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“Perhaps a man really dies when his brain stops, when he loses the power to take in a new idea” 

George Orwell 
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1. Introduction 

1.1 Intrinsically disordered proteins involved in cellular functions 

and their impact on neurodegenerative diseases  

Folding of proteins into specific three-dimensional (3D) structures is fundamental for their 

biological functions.  

The mechanism of protein folding has been studied for more than 60 years and decoding its 

physical rules advanced considerably. Already in 1951, Pauling and Corey [1-3] predicted the 

precise arrangement of protein structure on the basis of hydrogen bonding pattern between 

certain amino acids designated as -helices and -sheets. Amino acid residues interact with 

each other through hydrophobic, electrostatic and van der Waals interactions, as well as the 

backbone angle preferences contribute to the complex folding process [4]. The distribution of 

the protein backbone dihedral angles, 𝜙 and 𝜓, can determine possible conformations in a 

protein structure: these torsion angles are measured in degrees, while 180° is equal to the most 

extended conformation. The phi-angle (𝜙) determines the conformation of the bond between N 

and C and controls the C’-C’ distance, while the psi-angle (𝜓) determines the bond between 

C and carbonyl atom C’ and controls the N-N distance [5, 6]. In general, the protein structure 

in native state is thermodynamically stable [7], but it is not necessarily the lowest free-energy 

state [8]. “Key residues” in the protein sequence are responsible for structure formation [9] 

which can be changed by post-translational modifications and point mutations of amino acid 

residues [10, 11]. Hydrophilic amino acids on a protein surface have higher entropy than if they 

are buried in a hydrophobic core.  

At the beginning of the 1970´s Anfinsen postulated that the three-dimensional protein structure 

is based only on its amino acid sequence and if proteins become unfolded they fold back and are 

“converted into a homogeneous product indistinguishable from native” protein [12]. However, 

the Anfinsen´s hypothesis needs to be extended by the fact that protein folding can be assisted 

by macromolecules (molecular chaperones) [13] and some proteins may fold into “wrong” but 

stable conformations such as tightly packed -sheet, amyloidogenic structures [14, 15]. There is 

evidence that aggregation can be initiated by a certain protein segment including hydrophobic 

amino acid residues, -sheet disposition and/or low net charge [16, 17]. The introduced 

precursor can rapidly aggregate, and once formed, the aggregates are highly stable because high 

energy is needed to dissociate them [18]. Aggregates can vary in structure and shape from 

unordered amorphous state to highly ordered fibrils called amyloid deposits [19, 20]. These 

deposits are insoluble in vivo [16] and form non-branching fibrils with a predominant cross--
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sheet conformation [14, 15, 21]. The formation of amyloid is one of the pathological protein 

misfolding processes. 

Many proteins follow the original sequence-to-structure-paradigm, which states that the 

function of a protein is entirely dependent on its 3D-structure. However, it has been found that 

many proteins or protein domains lack intrinsic structure although they exhibit proper function 

[22, 23]. These global or local disorders in the protein structure exhibit protein disorder as their 

native state and form a “unique protein category” [24] – the intrinsically disordered proteins 

(IDPs) [25]. Disordered proteins differ from ordered ones primarily in their amino acid 

composition. IDPs are enriched in polar, structure-breaking and disorder-promoting amino acids 

such as Arg, Gly, Gln, Ser and Lys, and depleted in may stabilize hydrophobic cores and 

therefore promote protein order. The amino acid composition of IDPs is characterized by low 

hydrophobicity and high net charge [26], tolerates the existence of open and exposed 

polypeptide chains, and correlates inversely with the -aggregation propensity [17]. The 

remarkable conformational flexibility and mobility of IDPs is based on their different backbone 

torsion angles, which allows rapid conversion into alternative structures [27]. This structural 

heterogeneity provides functional advantages and a large hydrodynamic volume. IDPs can 

undergo transition from disorder-to-order state upon interaction with a structured partner such 

as intrinsic globular proteins or membranes. But one binding event, which can be either 

transient or permanent, is not set to the absolute limit as proteins actually populate transitions 

between different forms such as a disorder-to-order transition [22]. There is also evidence that 

protein disorder may correlate with post-translational-modification sites such as 

phosphorylation [28].  

IDPs are common in all proteomes, and biocomputational approaches are used to predict and 

score the protein disorder among their amino acid sequence data in a given protein region. 

Several computational tools are freely available such as PONDR [29-32] 

(http://www.pondr.com), IUpred [33] (http://iupred.enzim.hu), FoldIndex  [34] 

(http://bip.weizmann.ac.il/fldbin/Findex) and DisEMBL [35] (http://dis.embl.de). A detailed 

description and review of protein disorder prediction methods has been published by Ferron et 

al. [36]. 

It has been shown that IDPs and globular proteins containing disordered domains (intrinsically 

disordered regions, IDR) are involved in various pathophysiological states such as cancer [28], 

cardiovascular diseases and type II diabetes, as well as in cellular aggregation processes [37-

39]. Aggregation has been implicated in the majority of human neurodegenerative diseases. The 

generic term, neurodegeneration refers to the loss of protein structure and neuronal function, 

protein conformational disorders or protein misfolding diseases, including diseases such as 

Alzheimer´s Disease (AD), epilepsy, multiple sclerosis, prion disease, Huntington´s disease and 

http://dis.embl.de/


Introduction 

 

3 | p a g e  

Parkinson´s disease (PD) [15, 37, 39-41]. Furthermore, neurodegeneration is associated with 

insoluble fibrils containing specific structural properties that lead to highly ordered amyloid 

states, reflecting precisely the contrary of protein disorder. The structural transformation of the 

IDP or IDR and/or destabilization of a flexible, native structure into an ordered and aggregation 

prone precursor has been suggested to be a key event [42]. The remarkable plasticity of 

disordered proteins should enable protein-protein interactions, which often play a crucial 

pathological role [43, 44]. Such interactions may be highly important in the process of drug 

development. Therefore the identification of binding/aggregation site(s) in the native protein 

provides a suitable strategy to screen for potential inhibitors in order to prevent the pathological 

amyloidogenic pathway. 

Several small molecules have already been found to interact with IDPs like the AD related 

peptide Amyloid-beta (A) [45]. Drugs implicated in the delay of disease progression and 

prevention of the effects in some behavioral symptoms is admitted to trading on market, e.g. 

cholinesterase inhibitors. Cholinesterase inhibitors inhibit the hydrolysis of the neurotransmitter 

acetylcholine in the brain and enable a symptomatic therapy but no neuroprotection and 

blockage of fibril and plaque formation. In contrast, a disease-modifying strategy would be the 

direct inhibition of Amyloid precursor protein cleavage and formation of the aggregation prone 

A(1-42) peptide. In 2013 a gamma-secretase modulator, which has been shown to selectively 

modulate gamma secretase, a key enzyme involved in the formation process of A(1-42), 

entered phase II clinical trial [46].  

There is a similar situation in the case of PD: at present there is no proven neuroprotective or 

aggregation-suppressing therapy. Since 2005, Rasagiline [47, 48] has been used to 

symptomatically treat Parkinson´s disease by irreversible and selective inhibition of the enzyme 

monoamine oxidase type B (MAO-B). The dopamine concentration in the brain, which plays a 

central role in Parkinson´s disease, is increased by the use of MAO-B inhibitors. A 

complementary strategy is the administration of dopamine agonists (e.g. Rotigotine [49]). 

Recently, small molecules such as curcumin [50] and phthalocyanine tetrasulfonate [51, 52] has 

increasingly been investigated as anti-amyloidogenic compounds having effects on the A and 

Synuclein self-oligomerisation, aggregation or degradation (anti-aggregation or pro-

degradation compounds, respectively). Lately published evidence has indicated that metabolites 

e.g. cholesterol metabolites can accelerate Syn fibrillation and conversely cholesterol lowering 

agents have been shown to reduce Syn accumulation [53]. Binding of small molecules such as 

synthetic peptides, followed by subsequent inhibition of fibril formation of the target molecules 

is known as might beta-sheet breaker strategy [54]. Within this thesis, the investigation of Syn 

structure during co-incubation with synthetic peptides as well as co-aggregation experiments 
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were performed in order to gain more information about the hitherto unknown aggregation in 

vitro process of human Syn. 

1.2 Chemistry of protein aggregation related to neurodegenerative 

diseases 

The genetic information of an organism may change spontaneously or as a result of exposure to 

endogenous and exogenous mutagens, process which is referred as to natural mutagenesis, and 

results in mutations. These mutations can lead to various heritable diseases. A single point 

mutation arises from a single nucleotide change in the genetic code of a protein and can be a 

change in an amino acid within the protein sequence. If a mutation occurs in a functional 

structured region of the protein, this mutation may change the protein conformation and its 

biological function through misfolding. Misfolding can be accelerated by inherited or 

spontaneous point mutations in the protein sequence, post-translational modifications (PTMs) 

(e.g. glycation, nitration), changes in the environmental conditions such as temperature, pH and 

oxidative radicals [55-60] or disruption of the degradation pathways. 

Protein homeostasis or ‘proteostasis’ controls the biogenesis, protein folding, trafficking and 

degradation, in order to maintain the cell and organism itself [61, 62] (Figure 1). The cellular 

system is continuously checking the protein quality and upon appearance of any protein 

abnormality defense mechanism will be activated and immediately implemented. The very first 

response includes chaperone recruitment in order to repair or refold the abnormal proteins. 

Further defense against misfolded proteins is provided by one of the three major degradation 

pathways that include proteasome/ubiquitin-system (UPS), chaperone-mediated autophagy 

(CMA) and macroautophagy. The proteasomal degradation benefits from the classical protein 

tag via ubiquitin which is indispensable for the transport to the proteasome itself and subsequent 

degradation process [63]. CMA contributes to the selective lysosomal degradation by targeting a 

peptide motif [64] in their sequence and further mediated to degradation [64, 65]. Both 

proteolytic systems can only handle soluble cytosolic proteins. If the altered intracellular 

structures adopt irreversible complex structures or bear pathogenic mutations or certain post-

translational modification, the protein is no longer amenable for degradation via proteasome or 

CMA, which leads to the up regulation of macroautophagy. This cellular defense pathway is 

capable of handling the removal of irreversible protein complexes [66, 67] that cannot undergo 

degradation. Failure to accomplish the removal of these altered proteins provides the basis for 

protein conformational disorders. These aggregates can interfere with the normal cellular 

trafficking [68, 69], thus leading to the disruption of the entire proteostasis and often resulting in 

cell death. The most toxic form of altered protein are complex organized protein structures such 

as amyloidogenic oligomers [70]. Aggregation-dependent disorders are usually those that affect 

the central nervous system and have been proposed to contribute to the pathogenesis of 
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neurodegenerative disorders [71]. Once the neurons are degraded no further replacement will be 

possible.  

 

Figure 1: Model of the cellular protein quality control and protein clearance system. Protein biosynthesis 

carried out by translating the protein transcript on (1) the ribosome-nascent polypeptide chain complex 

following by protein folding into (2) native state. Proteins can be altered by point mutations, PTMs or 

changes in the environmental conditions that lead to (3) protein misfolding. In the case of protein 

abnormality primarily chaperones are recruited in order to repair or refold these altered proteins. An 

impairment of the first defense mechanism arises, subsequently the altered proteins send to degradation, 

either to (4) CMA, based on peptide motif (red highlighted) recognition by the LAMP-2A receptor or (5) 

UPS, that requires the prior attachment of Ubiquitin-tag (orange full-filled circles). An impairment of 

CMA and UPS is recognized, the insoluble proteins send to degradation by (6) macroautophagy. Not even 

the macrophages have succeeded, intracellular (7a) amorphous and/or (7b) fibrillar aggregates are 

deposited in the cell. The figure is adapted from [62-68, 70, 72]. 

