concentration resulting in acceleration of fibrillation kinetics. 

The elongation rate had an insignificant effect on the total fibrillation time Therefore, it may be 

stated that the effect of AA on α-syn fibrillation is predominantly due to their role on altering the 

initial lag time. 

Previous research has shown that osmolytes accumulate near proteins through preferential 

binding and contribute to enthalpic energy required for protein unfolding. In order to understand 

the molecular interaction between AA and α-syn, conventional MD simulations of α-syn were 

performed in the presence of 0.5 M of Glu, Lys, and Gln which showed lag-dependent accelerated 

fibrillation kinetics of α-syn. Additionally, MD simulation was performed in the presence of 0.5 

M of NAG that induced lag-independent accelerated fibrillation kinetics. To analyze the 

fibrillation inhibition effect by AAs, simulations with 0.5 M Arg and NAL were also carried out. 

AAs that accelerate fibrillation enhance contacts between N-terminal region (NTR) and the fibril 

core (FC), while lacking interactions within the FC. These AAs exhibit stronger non-columbic 

interactions with surface residues of α-synuclein (NAG > Gln > Glu > Lys), resulting in reduced 

lag time for fibrillation. Inhibitory AAs preferentially interact with α-synuclein through strong 

electrostatic energy, causing no contact between NTR and the other two domains of α-synuclein 

and leading to the formation of an extended conformation. 

Figure. A schematic representation of monomer to fibril transition pathway(s) of α-syn demonstrated 

in Chapter 2 (black arrows). Structural changes in monomeric α-syn in presence of fibril accelerating 

osmolytes (blue arrows) and inhibitory osmolytes (orange arrows). 
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