At the molecular level proteins can undergo a variety of PTMs. On the one hand PTMs are 

precise protein function modifiers and have impact on protein regulation. The imbalance of the 

PTMs is associated with neurodegenerative diseases [73]. For example, neuronal tau protein 

containing a multiplicity of phosphorylation sites in its native phosphorylation status regulates 

cytoskeletal plasticity [74]. The characteristic accumulation of highly phosphorylated tau is 

found in neurodegenerative diseases including Alzheimer´s disease [75]. The polyQ-Huntingtin 

protein itself is a phosphoprotein, which induces cellular stress signals and may activate the 

mitogen activated protein kinases (MAPKs) signaling pathway and thus initiate the 

phosphorylation of different substrates [76] and enhance toxicity.  
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Endogenous radical species such as nitric oxide (
●
NO), hydroxyl radical (

●
OH) and superoxide 

anion radical (
●
O

2-
) are important messenger molecules involved in signaling and regulation of 

inflammation and neurotransmission but can be cytotoxic in excess [77, 78]. Cellular protection 

of e.g. invading microorganisms induces generation of reactive oxidants, a process called 

oxidative stress.  

●
NO is enzymatically generated from Arg [79] and of high biological interest and due to the 

modification of proteins at Cys, Tyr, and Trp residues [78, 80]. 
●
NO may reacts to the product, 

peroxynitrite (ONOO
-
) with a pKa of 6.8 which is partially protonated at physiological pH, and 

therefore unstable and decomposes by formation of hydroxyl radical (
●
OH) and nitrogen dioxide 

radical (
●
NO2), as intermediates of nitration. Consequently, proteins can be modified by 

hydroxylation and nitration of sulfur (Cys, Met) and aromatic amino acids (Tyr, Phe, Trp) [81-

83] leading to S-nitrosylation and O-nitrosylation, respectively. Oxidatively modified proteins 

have been reported to be involved in the development of both normal aging and 

neurodegenerative diseases, including AD and PD [84-88]. Specifically, Tyrosine due to its 

hydrophobicity, is often surface-exposed in a protein and may be modified by nitration to 

generate 3-nitrotyrosine-modified proteins. The formation and accumulation of nitrated 

Synuclein (Syn) may play a critical role in the formation of Syn filaments [89], a 

characteristic of PD pathogenesis. The isolation from biological samples, and subsequent 

identification and structural characterization of Tyr nitration is challenging and has been 

recently carried out in our laboratory by affinity-mass spectrometry in the case of eosinophil 

proteins [90]. In order to understand the possible role of Syn nitration [73, 89, 91] the 

incorporation of site-specific Tyr nitration within the Syn sequence using a chemical ligation 

approach was investigated in this work. In contrast to nitration, oxidation of Met residues has 

been shown to prevent fibril formation of Syn [92]. 

The detailed knowledge of the structure of a protein can help to better understand its function in 

biological systems. Molecular biological tools for protein modification of e.g. reactivity, 

aggregation propensity, and accessibility of PTMs are used to investigate protein structure (site-

specific mutagenesis). This approach is employed to generate localized point mutations in 

reactive protein regions, in order to determine the contribution of a specific residue to the 

stability or function. Alanine scanning is a rapid technique, whereby each amino acid in a 

protein domain is substituted by the non-bulky and (almost) chemically inert Ala residue [93]. 

Likewise, the site-specific incorporation of Pro or unnatural amino acids [94] have become 

effective methods for modulating the properties of biomolecules. Pro is a classical breaker of -

helical and -sheet secondary structure in proteins, because it forms a tertiary amide and cannot 

act as a hydrogen donor in the protein backbone. Furthermore, Gly is known to destabilize the 
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-sheet geometry [95]. Site-directed mutagenesis is suitable to mimic natural mutagenesis 

without the need for elaborate methods such as biopsy or extraction of blood samples. 

1.3 Synucleins: Physiological and pathophysiological polypeptides 

related to Parkinson´s disease 

The history of PD starts in 1817, when James Parkinson first described the characteristic clinical 

symptoms in a paper entitled “An essay of the shaking palsy” [96]. Later, the primary 

characteristic symptoms were shown to be muscle rigidity and tremor, weakness, and 

bradykinesia (slowness of movement), and named PD in the honor of James Parkinson [97]. 

Almost one century later, intracellular microscopic particles in the affected brain were shown in 

the pioneering work of Frederick Lewy [98]; Lewy bodies are the pathological aggregates and 

hallmark of PD. Statistically, PD is the second most common age-related neurodegenerative 

disorder, after AD. PD is a progressive disease that affects dopaminergic neurons of the 

substantia nigra, a structure in the midbrain, and is linked to the progressive loss of muscle 

control.  

Over the last decades, numerous theories have been proposed to explain the causes of PD, 

including environmental factors, oxidative stress, impairment of clearance systems, PTMs, 

genetic predisposition, and mutations in PD-associated genes [99-101]. Generally, PD onset has 

been differentiated by environmental (sporadic) or genetic (familial) factors. The etiology for 

the late onset, sporadic PD, is presently unknown. The familial early onset forms of PD are 

autosomal dominant. Familial PD has been associated with three missense mutations in the gene 

locus of SNCA, which encodes Syn, A53T [102], A30P [103] and E46K [104] (Figure 2), or 

cause simple Syn overexpression [105]. There is also evidence for several point mutations in 

other protein genes [99]. Numerous studies have shown that Syn is linked to sporadic PD. 

Deposits of Syn have been identified as a major component of pathological aggregates such as 

Lewy bodies [106]. Several mechanisms of Syn aggregation have been proposed. Syn 

aggregation may occurs via an initial formation of toxic prefibrillar intermediates or 

alternatively, of an assembled oligomer i.e. early spheres [39, 107]. Syn oligomers are 

structurally related to the mature fibrils but much smaller. Conway et al. [108] has demonstrated 

that the acceleration of oligomerisation of nonfibrillar Syn species is likely to be critical in PD 

pathogenesis. Other in vitro studies have revealed that Syn (but not Syn) aggregates in the 

presence of ferric ions, and thus it has been hypothesized that the aggregation of Syn might be 

linked to iron-catalyzed oxidative reactions [109]. In general, the accumulation of Syn induces 

neurotoxicity in dopaminergic neurons and PD pathogenesis is accompanied by insufficient 

formation and activity of endogenous dopamine [110]. Dopamine is a neurotransmitter and the 

loss of dopaminergic neurons causes the primary PD symptoms such as tremor and rigidity. 
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Syn is an abundant neuronal protein localized in a region of the nucleus and presynaptic nerve 

terminal, which was first identified in 1988 by Maroteaux and coworkers [111] in the Pacific 

electric ray (Torpedo californica). Syn is a small soluble protein of 140 amino acids with a 

molecular weight of          , which lacks both Cys and Trp. The amino terminal (N-

terminal) sequence of Syn (residues 1-60) comprises five imperfect repeats of an 11 amino 

acid consensus motif (XKTKEGVXXXX; residues in bold are conserved) [112]. This repeat 

motif is widely found in the amphipathic helices of the exchangeable apolipoproteins [113]. The 

N-terminal apolipoprotein-like motifs relate to residues 9-19, 20-31, 31-41, 42-52, 57-67, and in 

addition residues 68-78 and 79-89 in the central region. The central region (residues 61-95) 

comprises the hydrophobic core, and has been shown to play an important role in fibril 

formation [21, 114].  

In 1993, Ueda et al. [115] identified a minor fibrillar component of amyloid plaques in the brain 

of AD patients, known as non-A component of AD amyloid (NAC). NAC is a 35 amino acid 

peptide, which is derived from a larger precursor protein, NACP, which is identical to human 

Syn [116]. For that reason, the central hydrophobic region of Syn has been called NAC-

domain and is associated with the aggregation propensity of Syn. The carboxy terminal (C-

terminal) region (residues 96-140) has a large content of acidic and Pro residues and three 

highly conserved Tyr residues (Y125, Y133, and Y136), which are considered to be a family 

signature [99]. The primary structure of the C-terminus suggests that this region has the 

tendency to remain in a disordered state [100, 117]. In summary, Syn can be divided into three 

major regions: (i) an N-terminal amphipathic repeat region, (ii) a hydrophobic NAC-domain, 

and (iii) a C-terminal acidic region (Figure 2). 

The homology between three highly conserved proteins established the existence of the human 

brain synuclein family: i) Syn (140 amino acids), a protein that is often described as NACP 

[115]; ii) Syn (134 amino acids), a protein also known as phosphoneuroprotein 14 (PNP 14) 

[118]; and iii) Syn (127 amino acids), a protein described as marker protein for breast tumor 

progression [119]. Using amino acid alignment, Syn has     , and Syn has      identity 

with Syn. All synucleins share a highly conserved -helical lipid binding motif.  
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Figure 2: Schematic representation of the primary structure of human Syn with three distinct regions. 

The black lines () indicate the imperfect consensus repeat motif KTKEGV. Missense mutations [102-

104] associated with familial PD are indicated by an arrow. The 12-residue aggregation domain [21] 

within the hydrophobic NAC region is highlighted as hatched area. 

In contrast, all three synucleins are differentiated by two regions, residues 73-83 and 102-108 

(annotation of the residue numbering by the mean of Syn), as illustrated in Figure 3. 

Comparing the amino acid sequences of Syn and Syn it is noteworthy that the hydrophobic 

stretch of Syn over residues 73-83 is lacking in Syn. Interestingly, residues 71-82 have been 

identified to be essential for Syn fibril formation [21]. Conversely, Syn, which lacks this 

hydrophobic stretch, has no propensity to form amyloid fibrils [120, 121]. Although the C-

terminus is less-conserved, this region is characterized in all three synucleins by high net charge 

and lack of ordered secondary and tertiary structure. Consequently, synucleins have been 

classified as IDPs. There are no data showing the implication of Syn and Syn in neurological 

disorders [122]. A detailed structural comparison of pathological Syn and non-pathological 

Syn with regard to oligomerisation-aggregation has been a central part of this thesis. 

 

Figure 3: Multiple sequence alignment of human Syn, Syn and Syn using CLUSTALW. The 

alignment indicates positions of fully conserved (*), strong (:) or weaker (.) conserved residues. Three 

gaps (-) were introduced to maximize the homology. 
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The highly conserved N-terminus mediates the synuclein binding to phospholipid vesicles. The 

lipid binding is accompanied by a significant change in secondary structure from approximately 

      -helix to a significant proportion of       -helix [123]. Solution NMR-

spectroscopy analysis indicates that micelle-bound Syn, which is related to the naturally 

vesicle-bound state, forms two -helices, V3-V37 and K45-T92 [117], which potentially 

prevents Syn fibril formation [124]. Although conflicting evidence exists whether binding to 

negatively charged membranes enhances or prevent Syn fibril formation, it is suggested that 

Syn is under physiological conditions bound to membranes in dopaminergic neurons [125], 

and might be involved in lipid metabolism. Moreover, in agreement with its localization at the 

presynaptic nerve terminal, synaptic function [126] and vesicle transport of Syn have been 

proposed, as well as a chaperone activity of Syn [127].  

Drescher et al. have shown that Syn monomers adopt a horseshoe-type conformation when 

interacting with negatively charged small unilamellar lipid vesicles (SUVs) [128, 129]. Based 

on the horseshoe conformation [130, 131], they proposed a dimer model with co-localized -

helical regions of two Syn molecules in a single plane [117, 129]. In this model the -helices 

K45-T92 [117] of both Syn monomers are close to each other in an anti-parallel arrangement. 

Recently, a solution NMR study of Syn with a 10-residue N-terminal extension has shown the 

formation of a stable tetramer in the absence of membranes [132].  

The disorder-order transition of Syn, and consequently the fibril formation is associated with 

the pathology of PD. Highly organized amyloid fibrils with characteristic cross -conformation, 

in which the -strands run perpendicular to the long fiber axis [120] are the structural basis for 

amyloid fibrillation as well as Syn aggregation. Cross- sheets consist of polymerized 

exposing -strands by continuous incorporation of polypeptide of the same primary structure. 

The fibrils are extremely resistant to proteolytic degradation, as well as the core region of Syn 

comprising residues 31-109 [133]. The surface of cross- sheets forms a binding site, a channel-

like motif [134], into which fluorescent dyes could bind. Thioflavin-T (ThT) is a potent 

fluorescent marker [135] and used as standard amyloid-specific stain for in vitro and in vivo 

applications. 

In summary, Syn features a remarkable structural plasticity and adopts different conformations 

depending on the environment in a template-dependent manner. Syn either lacks a 3D 

structure or readily adopts -sheet or -helical structure, monomeric and oligomeric as well as 

different types of aggregates including amorphous and amyloid-like fibrils. Accordingly, 

Uversky et al. have introduced the term of Syn as a protein chameleon [136]. 

A number of posttranslational modifications of Syn have been proposed, to influence the 

fibrillation propensity. Syn contains four possible Tyr nitration sites: Y39, Y125, Y133 and 
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Y136. Several studies indicated that the exposure to a nitrating agent has significant effects on 

the structural properties of Syn. Nitrated Syn may form partially folded, soluble oligomers 

but does not fibrillate [88, 89]. Moreover nitrated Syn inhibits fibrils of non-modified Syn 

protein [88, 137]. Abnormal hyperphosphorylation is a common phenomenon of pathogenic 

proteins in neurodegenerative diseases. Syn contains both Ser and Tyr phosphorylation sites 

[138-140]. There is increasing evidence that phosphorylation of Syn at one or multiple sites 

may have a regulatory role.  

Furthermore, modifications including ubiquitinylation and truncation may have functional 

consequences. Initial results suggest that aggregated Syn in vivo comprises N- and C-terminal 

truncations, which are associated with LBs [141-144]. Anderson et al. reported several C-

terminally truncated Syn species, Syn(1-135), Syn(1-133) and Syn(1-122) found outside 

the LBs, suggesting that C-terminal truncations are product of normal Syn metabolism [141]. 

Recently, the first in vitro generated C-terminal autoproteolytic fragment Syn(72-140) was 

identified in our laboratory using ion mobility-mass spectrometry (IM-MS), and sequenced 

using tandem mass spectrometry (MS/MS) [121]. Remarkably, most of the studies hitherto have 

been focused on the oligomerisation products and fibril formation, and have not taken into 

account potential fragmentation products. A main goal of this thesis was to investigate both 

fragmentation and oligomerisation products of Syn wild type and of various synuclein 

mutants. The normal and aberrant functions of Syn are not understood to date, and further 

investigations are important in understanding its pathological roles, and developing towards 

drug candidates that prevent or decrease PD progression. 

1.4 Analytical methods for characterization of protein aggregation 

A major goal of this thesis is the analysis of Syn structure and folding, which  requires 

proteins in solution e.g. for electrophoretic, mass spectrometric, chromatographic, and many 

spectroscopic and optical methods [145]. Amyloid fibrils associated with neurological diseases 

are insoluble in water. Therefore structural studies present a considerable challenge. Hence; the 

protein stage to be examined between destabilized native structure and final mature fibril 

structure, and also protein availability, PTMs, purity, and concentration are limiting and crucial 

factors.  

A variety of biophysical methods is utilized to study fibrillation processes and the proteins 

involved. Depending on the technique either direct or indirect structural information is obtained 

and a combination of complementary techniques is needed, resulting in an extensive and 

challenging research field. A classification of analytical techniques according to their 

applications is summarized in Table 1. 
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Gel electrophoresis separates molecules from complex mixtures according to their 

electrophoretic mobility, depending on their size, structure and charge. Therefore 

electrophoresis is well suited for analyzing protein monomers, oligomers and oligomer 

formation provided that they are soluble under the separation conditions. Sodium dodecyl 

sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) is widely used to characterize soluble 

oligomers and SDS-resistant proteins or stable to chaotropic agents such as Syn [89, 146]. 

SDS-PAGE is generally used to separate complex biomolecular mixtures, to study protein size 

and protein dynamics. However, a disadvantage is that the equilibrium of the aggregating 

species is disturbed during separation [145].  

Mass spectrometry (MS)-based methods are highly suitable to provide molecular data on 

protein structures. MS methods utilize the separation of molecular ions in gas phase based on 

their mass-to-charge ratio, and allow the characterization and monitoring of ionizable non-

covalent complexes and even of heterogeneous assemblies of biomolecules in vitro. A mass 

spectrometer consists of an ion source, a mass analyzer and a detector. Recently, novel 

combined MS approaches are developed by utilizing a two-dimensional separation approach in 

gas phase (ion mobility-mass spectrometry, IM-MS) or covalent labeling of proteins (including 

hydrogen-deuterium exchange, HDX-MS). These hyphenated MS methods can provide 

molecular details on early stages of aggregation of amyloidogenic proteins [147]. The 

combination of gel electrophoresis and MS is a central methodology in the present work. 

However, once the fibrils are formed the separation methods are precluded. Amyloid dyes are 

selectively localized to amyloid deposits and widely used to characterize the protein transition 

from disordered monomer to cross--sheet structures. ThT is a standard amyloid-specific stain 

[135], especially for in situ monitoring of amyloid formation kinetics. Moreover, amyloid dyes 

require the formation of a binding site in aggregated structures that may be only formed in a 

certain stage of aggregation, and are thus incapable of binding ThT or might lead to for only 

faint signals or false positive results [134, 148, 149]. Therefore, ThT assays should be 

complemented with other techniques to probe the ultrastructure of aggregates.  

Although imaging methods such as electron microscopy (EM) or atomic force microscopy 

(AFM) are considered to be low-resolution techniques, these methods are capable to visualize 

the morphology of insoluble protein deposits. It is possible to reconstruct the three-dimensional 

structure of fibril assembly from EM images [150]. Direct 3D structures are achieved by AFM 

which also provides useful information on the behavior of proteins at solid-liquid interface, 

under nearly physiological conditions. The main disadvantage of AFM is the limited scan area 

and the slow scan speed. 

Atomic structures are determined by methods including nuclear magnetic resonance (NMR) and 

electron paramagnetic resonance (EPR). Both methods do not require crystallization. NMR, i.e. 
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solution and solid state NMR, provides structural information about secondary, tertiary, and 

quaternary protein structure. NMR technique takes advantage of the magnetic dipole moment of 

individual nuclei. By applying complex radiofrequency magnetic field sequences to the sample 

details of the monomeric structure, dynamics and folding kinetics as well as residue-specific 

changes can be obtained. NMR relaxation experiments monitored the relaxation time of net 

magnetization after applying the radiofrequency pulse. The relaxation time depends among 

other things on the mobility of the protein, which obviously differs in monomeric and 

oligomeric or aggregated structures. The main disadvantage of NMR spectroscopy is the very 

complex interpretation of spectra and the requirement of a high protein concentration (    

   ) [145]. It has been shown that NMR spectroscopy has little success in the structure 

determination of IDPs [22]. EPR spectroscopy provides mobility and distance measurements 

between paramagnetic centers and can obtain information about secondary structure and 

dynamics [24]. Recently, spin-labeled EPR measurements revealed that Syn membrane 

binding is triggered by its N-terminus [128]. Advantage of EPR includes straightforward 

labeling procedure [24], but rather it is necessary to have structurally homogenous protein 

sample (either monomeric or oligomeric), and most species co-exist in equilibrium which turn 

out to be a challenging aspect. 

Circular dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy rapidly offer 

complementary secondary structure information and evaluate folding properties. The 

polypeptide backbone of protein consists of amide chromophores as a basic unit also referred to 

as intrinsic circular dichroism [151]. CD spectroscopy is based on the capability of amide 

chromophores to absorb certain wavelength of visible light (in far UV region 178-260 nm), and 

can thus absorb by exiting electrons. Since dihedral angles, 𝜙 and, define secondary structure, 

the amide chromophores are ordered accordingly, and therefore different structural elements 

feature in characteristic CD spectra (cf. chapter 3.10). In FTIR spectroscopy, the infrared light is 

directed to the sample, and the intensity is measured using an infrared detector. The energetic 

infrared light is capable to excite the molecular vibrations to higher energy level. For proteins, 

observed amide vibrations and amino acid side chain vibrations have characteristic frequencies 

for each structure. Optical methods, such as CD and FTIR spectroscopy are recommended tools 

for obtaining global structural information; however, they do not provide information on the 

localization of the structural elements within the protein. CD spectroscopy is used for 

monitoring changes in secondary structure of Syn due in vitro aggregation. 

Finally, immunochemical methods which are indirect but frequently used techniques are 

suitable to probe the supramolecular structures of assembled species. The fact that monoclonal 

antibodies have only one binding site (paratope) to recognize the respective part of an antigen 

(epitope), specific detection of conformational epitopes i.e. distinction between monomeric and 

oligomeric state of the protein is possible and of interest. Several approaches hyphenated with 
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mass spectrometry to identify epitopes and paratopes in antigen-antibody-complexes have been 

carried out in our laboratory [90, 152-156]. The recently developed and applied combination of 

bioaffinity and mass spectrometric approaches benefits from the simultaneous structural 

identification, characterization and kinetics of biomolecular interactions [156, 157]. 

Table 1: Overview of different analytical techniques and classification according to their applications i.e. 

protein structure and type of information [145].  
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gel electrophoresis     + + + +  
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(CD, UV, FTIR) 
   

 
+ + + + + 

dyes (ThT)  ()    + + + + 

mass spectrometry     + + + + + 

immunoassays      +    

imaging  

(AFM, EM) 
   

 
+ +    

EPR      + + +  

solution NMR     + + + + + 

solid state NMR     + + + + + 

 

1.5 Mass spectrometric methods for studying protein interaction and 

aggregation 

This chapter describes recent developments and applications from the field of protein 

conformations and protein complexes, with particular emphasis on mass spectrometry (MS)-

based methods. MS has increasingly become an important analytical method due to its speed, 

sensitivity, and molecular specificity [158]. MS analysis utilizes gas phase separation of 

molecular ions and thus, structural information about proteins in solution is indirectly acquired. 

Hyphenated methodologies and instrumental combinations for the identification of proteins and 

protein complexes and for enrichment analysis are of high interest. In principle, protein 

interaction studies in solution are either based on labeling of the biomolecules or label-free 
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detection (bioaffinity) approach. Now, by simply combining the bioaffinity or labeling 

approaches with MS, this “marriage” [159] will provide more or even new information which 

cannot be obtained by only using a single strategy.  

Studying protein interactions and aggregation or obtaining structural information for proteins 

using labeling strategies depends on the differential reactivity of solvent exposed amino acids. 

Differences in their reactivity are due to their accessibility and involvement in biomolecular 

interactions or conformational changes i.e. aggregation. To evaluate this, a variety of 

approaches have been used including hydrogen/deuterium exchange (HDX) [160] and amino 

acid specific covalent labeling e.g. acetylation [158, 161-163]. The exchange of solvent exposed 

hydrogens is a widely used technique for analyzing protein structure and dynamics. The 

polypeptide backbone amides involving protein conformations [4, 6], and accordingly 

hydrogens are shielded by binding to other proteins or formation of a hydrophobic core. 

Therefore the dynamics of proteins as well as their rate can be studied. However, the temporal 

labeling and rapid back exchange and elaborate experimental conditions turn out to be critical 

and limiting issues.  

Alternatively, permanent chemical modifications such as hydroxyl radical (
●
OH) labeling [163] 

may be used to probe protein conformations [158, 164] or degradation [165]. Considering that 

the 
●
OH labeling process will be significantly shorter than any conformational change, this 

approach may become very useful. Hambly and Gross [166] developed this methodology, 

known as fast photochemical oxidation of proteins (FPOP) [167], by reacting the protein in situ 

with radicals generated from H2O2 by a pulsed KrF laser (248 nm), affording 
●
OH that modify 

the proteins in less than a microsecond. In addition, scavengers decrease the radical lifetimes. A 

large number of covalent modifications have been developed and applied, such as acylation of 

Lys [168], isotope-coded covalent tagging (iTRAQ) [169], cyclization of the guanidine group of 

arginine [162] or diethylpyrocarbonate (DEPC), which does react with specific side chains of 

Ser, Thr, His and Tyr [158]. Monitoring the labeling reactions over time gives information 

about the kinetics of these reactions and protein structure. Intra- and intermolecular crosslinking 

[170] is a similar method to covalent labeling approaches whereby the covalent bound linker 

imposes distance constraints between two amino acid residues (or more precisely: amino acid 

side chains), and can therefore draw a direct conclusion about the 3D protein structure of a 

single protein or protein complex. The newly introduced bond and thus possible fragmentation 

sites can present a drawback and significantly complicate the identification of cross-linked sites 

using peptide mass mapping or tandem MS. 

New approaches have been recently developed to address label-free biomolecular interactions in 

solution including bioaffinity-based approaches [152, 171, 172] , surface plasmon resonance 

(SPR) [173, 174], surface acoustic wave (SAW) technique [157, 175, 176] and ion mobility 

mass spectrometry (IM-MS) [177, 178]. The bioaffinity-based purification or enrichment of 
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proteins through liquid chromatography has been used since the 1960s [179], where an affinity 

ligand is immobilized on a matrix and allows the capture of biomolecules from a complex 

mixture. Biosensing of proteins and peptides using a combination of bioaffinity and mass 

spectrometry enables the identification of biomolecular recognition structures such as protein 

epitopes or PTM sites in a protein [90, 152, 180]. The online-combination of bioaffinity-mass 

spectrometry i.e. SAW-ESI-MS, enables the direct detection, structural identification, the 

determination of kinetic constants and quantification of a protein-ligand complex [90, 156, 181, 

182]. However, the specificity of antibodies may be a most important, critical prerequisite. 

IM-MS is a two-dimensional separation technique that requires no affinity capturing step, and 

turns out to be an excellent tool for the study of protein structure, conformation and dynamics 

such as folding and aggregation in gas-phase. IM-MS provides the separation of an analyte 

mixture with a drift-gas, enabling the separation of structural isomers; its combination with a 

mass spectrometer enables separation of ions in a second dimension according to their mass-

charge ratios. IM-MS analysis has been applied in the present work to study Syn 

oligomerisation-aggregation products in the gas phase. In addition an ion mobility cell can be 

interfaced to another one and to tandem mass spectrometers to achieve multi-sampling IM
n
-

MS
m
 type analyses [183]. However, these instrumental developments are still at the beginning 

phase.  

In summary, a variety of instrumentations methods provide reliable molecular data to explore 

the relationship between primary structure, conformation and molecular interactions.  

1.6 Scientific goals of the thesis 

The pathological hallmark of PD is the deposition of neuronal inclusions termed LB [98]. Syn 

has been identified as the major component of these pathological aggregates [106]. Several 

mechanisms of Syn aggregation have been proposed. It has been assumed that Syn 

aggregation occurs via an initial formation of toxic prefibrillar intermediates or alternatively, 

through an assembled oligomer [39, 107]. The normal and aberrant functions of Syn are not 

completely understood yet. Recently, autoproteolytic degradation of Syn has been identified 

by IM-MS [121]. The chemical structure underlying the autoproteolytic degradation mechanism 

and the significance of the Syn fragment Syn(72-140) have to be ascertained in terms of the 

elucidation of the aggregation mechanism of Syn and in order to understand its pathological 

role, and to provide a basis for the development of drug candidates to prevent or decrease PD 

progression. 
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The major objectives of the dissertation are summarized as follows: 

 Identification of in vitro oligomerisation-aggregation products of Synuclein and 

Synuclein  

In vitro aggregation studies of Syn and Syn were performed with the aim of elucidating the 

effects on and differences in the fibril formation. Their aggregation products were investigated 

by gel electrophoretic analysis, mass spectrometry and spectroscopic methods. 

 Preparation and structural characterization of synuclein mutants 

Syn mutants that lack the fragmentation propensity of Syn were designed and expressed in 

E.coli, and further structural characterized using chromatographic and mass spectrometric 

methods. In addition, the site-specific incorporation of nitration at Tyr125 within Syn 

sequence using native chemical ligation approach was carried out. 

 Identification and characterization of in vitro oligomerisation-aggregation products of 

Synuclein mutants 

In vitro aggregation studies of Synuclein mutants were performed and monitored by a 

combination of gel electrophoresis, mass spectrometry and spectroscopic methods with respect 

to the formation of the fragmentation and oligomerisation-aggregation products.  

 Aggregation studies by interaction between aSynuclein and Synuclein mutants 

Interaction between Syn and Syn mutants were carried out using seeding and co-aggregation 

experiments. The fibril formation was monitored by spectroscopic methods. 

Interaction between Syn and Syn model peptides were performed using aggregation studies 

followed by gel electrophoresis and IM-MS. 

 Structural characterization and collision cross sections of Synucleins and their 

aggregation products revealed by ion mobility-mass spectrometry 

Conformational properties of freshly and incubated Syn in gas phase, as well as time-dependent 

formation of aggregation products were investigated by IM-MS. Furthermore, the collision 

cross sections, a structural variable associated to the charge state and shape of the ionized Syn 

molecules were determined. 

 Probing protected regions in aSynuclein and Synuclein mutants by H/D exchange-mass 

spectrometry 

HDX analyses were performed to monitor time-dependent conformational changes in spatial 

resolution of Syn and Syn mutants due to their in vitro oligomerisation-aggregation. 
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2. Results and Discussion 

2.1 Identification of in vitro oligomerisation-aggregation products of 

Synuclein and Synuclein  

 Identification of autoproteolytic fragmentation at residues Val71-Thr72 of 2.1.1

human Synuclein during in vitro aggregation 

Age-associated diseases are characterized by fibrillar deposits or amyloid plaques [39, 106, 

184]. In a simplified manner, the differences between normal folding and pathogenic fibrillation 

seem to be the key to their underlying etiology. Although, there is no direct evidence for 

protofibrils in vivo [184], the formation of pathogenic prefibrillar oligomeric intermediates is 

generally suggested to precede aggregation. Only a few biophysical studies suggest the 

existence of structured intermediates [39, 107], however, no detailed chemical structures of 

Syn oligomeric species have been hitherto identified. Subjecting the incubated Syn sample to 

IM-MS analysis provided the first structural identification of a specific autoproteolytic C-

terminal degradation product Syn(72-140) [121], which is partially comprising the NAC 

region. Furthermore, aggregation studies of Syn(72-140), prepared by both SPPS and 

recombinant expression, showed a substantially faster rate of fibrillation [155, 185], and 

confirmed that the C-terminal Syn fragment is highly amyloidogenic. Finally, the underlying 

specificity of the fragmentation of Syn has motivated to examine Syn mutants that lack the 

fragmentation propensity of Syn and investigate detailed aggregation and structural studies 

with respect to the formation of aggregating species and their protein conformation behavior 

due to the folding process. 

In the following, the terminology in this thesis with regard to the oligomerisation-aggregation 

products is mandatory for distinction. In general, a protein species with a lower molecular 

weight than Syn monomer is called fragment, and soluble protein species with higher 

molecular weight than Syn monomer is called oligomer. The term oligomerisation-

aggregation products include both fragments and oligomers. The aggregated insoluble high 

molecular weight species referred to as fibrils.  

 Expression and purification of Synuclein and Synuclein 2.1.2

Recombinant proteins Syn and Syn were obtained from Dr. Christiaan Karreman from the 

Laboratory of “Alternative in vitro Methods” (Prof. Dr. Marcel Leist, Department of Biology 

University of Konstanz). Crude synucleins (Syn) were prepared in ~      aliquots with 

different concentration in PBS       . Syn was first chromatographically characterized (Figure 
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4A) and then purified by RP-HPLC using C4 or C8 columns. The purified samples were freeze-

dried and stored at       prior to use. The corresponding ESI-MS spectrum was recorded to 

evaluate the homogeneity of the purified protein sample (Figure 4B). The normal expression 

yields were             . In case of Syn, the protein was only obtained in analytical 

amounts, and recombinant protein was additionally purchased. 

 

Figure 4: Chemical characterization of Syn 1. (A) Analytical RP-HPLC profile with the assigned 

retention time tR of         . (B) ESI mass spectrum of 1 showing the multiply charged molecular ions 

         abbreviated to     . The experimental deconvoluted molecular mass (     ) of 1 was 

            with    of        . 

 Homologies and structural differences of human Synuclein and Synuclein 2.1.3

Syn belongs to a family of human brain synucleins it is prone to form fibrils that were found to 

be involved in the pathogenesis of PD. In contrast, the family member Syn is not found in 

fibrillar pathologic lesions [21, 186, 187]. The structural homology and differences between 

Syn and Syn, the aggregating and non-aggregating protein, respectively, were ascertained 

using multiple amino acid alignment CLUSTALW and the computational tool PONDR. The 

sequence alignment indicates      homology, mainly in the N-terminal stretch over 62 amino 

acids. Furthermore, Syn is lacking the stretch of Syn over residues (73-83) which is essential 

for Syn fibril formation [21]. 

Since IDPs are implicated in aggregation processes, computational tools such as PONDR [29-

32] help to predict intrinsically disorder, in order to take a closer look on the structure homology 

and differences of Syn and Syn. PONDR VL-XT and VSL2 predictor were used for 

comparative analysis of Syn and Syn. VL-XT predictor integrates three predictors including 

VL1 and XN as well as XC, together called XT; and is trained using long disordered regions 

and x-ray crystallographic data. VSL2 combines two predictors optimized for long (L) (>30 

residues) and short (S) (<30 residues) disordered regions. The attributes used include amino 

acid frequencies, sequence complexity, ratio of net charge/hydrophobicity, average flexibility 
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and averaged PSI-BLAST profiles and/or secondary structure predictions [30, 188]. The use of 

different attributes results in a substantial change of the analyses output as illustrated in Figure 

5A and B. Considering that VSL2 is more accurate than VL-XT on short protein segments, it 

has been used for illustrative and comparative analysis of Syn and Syn sequences (Figure 

5C). The comparison shows that exactly the region over residues (68-90) is distinguished in 

agreement with protein order-disorder. The appropriate region of Syn features increased 

propensity to protein order (PONDR score <0.5), whereas the corresponding region of Syn 

shows increased propensity to protein disorder (PONDR score >0.5). The protein sequence 

provides a detailed differentiation, particularly with regard to the autoproteolytic fragmentation-

site at residues 71/72 [121]. Syn contains Phe instead of Val at position 71, which has a highly 

hydrophobic character. In addition, Asn at position 76 within the sequence of Syn has an 

uncharged side chain, whereas the respective Syn residue 87 equals Ser with more hydrophilic 

character, and is therefore more disorder prone. For both Syn and Syn the adjacent N- and C-

termini both show protein disorder.  

CD spectroscopy was used to investigate the secondary structures of synucleins in solution. The 

CD spectra of peptides/proteins adopting unordered conformation are characterized by a strong 

negative band at            [189]. The comparison of CD data for Syn and Syn 

confirmed the higher propensity to protein disorder for Syn than for Syn. The CD spectrum 

of Syn showed significantly higher negative molar ellipticity    in the vicinity of        

than Syn, indicating that Syn exhibits more disordered structure (Figure 6). 

An explanation for the importance of the specific fragmentation within Syn may be that the 

region around residues (68-90) is a more dynamic ensemble than in the sequence of Syn, and 

therefore may be more cooperative for conformational changes. 
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Figure 5: Prediction of the disordered regions in the sequence of Syn (A) and Syn (B) using the protein 

disorder-predictors PONDR VL-XT (grey) and VSL2 (black). Residues with a PONDR score       are 

predicted to be disordered. The analyses indicated differences between these two predictors PONDR VL-

XT (grey) and VSL2 (black). The dips correspond to the hydrophobic segments with an increased 

propensity to protein order. (C) Differences in the predicted disorder regions between Syn (solid line) 

and Syn (dashed line) using PONDR VSL2 (black). The VSL2 score around residues (68-90) (by the 

mean of Syn) is zoomed-in. Syn exhibits increased protein disorder representing the aggregation prone 

region of Syn. The gap was introduced to maximize the homology of Syn and Syn. 
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Figure 6: Far-UV CD spectra of Syn (solid line) and Syn (dashed line). The CD spectrum of Syn 

significantly shows a higher intensity of the mean molar ellipticity    at wavelength        (dotted 

line) than Syn indicating that Syn has a higher degree of disordered structure than Syn. 

 Time-dependent in vitro aggregation studies of Synuclein and Synuclein 2.1.4

2.1.4.1 Structural characterization of oligomerisation-aggregation products by gel 

electrophoresis and mass spectrometry 

The in vitro fibrillation of Syn has been studied using high concentrations of protein     

       (             ) [100, 190] that are favoring rapid and formation of Syn fibrillar 

aggregates [191]. Since conformational changes such as specific Syn fragmentation require 

still soluble and flexible protein species, the incubation studies in this thesis were performed 

using lower protein concentrations such as      . In addition, the “low” protein concentration 

is also in the range of reported natural concentrations of Syn, which was found in the 

cytoplasm of neurons, in the range of          [114, 191]. 

Discontinuous Tricine-SDS-PAGE analyses of freshly and incubated Syn showed a time-

dependent formation of aggregation products including fragments at approximately        and 

       and oligomers at approximately   ,    and        (Figure 7A). Syn monomer 

migrates near the theoretical molecular weight (MW) band at approximately        (       

           ). The formation of fibrils is indicated by the high MW protein bands on the top of 

the gel. In contrast, Syn show neither a time-dependent nor any formation of aggregation 

products (Figure 7B). The Syn monomer migrates at the theoretical MW band at 

approximately        (                  ). 

The Syn fragments were observed with slowly increasing abundances over approximately two 

weeks of incubation. Protein bands of Syn aggregation products were excised, passively eluted 
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from the Tricine-SDS-PAGE (Figure 8) and analyzed by MALDI-TOF-MS (Figure 9). In 

combination with the IM-MS data [121, 155], these new obtained MALDI-MS data showed that 

the electrophoretically separated Syn fragments correspond to the fragment Syn(72-140) 

(Figure 8, Figure 9A). Eluted Syn(72-140) exists in the gas phase as monomer and dimer and 

was detected as [M+K]
+
 ion at             (           ) and dimeric ion 

[2M+IsoProp+H]
+
 at              (          ). The frequently observed attachment of 

different moieties with mass of       ,       ,       ,        and        

corresponding to the attachment(s) of sodium ([M+Na]
+
 with       ), potassium ([M+K]

+
 

with       ), ACN ([M+ACN+H]
+
 with        and [M+2ACN+H]

+
 with       ) or 

isopropanol ([M+IsoProp+H]
+
 with       ) due to MALDI-MS and passive elution from gel. 

The formation of these adduct ions might result in ion suppression and increase peak 

broadening (Figure 9). 

The protein bands at approximately        and        each consist of a mixture of truncated 

Syn species (Figure 8). Subsequently, LC-MS-MS analyses in order to separate and identify 

these mixtures failed. Additional attempts to elute appropriate protein concentrations for MS 

analysis failed, possibly due to the low concentration of oligomeric species. However, more 

detailed investigations of the time-dependence of the formation of the protein mixture revealed 

that these Syn truncations migrating in the gel at         with molecular masses of 

           and            , and at         with molecular masses of            and 

           , respectively. 

 

Figure 7: Time-dependent aggregation studies of (A)Syn 1 and (B)Syn 9 monitored by Tricine-SDS-

PAGE analysis. (A) Syn shows a time-dependent formation of aggregation products, including 

fragments (       ) and oligomers (       ). (B) Syn shows neither time-dependent nor any 

formation of aggregation products. The positions of MW markers are depicted on the left side of each gel. 

X/Y refers to the protein and the number of incubation days, respectively. 
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Figure 8: Passive elution of four days incubated Syn (1) from Tricine-SDS-PAGE. The positions of the 

MW marker are depicted on the left side of the gel. Protein bands are assigned and summarized in the 

table. In general, fragments (*), oligomers (´), monomer (M) and dimer (2M) are denoted. 

 

Figure 9: MALDI-TOF mass spectra of passively eluted Syn (1) (cf. Figure 8). (A) Syn(72-140) 1** 

(B) Syn monomer 1, and (C) Syn dimer 1´´. In addition, the monomeric Syn(72-140) [M +H]
+
 at 

            was found to be co-existent with Syn dimer. 

The oligomeric protein band at approximately        could be assigned according to the 

molecular weight in the gel as Syn dimer, and also in the gas phase as monomer and dimer a 
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(            ), respectively. In addition, the monomeric ion of Syn(72-140) [M +H]
+
 at 

            (            ) was identified together with the dimeric fragment (Figure 9C). 

Syn oligomers at approximately       were also passively eluted; however attempts for their 

detection by mass spectrometry was not possible due to the low concentration of oligomers.  

In conclusion, native human Syn exists in both monomeric and dimeric states, and forms time-

dependent aggregation products of the fragment Syn(72-140), and further Syn fragments 

with molecular masses of                          and            , and insoluble fibrils. In 

contrast, Syn forms no aggregation products and should be amenable to serve as non-

aggregation control in further investigations. 

 

Figure 10: Time-dependent aggregation studies of Syn (1) with (+) and without (-) addition of protease 

inhibitors with broad inhibitory specificity (for the inhibition of serine-, cysteine-, and metalloproteases). 

Syn shows an unchanged autoproteolytic fragmentation regardless of the presence of protease inhibitors. 

The positions of MW marker are depicted on the left side of the gel. The shortened term 1/X refers to the 

number of incubation days. 

In order to prove the specific autoproteolytic fragmentation of Syn and to exclude possible 

proteolytic cleavage of Syn by contaminating proteases, several control experiments were 

performed (i) using sterile buffers, (ii) boiling the samples prior to incubation, and (iii) 

incubation of Syn with and without addition of protease inhibitors with broad inhibitory 

specificity (for the inhibition of serine-, cysteine-, and metalloproteases). All control 

experiments provided unchanged autoproteolytic degradation of Syn. Syn is heat-resistant, 

which is a typical behavior of unstructured proteins [192]. Analyses of Syn samples with and 

without addition of protease inhibitor were analyzed by Tricine-SDS-PAGE and are shown in 

Figure 10. The identical autoproteolytic fragmentation regardless of the presence of protease 

inhibitors [121], together with the specific cleavage observed excluded a possible protease 

dependent cleavage of Syn. 
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2.1.4.2 Structural characterization of amyloid fibril formation of αSynuclein and Synuclein 

by spectroscopic methods 

CD spectroscopy is a common method to characterize the structure of proteins, as well as 

protein interactions, and was used for the study of Syn fibril formation. In these studies, 

protein samples were dissolved in appropriate solvents that are known to exert stabilizing 

effects on protein structure. Fluoroalcohols such as 2,2,2-trifluoroethanol (TFE) and 

hexafluoroisopropanol (HFIP) are widely used as structure-inducing co-solvent [193, 194]. TFE 

is assumed having stabilizing effect mainly on helical structure elements, but it also stabilizes -

sheet structures [193-196].  

TFE was added to a final concentration of      (v/v) and subsequently Syn samples were 

analyzed by CD spectroscopy. For all spectra, an average of 2-3 scans was obtained, and a CD 

spectrum of the used buffer was recorded and subtracted from the protein spectra. 

It has been shown that Syn belongs to the class of IDPs, which exhibit unordered structure 

under physiological conditions with a strong negative band at        [112]. After six days in 

vitro aggregation Syn formed highly organized fibrils with -sheet structure [120], the CD 

spectrum being characterized by a broad negative band at            and a stronger 

positive band at            (Figure 11A). After long-term incubation of 15 days, the 

spectral magnitude and shape of the CD band was less intense and flattened, indicating the 

chiral particles are greater than their absorption wavelength such as prefibrillar aggregates and 

fibrils, and due to their high protein concentration [197, 198].  

 

Figure 11: Effects of in vitro incubation on the secondary structure of (A) Syn 1 and (B) Syn 9 

revealed by far-UV CD spectroscopy. The time-course analysis were performed over three time points: 

freshly prepared Syn solution (solid line), six days incubated Syn (dashed line), and 15 days incubated 

Syn (dotted line). (A) Syn does undergo a structural transition from random coil to -sheet due to in 

vitro incubation at     . The long-term incubated Syn forms already prefibrils and fibrils, and therefore 

the CD spectrum is flattened. (B) Syn shows a random coil conformation in solution and does not 

undergo any structural transition during in vitro incubation at     . The shortened term X/Y refers to the 

protein and the number of incubation days, respectively. 
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In contrast, the non-fibrillating Syn showed no conformational transition upon in vitro 

incubation for up to 15 days, and adopted random coil conformation in solution [199] (Figure 

11B). 

The typical electron microscopic (EM) image of Syn amyloid fibrils is characterized by long, 

straight, and unbranched filaments with a diameter of       , and a twisted fibril type of 

various thickness [120, 200]. The resulting fibrils may show a range of structures even when 

prepared under identical experimental conditions [201]. Figure 12 shows the EM image of Syn 

incubated in       acetate buffer        at     , and reveals intense fibril formation. 

Although the fibril morphology as well as the lag time of fibril formation are sensitive to 

experimental conditions, and the fibrils formed at        seem to be more clumped than those 

at neutral pH the used condition provides a useful model [202].  

 

Figure 12: Electron micrograph of the Syn fibrils prepared in       acetate buffer        with       

NaCl and     . A magnification of 16,000 was used and a       -scale (bottom left) is shown for 

comparison.  

To study the pH-dependence of the lag time (time until fibrils are formed) Syn at a 

concentration of           was prepared in (i)       acetate buffer        with       NaCl 

and (ii)       NaPi        with       NaCl and incubated at     . Aggregation was carried 

out in the presence of       Thioflavin-T (ThT).  

In general, Syn aggregation is slow [203] and the time-dependent ThT intensity data exhibits a 

characteristic sigmoidal curve which describes an initial lag phase (nucleation), and a 

subsequent growth phase (elongation), and final equilibrium phase in which ordered aggregates 

and monomers are in equilibrium [204].  

The ThT fluorescence analysis was plotted as a function of time and the curve is described by 

Equation 1 (Figure 13) where   is the fluorescence intensity and    equals the time to      

maximal fluorescence.    describes the initial base line during the lag phase, and    describes 

200 nm
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the final base line after the growth phase. The time constant is described by  . The kinetics of 

aggregation was monitored by the increase in ThT fluorescence following first-order kinetics 

with respect to Syn concentration , and rate constant of first-order    can be described as 

 
 ⁄  (Figure 13, Equation 3). The lag time is calculated as       (Figure 13, Equation 2).  

 

Figure 13: Mathematical model for time-dependent analysis of the protein aggregation kinetics. The 

normalized ThT fluorescence intensity was plotted as a function of time and fitted to a curve described by 

Equation 1 where   is fluorescence intensity and    equals the time to      maximal fluorescence.    

describes the initial base line during the lag phase, and    describes the final base line after the growth 

phase. The time constant is described by  . Following the first-order kinetics, the rate constant    can be 

described as   ⁄  (Equation 3). The lag time is calculated as       (Equation 2). 

Syn fibrillation is both concentration and pH dependent that can be shown by the change of 

the kinetic parameters lag time and rate constant   . Decreasing the pH value induced a lower 

lag time of fibril formation showing a lag time of            at pH 6.5 and a lag time of 

          at pH 3.5 (cf. Figure 14) in agreement with previously published data [202]. With 

decreasing the pH value the rate constant    increased, and higher fluorescence intensity 

indicates the presence of more ThT positive material, suggesting an increased yield of 

fibrillation. The kinetic parameters of fibrillation are influenced by the protein concentration but 

no linear correlation between concentration and kinetic parameters are evident.  
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Figure 14: Effect of the pH value on the fibril formation of human Syn monitored by ThT fluorescence 

assay. The measurements were performed at a pH 3.5 (grey) and at a pH 6.5 (black) at     . Syn 

fibrillation was pH-dependent and cause a change in the kinetic parameters lag time and rate constant    

that were summarized in the table. The protein concentration was          . ThT fluorescence intensity 

was monitored using        excitation and        emission filters. 

2.2 Preparation and structural characterization of synuclein mutants 

Protein modifications including post-translational modifications, mutations and truncations may 

have a pronounced effect the protein fibrillation propensity, and may have functional 

consequences.  

The preparation and structural characterization of site-directed modified synuclein polypeptides 

(synuclein mutants) are described in this chapter. 

 Design of synuclein mutants 2.2.1

The ability of a synuclein analog to prevent the specific fragmentation ofSyn, containing the 

partial amino acid sequence of the non-aggregating Syn or corresponding point mutations may 

demonstrate the specificity of the autoproteolytic fragmentation-site Val71-Thr72; moreover 

such mutants may open a new approach to design nontoxic synucleins. Therefore, several Syn 

mutants that can be categorized into triplet mutant, sequence mutants, and deletion mutants 

were designed. They are summarized in Table 2 and schematically represented in Figure 15.  

Triplet Syn mutants such as Syn-NAN and Syn-VFS (Table 2; 2, 3) are characterized by 

three point mutations at residues (70-72). Consequently, Syn-VFS 3 contains the amino acid 

sequence triplet VFS of the non-aggregating Syn instead of the original Syn triplet VVT. In 

the sequence Syn-NAN 2, the original triplet VVT was substituted by NAN because (i) Ala is 

a non-polar, non-reactive amino acid and not involved in protein interactions, and (ii) Asn has a 

polar uncharged side chain, it can form hydrogen bonds with the polypeptide backbone but it is 

not an essential building block for known protein interactions.  

kinetic 
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Table 2: Overview of the Syn mutants containing point mutations or sequence deletions with regard to the 

native Syn sequence.  

 

1
 chemically synthesized by SPPS [185]; 

2
 mutation refers to Syn sequence 

Extended sequence mutants contain six successive residues of Ala or Gly building blocks over 

residues (70-75) (Table 2; 4, 11). The central Ala-rich element is known not to adopt a 

particular secondary structure [205]; however, the Syn mutant with six substituted residues of 

the achiral Gly is known to have high conformational flexibility and a strong preference for an 

extended conformation in solution [206] and an incomplete -sheet geometry [95].  

Syn polypeptides lacking several amino acids of the native Syn sequence were termed 

deletion mutants (Table 2; 5-8). Deletions were introduced at (i) the N-terminus of Syn(71-

140) 5 and Syn(72-140) 6 [121], (ii) at the C-terminus of Syn(1-120) 7 [142], and (iii) within 

the vesicle binding domain over residues (2-11) of Syn(2-11) 8 [207]. In addition, the N-

terminal deletion mutant Syn(72-140) was chemically synthesized (S6) [185]. N- and C-

terminal truncations of Syn have been associated with LBs [208, 209].  

The most common C-terminal truncation occurs under physiological conditions, the cleavage 

site being between residues 115 and 135, which has been shown in a human brain sample [141, 

142, 209].  

No. Name Mutation Deletion

2 Syn-NAN V70N V71A T72N -

3 Syn-VFS V71F T72S -

4 Syn-G6 V70G V71G T72G V74G T75G -

5 Syn(71-140) - M1-V70

S61 Syn(72-140) - M1-V70

6 Syn(72-140) - M1-V71

7 Syn(1-120) - D121-A140

8 Syn(2-11) - D2-A11

102 Syn-VVT F71V S72T -

11 Syn-A6 V70A V71A T72A G73A V74A T75A -

12 SynA53T A53T -
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Figure 15: Schematic representation of Syn proteins investigated in this thesis. Syn 1 sequence is 

highlighted in grey. The hatched area within the Syn 1 sequence indicates the aggregation domain over 

the residues (71-82). Syn 9 sequence is highlighted in green. Other Syn mutations are highlighted in red. 

The dashed lines indicate the characteristic residues within the sequence. Syn mutants can be categorized 

into triplet mutant 2 and 3, sequence mutants 4 and 11, and deletion mutants 5, S6, 6, 7, and 8. 

The Syn mutation A53T causes familial early onset PD [102] and it has been shown that this 

point mutation accelerates the in vitro fibril formation. However, most studies have only been 

focused on the oligomerisation products and fibril formation and have not taken into account the 

potential fragmentation products. A main goal of this thesis was to characterize both 

fragmentation and oligomerisation products of Syn wild type and various mutants. 

 Synthesis, purification and structural characterization of synuclein mutants 2.2.2

A number of methods are available for the synthesis of peptides and proteins. In this work, two 

complementary methods that were used (i) synthesis by recombinant DNA technology (protein 

expression) [210], and (ii) preparation by chemical synthesis [211]. The production of 

recombinant proteins is accomplished by introducing a recombinant DNA for a protein of 

interest such as human Syn into the genome of another organism such as E.coli, and 

subsequent expressed. Although it is an efficient strategy problems such as the loss of 

expression and accumulation of misfolded proteins in intracellular aggregates (inclusion bodies) 
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may occur [212]. Recombinant protein expression by incorporation of PTMs is limited, as is the 

incorporation of unnatural amino acids into the desired protein sequence. In contrast, chemical 

synthesis allows flexible incorporation of any amino acid. Chemical synthesis is the most 

powerful method for the preparation of peptides up to 50 amino acids, but the accumulation of 

by-products with longer sequences length is a major drawback. To generate large peptides or 

even proteins, native chemical ligation is a most successful approach [213, 214]. All three 

strategies have been used in this work and are summarized in Figure 16. 

 

Figure 16: Strategies for the production of peptides and proteins. (A) Chemical synthesis: peptides or 

proteins are synthesized by coupling the amino group of one amino acid to the carboxyl group of another 

amino acid bound to a solid support. (B) Recombinant DNA technology: recombinant DNA containing 

the sequence for the protein of interest e.g. human Syn is introduced into the genome of another 

organism such as a bacterial cell. (C) Native chemical ligation: N-terminal Cys residue of one peptide 

reacts with the C-terminal thioester of a second peptide in a chemoselective manner. 

The N-terminal deletion mutant Syn(72-140) was chemically synthesized (S6) previously 

[185], and the stepwise elongated protein Syn(72-140) was purified and characterized by mass 

spectrometry. The yield of this chemically synthesized protein however, was very low 

(           

Several Syn mutants as well as the fragment Syn(72-140) were prepared by recombinant 

expression in the Laboratory of “Alternative in vitro methods”, Department of Biology, 

University of Konstanz. The crude Syn polypeptides were purified and characterized by mass 

spectrometry as described in chapter 2.1.2. Figure 17 shows an example of the structural 

characterization of Syn-NAN 2. Chromatographic and MS data of all Syn mutants are 

summarized in Table 3. Typical expression from one aliquot of      was             . The 
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expression of Syn-VVT 10 could not be achieved after several expression attempts, and 

therefore this mutant could not be included in the further investigations. 

 

Figure 17: Structural characterization of Syn-NAN 2. (A) Analytical RP-HPLC profile with the assigned 

retention time    of         . (B) ESI mass spectrum of 2 show the multiply charged molecular ions 

[M+nH]
n+

 abbreviated to MHn+. The experimental deconvoluted MW (MWexp) of 2 was             

with    of       . 

Table 3: Structural characterization of Syn mutants by RP-HPLC and ESI-MS. Analytical column C4 was 

used with a flow rate of 1 mL/ml, and linear gradient 1%/min 0100 % organic solvent B (80% ACN, 

0.1% TFA). Retention time (  ) describes the time between injection and recording of the peak 

maximum. m denotes the mass differences between the theoretical and experimental peptide mass. 
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 Site-specific nitration at Tyr-125 within the Synuclein sequence 2.2.3

Nitration as PTM of Tyr residue(s) has been suggested to alter the biophysical properties of 

Syn and its fibrillation propensity [83, 88, 215].  In general, nitration of Tyr residues is a low 

abundant PTM [216], thus challenging isolation and analysis steps are required, and presently 

little is known about the prevalence of Tyr nitration.  

So far, no information of site-specific nitrated Syn and its aggregation properties is available 

[83]. The frequently used peroxynitrite-mediated approach converts Tyr to 3-nitro-Tyr only to a 

low degree, and simultaneously involves nitration and oxidation of Tyr residues, furthermore 

unknown side reactions [83, 215]. Hejjaoui et al. has reported a protein semi-synthesis strategy 

to incorporate Syn phosphorylation at Tyr-125 [217].  

In this work site-specific nitration at Tyr-125 of the Syn sequence was performed using a 

semi-synthetic approach by native chemical ligation (cf. NCL, Figure 16C) [217]. 

NCL is based on the chemoselective reaction of an N-terminal Cys residue of one peptide 

building block with a C-terminal peptide thioester derivative. Because of the absence of Cys 

within human Syn sequence, a Cys residue was introduced with regard to this ligation strategy. 

The C-terminal fragment Syn(A124C-140)-Y
125

NO2 2, bearing the desired nitration of Tyr-

125, was chemically synthesized by SPPS according to Fmoc/tBu-strategy (Figure 18B). The 

protein thioester Syn(1-123) 1 was generated via intein-mediated splicing reaction [217]. 

Therefore, first of all a fusion protein of Syn(1-123) and affinity chitin binding domain (CBD), 

Syn(1-123)-CBD-fusion protein 1* was prepared (Figure 18A). The intein-mediated 

purification with an affinity binding tag (IMPACT) allows recombinant proteins to be purified 

without common affinity tag in a single chromatographic step. To ensure that the generated 

thioester can be detected with standard immunostaining methods an additional N-terminal myc-

tag (sequence: EQKLISEEDL with mass of 1202 Da) was introduced without disrupting the 

protein function. 

Syn(1-123)-CBD-fusion protein 1* was expressed in E.coli Tuner(DE3), harvested by 

centrifugation and lysed by ultrasonication in       Tris-HCl,        NaCl,      EDTA 

pH 8.5. The supernatant was separated from cells by centrifugation and loaded on the chitin 

column. Syn(1-123)-CBD-fusion protein 1* was bound to the chitin column in       Tris-

HCl,        NaCl,      EDTA pH 8.5 for     in rollerbottle at    . The splicing reaction 

(Figure 18A) and NCL reaction (Figure 19) were carried out in one step on the column in 

presence of        MESNa and      Syn(A124C-140)-Y
125

NO2 2 overnight at      [217]. 

The chitin-bound intein was centrifuged; the ligation products were purified and analyzed by 

RP-HPLC and MS. The semisynthetic protein Syn A124C Y
125

NO2 3 was successfully 
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generated (Figure 20), but only in analytical amount (      ). Therefore the final 

desulfurization step to restore the native Ala-124 could not be accomplished.  

 

Figure 18: Substrates for NCL. (A) Recombinant Syn(1-123) thioester 1 was generated via an intein-

mediated purification using an affinity binding tag (IMPACT). First, Syn(1-123)-CBD-fusion protein 1* 

was loaded on the chitin column, and the splicing reaction was carried out on column in presence of 

MESNa. The recombinant Syn(1-123) thioester 1 was eluted. (B) The C-terminal fragment 

Syn(A124C-140)-Y
125

NO2 2, bearing the desired nitration of Tyr-125, was chemically synthesized by 

SPPS according to the Fmoc/tBu-strategy.  

In conclusion, the introduction of site-specific nitration at Tyr-125 within the human Syn 

sequence using semi-synthesis strategy was successful. However, considering the elaborate 

purification steps and the low yield of the desired protein the semi-synthesis strategy was not 

further pursued.  
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Figure 19: Chemoselective reaction of NCL using the recombinant Syn(1-123) thioester 1 and the 

synthesized peptide Syn(A124C)-Y
125

NO2 2 in order to generate the semisynthetic protein Syn A124C 

Y
125

NO2 3. 

 

Figure 20: Structural characterization of the NCL ligation product. (A) Analytical RP-HPLC profile with 

assigned fractions a, b and c. (B) ESI mass spectrum of fraction c revealed the successful production of 

the semisynthetic protein Syn A124C Y
125

NO2. The multiply charged molecular ions [M+nH]
n+

 

abbreviated to MHn+. The deconvoluted MWexp of 3 was             with    of       . 
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2.3 Identification and characterization of in vitro oligomerisation-

aggregation products of Synuclein mutants 

The in vitro aggregation experiments should elucidate the aggregation behavior of Syn mutants 

compared to human Syn. The molecular identification and characterization of their 

aggregation products may help to elucidate the key role of the specific fragmentation of human 

Syn in amyloid fibril formation. 

 Structural characterization of oligomerisation-aggregation products by gel 2.3.1

electrophoretic and mass spectrometric analyses 

The in vitro fragmentation and oligomerisation behavior of Syn mutants were investigated by 

incubating the samples under physiological and standard conditions like those used in the case 

of Syn and Syn. Figure 21 shows the aggregation time course of all forms of Syn revealed 

by discontinuous Tricine-SDS-PAGE analyses. Although all forms of Syn mutants formed 

dimers, the aggregation was enhanced in the case of Syn-VFS 3, sequence mutants Syn-G6 4 

and Syn-A6 11 and deletion mutant Syn(72-140) S6 and 6. 

The triplet mutants Syn-NAN 2 and Syn-VFS 3 showed no fragmentation pattern (Figure 

21A and B). Syn-NAN 2 showed apart from its monomeric state at approximately        an 

intense protein band at approximately        indicative for a dimeric form of Syn-NAN 2 

(Figure 21A), although the observed protein band migrates at a higher MW than the respective 

calculated MW value of         . The abnormal migration of acidic proteins, such as Syn 

regardless whether they are wild type, triplet or sequence mutant (isoelectric point           ) 

is known. In general, acidic proteins bind less efficiently to SDS resulting in different charge 

densities of protein/SDS complexes that do not separate in the gel only as a function of the MW 

[218, 219]. Considering the molecular weight discrepancy, Syn-NAN 2 does already exist as a 

dimer in freshly prepared sample. In contrast, Syn-VFS 3 (Figure 21B) showed a time-

dependent formation of Syn-VFS dimer. Non-migrating protein bands indicate the formation 

of insoluble fibrils of Syn-VFS.  

Substituting the VVT-triplet corresponding to residues (70-72) of Syn by NAN (Syn-NAN 2) 

affected the formation of higher oligomers (> dimer) and fragmentation. In contrast, substituting 

the VVT-triplet of Syn by the respective Syn triplet sequence VFS (Syn-VFS 3) did not 

affect Syn aggregation, but fragmentation. In conclusion, the central triplet VVT over residues 

(70-72) plays an important role for specific fragmentation and aggregation. 
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Figure 21: Time-dependent determination of in vitro fragmentation and oligomerisation-aggregation 

products of Syn mutants (A) Syn-NAN 2, (B) Syn-VFS 3, (C) Syn-G6 4, (D) Syn-A6 11, (E) 

Syn(72-140) 6, (F) cs-Syn(72-140) S6, (G) Syn(71-140) 5, (H)Syn(1-120) 7 and (I) SynA53T 12 

monitored by silver-stained 12% Tricine-SDS-PAGE. Triplet mutants 2 and 3 showed no fragmentation. 

Syn NAN exists regardless the incubation in dimeric state while Syn-VFS forms dimer in a time-

dependent manner. Sequence mutants 4 and 11 form fragmentation and oligomerisation products with 

increasing abundance over time. Point mutant SynA53T 12 forms both fragmentation and 

oligomerisation products over time. Deletion mutants 5-7 show no fragmentation. In addition, N-terminal 

mutants 5, 6 and S6 form oligomerisation products whereas C-terminal mutant Syn(1-120) 7 remains 

mainly in the monomeric state over six days and the decreased monomer abundance might indicate fibril 

formation. The shortened term X/Y refers to the protein and the number of incubation days, respectively, 

and arrows indicate the monomeric form of each Syn mutant. The positions of MW markers are 

depicted on the left side of each gel.  

The sequence mutants Syn-G6 4 and Syn-A6 11 form both fragmentation and 

oligomerisation products with increasing abundance over time (Figure 21C and D). All 
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aggregation products of Syn-G6 4 and Syn-A6 11 were passively eluted from Tricine-SDS-

PAGE and analyzed by MALDI-TOF-MS (cf. Figure 22, Table 17).  

The obtained mass spectra of passively eluted syn-G6 4 are shown in Figure 23. The 

monomeric protein bands at approximately        were successfully eluted and identified as 

singly and doubly charged ions, [M+2H]
2+

 at             (            ) and [M+H]
+
 at 

             (            ), respectively (Figure 23B). A protein band at approximately 

       (4´) could be assigned according to the MW in the gel to Syn-G6 dimer, which also 

exist in the gas phase as a dimeric ion [2M+H]
+
 at              (Figure 23C). Protein bands 

observed at higher MW, around    and       , that suggest the formation of Syn-G6 

oligomers could not be eluted successfully from Tricine-SDS-PAGE. Moreover, two abundant 

fragmentation products were formed. The MALDI-TOF mass spectra showed multiple 

monomeric ions of different structural species. Although the used MALDI-TOF-MS analysis 

provides structural information i.e. MW determination, this instrumental setup is not suitable for 

tandem MS analysis. 

 

Figure 22: Passive elution of four days incubated Syn-G6 4 from Tricine-SDS-PAGE. Protein bands are 

assigned and summarized in the table. In general, fragments (*), oligomers (´), monomer (M) and dimer 

(2M) are denoted. Syn-G6 fragments assigned by peptide mass search using GPMAW program are 

denoted as superscript 
1
. The positions of MW markers are depicted on the left side of the gel. 

In addition, mass analysis could be improved by peptide mass search in order to suggest 

possible fragmentation products using the GPMAW program. The strictly defined parameters 

with high precision of maximal         were kept to give confident results. Finally, the 

identified aggregation products could be assigned to N-terminal fragments Syn-G6(10-134) 

with found molecular mass of             (            ) and Syn-G6(63-135) with 

found molecular mass of            (           ) could be suggested (Figure 22, Figure 

23A). The C-terminal truncations of Syn spanning residues 119-140 were also reported and 

isolated from LBs [141, 209]. 

10

15

40

200   
4/0 4/4 4/13

50

4

4*

4 

4  

4**

4   

Protein
gel MW / Da 

molecular structure
gel spot MW / kDa MS theor.

Syn-G6 4** 10 7268.9 7267.81 M Syn-G6(63-135)1

4* 12

14245.9

12531.6

12168.1

11842.7

14245.8

12531.91

-

-

M

M

M

M

Syn-G6

Syn-G6(10-134)1

unknown

unknown

4 15 14248.5 14245.8 M Syn-G6

4 35
14240.1

28443.4

14245.8

28491.6

M

2M
Syn-G6

4  50 - - - -

4   70 - - - -



Results and Discussion 

 

40 | p a g e  

 

Figure 23: MALDI-TOF mass spectra of the passively eluted Syn-G6 1 (cf. Figure 22). (A) Syn-

G6(63-135) 4** (B) Syn-G6 monomer 4 and (C) Syn-G6 dimer 4´.  

In general, the deletion mutants Syn(71-140) 5, Syn(72-140) 6 / S6 and Syn(1-120) 7 show 

no fragmentation. Moreover, the monomeric protein band of the C-terminal mutants Syn(71-

140) 5 and Syn(72-140) 6 / S6 each migrates approximately at       . The abnormal 

migration (             ) can be explained by the fact of high protein acidity (        ) 

[218, 219]. Two additional oligomerisation products were observed at approximately        

and        could be assigned by MW to dimers and oligomers respectively. Summarized, both 

the chemically synthesized and recombinant Syn(72-140) showed similar aggregation 

behavior (Figure 24). By passive elution from Tricine-SDS-PAGE, followed by mass 

spectrometric analyses, the monomeric and dimeric species could be detected (cf. Figure 24, 

Figure 25, Figure 26, and Table 17).  

In contrast, the C-terminal truncated mutant Syn(1-120) 7 mainly remains in monomeric state 

over six days of incubation, and after further incubation a decreased monomer abundance is 

observed that might indicate fibril formation of Syn(1-120) as shown in Figure 21H. 
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Figure 24: Passive elution of four days incubated Syn(72-140) S6 (upper panel) and 6 (lower panel) 

from Tricine-SDS-PAGE. Both, chemically synthesized and recombinant Syn(72-140) show similar 

aggregation behavior. Protein bands are assigned and summarized in the tables. In general, fragments (*), 

oligomers (´), monomer (M) and dimer (2M) are denoted. The positions of molecular MW are each 

depicted on the left of the gel. 

 

Figure 25: MALDI-TOF mass spectra of the passively eluted chemically synthesized Syn(72-140) S6 

(cf. Figure 24, upper panel). (A) Syn(72-140) monomer S6, and (B) Syn(72-140) oligomer S6´´. 
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Figure 26: MALDI-TOF mass spectra of the passively eluted recombinant Syn(72-140) 6 (cf. Figure 24, 

lower panel). (A) Syn(72-140) dimer 6´, and (B) Syn(72-140) oligomer 6´´. 

More recently, it has been shown that SynA53T has increased propensity to form fibrils in 

vitro [220]. Tricine-SDS-PAGE analysis of SynA53T showed rapid fragment and oligomer 

formation. Monomeric and dimeric species were identified on the basis of MW after their 

separation in gel and mass spectrometric analysis                        (    

       ) and                       (            ) (Figure 28C and D). In addition, 

two protein bands at approximately    and        were observed (Figure 27). Following 

passive elution from the gel, two molecular fragment ions with [M+H]
+
 at              and 

[M+H]
+
 at              were detected by mass spectrometric analysis. The peptide mass 

search using GPMAW with a precision of maximal         suggested two N-terminal 

fragments SynA53T(15-138) found with a molecular mass of             (           ) 

and SynA53T(34-140) found with a molecular mass of             (             ) 

(Figure 28A and B). 

 

Figure 27: Passive elution of four days incubated SynA53T 12 from Tricine-SDS-PAGE. Protein bands 

are assigned and summarized in the table. In general, fragments (*), oligomers (´), monomer (M) and 

dimer (2M) are denoted. SynA53T fragments assigned by peptide mass search using GPMAW program 

are denoted as superscript 
1
. The positions of MW markers are depicted on the left of the gel. 
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Figure 28: MALDI-TOF mass spectra of passively eluted SynA53T 12 (cf. Figure 27). (A) 

SynA53T(34-140) 12**, (B) SynA53T(15-138) 12*, (C)SynA53T monomer 12, and (D) SynA53T 

dimer 12´´. 

 Effect of point mutation and sequence deletion on amyloid fibril formation of 2.3.2

αSynuclein 

Human Syn exhibits little or no ordered structure under physiological conditions. The amyloid 

fibril formation of Syn and its familial mutants are accompanied by adoption of -sheet 

secondary structure [221] (cf. chapter 2.1.4.2, Figure 11A).  

A fundamental question is: What structural and spectroscopic characteristics and differentiation 

in fibril formation to Syn, the Syn mutants will show? 

Freshly prepared Syn in       NaPi        or an aliquot of incubated Syn in       NaPi 

       using Syn concentration of               was used and TFE to a final concentration 

of      (v/v) was added, and the far-UV CD spectra of freshly prepared Syn, six days 

incubated Syn, and long-term incubated Syn were recorded. 

The effects of incubation time on structural properties of Syn mutants Syn-VFS 3, Syn-G6 

4, Syn(71-140) 5, Syn(72-140) 6, Syn(1-120) 7, and Syn(2-11) 8 are shown in Figure 

29. The change in CD signals between     and        indicated secondary structure changes 
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in the protein. In particular, spectral characteristics in the vicinity of               and 

           indicated typical amyloidogenic structural transition from random coil to -

sheet due to its aggregation process. A minimum in the vicinity of       , with a weak band at 

           corresponds to random coil, and a maximum in the vicinity of        with a 

negative band at            corresponds to -sheet structure [151, 197, 222].  

 

Figure 29: Effects of in vitro incubation on the structural properties of Syn mutants (A) Syn-VFS 3, 

(B) Syn-G6 4, (C) Syn(71-140) 5, (D) Syn(72-140) 6, (E) Syn(1-120) 7, and (F) Syn(2-11) 8 

monitored by far-UV CD spectroscopy as a function of time. Each panel shows freshly prepared Syn 

(solid line), six days incubated Syn (dashed line), and long-term incubated Syn (dotted line). The change 

in CD signals between     and        indicate secondary structure changes in the protein. Spectral 

characteristics: a minimum in the vicinity of        with a weak band at            corresponds to 

random coil and a maximum in the vicinity of        with a negative band at            

corresponds to -sheet structure. 
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The CD spectra of freshly prepared Syn-VFS 3, Syn-G6 4, Syn(71-140) 5, and Syn(72-

140) 6 are characterized by random coil signature in the vicinity of       , and Syn(1-120) 7 

and Syn(2-11) 8 are characterized by -sheet signature at           . The CD spectra of 

six days incubated Syn-VFS 3 and Syn-G6 4 clearly show protein structure transition from 

random coil to -sheet structure due to in vitro incubation of six days at     . In contrast, CD 

spectra of Syn(72-140) 6 as well as six days incubated Syn(71-140) 5 are flattened, 

indicating the presence of already formed prefibrils and/or fibrils, and provides a consistent 

result with their gel electrophoretic and mass spectrometric analyses (cf. chapter 2.3.1). 

To examine in closer detail the transition of secondary structure of human Syn and the Syn 

mutants, the changes in molar ellipticity  M were studied at wavelength     and        

(Figure 30). The ratio 198/222 of far-UV CD values at     and        was calculated in order 

to assist the interpretation of existing transition of secondary structure without plotting the full 

CD spectra. The ratio 198/222 value > 0 describes random coil, and the ratio 198/222 value < 0 

indicates -sheet structure. 

 

Figure 30: Transition of the secondary structure of Syn due to in vitro incubation at     . The ratio 

198/222 of the far-UV CD values at     and        (cf. Figure 29) might improve the interpretation of 

existing secondary structure transitions. The ratio 198/222 is plotted for each Syn (x-axis) for both freshly 

prepared (filled square) and six days incubated (open circle) samples. Ratio 198/222 value     describes 

random coil conformation in particular value     describes distinctive random coil. Ratio 198/222 value 

    describes -sheet structure in particular      describes less distinctive -sheet. Syn 1, 3, 4 and 5 

show transition from random coil to -sheet structure due to in vitro incubation. Syn 8 exists unchanged 

in -sheet structure. In contrast, Syn 9 exists unchanged in random coil conformation. According to the 

ratios 198/222 of Syn 6 and 7 they seem to exist either in unchanged random coil or -sheet, respectively, 

but the corresponding far-UV spectra (Figure 29D and E) indicating the presence of already formed 

prefibrils and/or fibrils.  
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According to the ratio 198/222 of Syn 1, Syn-VFS 3, Syn-G6 4 and Syn(71-140) 5 show 

transition from random coil to -sheet structure due to in vitro incubation for six days at     . 

However, Syn(72-140) 6 and Syn 9 showed unchanged random coil, and Syn(1-120) 7 and 

Syn(2-11) 8 unchanged -sheet structure. However, a closer examination of the 

corresponding far-UV spectra (cf. Figure 29C-F) reveals the presence of already formed 

prefibrils and/or fibrils of Syn(72-140) 6 and Syn(1-120) 7 as well as six days incubated 

Syn(71-140) 5. 

The overall analysis of the CD spectra and ratio 198/222 values resulted in refined grouping: 

ratio 198/222 value     describes random coil, ratio 198/222 value     describes distinctive 

random coil, ratio 198/222 value     describes -sheet structure and ratio 198/222      

describes less distinctive -sheet. In brief, the determination of the ratio 198/222 value is useful 

to easily interpret the protein structure transition which may contain inaccuracies, in particular 

where chiral particles are greater than their absorption wavelength e.g. prefibrillar aggregates 

and fibrils [197, 198]. 

The time course of fibril formation of Syn and Syn mutants is based on nucleation-dependent 

polymerization. To address the issue of fibril formation of Syn mutant, in particular Syn-G6 4, 

Syn(71-140) 5 and Syn(1-120) 7, ThT fluorescence assays were performed. Both deletion 

mutants Syn(71-140) 5 and Syn(1-120) 7 show a lag time of           and          , 

respectively, and a similar lag phase like human Syn with           under the same 

conditions. In contrast, the sequence mutant Syn-G6 4 is characterized by an extended lag 

phase of           . But no significant differences in the elongation rate    could be 

ascertained. In addition, fibrils prepared from Syn-G6 4 are characterized by electron 

microscopy (EM). Syn-G6 4 display different fibril morphology with much shorter fibrils 

compared to human Syn as shown in the electron micrograph in Figure 31. 

In conclusion, the fibrils prepared from human Syn and Syn mutants have differences in 

secondary structure as indicated by CD spectra and EM, and Syn fragmentation and aggregation 

is sequence-sensitive. However, Syn mutants are capable of aggregation, in contrast to non-

fibrillating Syn. 
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Figure 31: Fibril morphology of Syn is sequence-sensitive. Electron micrographs of human Syn 1 (left) 

and Syn-G6 4 (right) prepared in       acetate buffer        with       NaCl and     . A 

magnification of 16,000 was used and a       -scale (bottom left) is shown for comparison. 

2.4 Aggregation studies by interaction between Synuclein and 

Synuclein mutants 

This chapter will address the fibril formation of Syn due to (i) co-aggregation with selected 

Syn mutants in molar ratio, (ii) incubation with preformed Syn aggregates (seeds) and (iii) co-

incubation with chemically synthesized Syn model peptides. 

 Co-aggregation and seeding experiments of Synuclein and Synuclein mutants 2.4.1

For co-aggregation experiments, mixtures of human Syn 1 and its variant Syn-G6 4 and 

Syn(1-120) 7 were incubated in       acetate        with       NaCl at different molar 

ratios, while keeping the final protein concentration at      . The aggregation was monitored 

by ThT fluorescence assay. For example, using a final volume of        consisting of         

      Syn 1 and               Syn-G6 4 will termed as follows: 1:    /4:    .  

In the mixtures of Syn 1 and Syn-G6 4 the fibril formation was slowed down with increasing 

the concentration of Syn-G6 4, as the lag phase increased directly proportional with the 

concentration of Syn-G6 4 (Figure 32B). In the mixtures of Syn 1 and Syn(1-120) 7 the 

kinetic parameters of fibril formation remain unchanged without regard to the presence of 

Syn(1-120) 7 (Figure 32A).  

Further, the soluble Syn 1 at a concentration of           was spiked with preformed Syn 

fibrils (Syn seeds) that serve as nuclei for fibril formation. The final concentration of seeds is 

shown as a percentage of the soluble Syn 1. For example,           soluble Syn 1 was 

spiked with     Syn-G6 4 contains             seed and is reported as follows: 1 + seed 

    4.  

200 nm200 nm

human Syn 1 Syn-G6 4
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In the seeding experiments of Syn 1 with preformed fibrils of Syn-G6 4, the fibril formation 

was predominantly driven by Syn 1 itself, as initially the lag phase increases with adding 

      Syn-G6 4 seed from            to           . But without regard of the increasing 

level of Syn-G6 4 seeds the kinetic parameters (lag time and rate constant) kept unchanged 

and the morphology of the fibrils appear to be similar in structure to Syn 1 fibrils (Figure 33). 

 

Figure 32: Interaction studies between human Syn 1 and (A) Syn(1-120) 7 and (B) SynG6 4 at 

different molar ratios monitored by ThT fluorescence using        excitation and        emission 

filters. The measurements were performed at      in       acetate       . (A) 1 was incubated with 7 

at different molar ratios (1:      /7:   , 1:     /7:    , 1:     /7:    , 1:     /7:      
1:     /7:    , 1:    /7:     ) while at the same time keeping the final protein concentration at 

     . Adding does not contribute the lag time on Syn fibril formation. In comparison, 1 and 7 show 

similar lag time of           and          , respectively. (B) 1 was incubated with 4 in different molar 

ratios (1:      /4:   , 1:     /4:    , 1:     /4:    , 1:     /4:    , 1:     /4:    , 

1:     /4:    , 1:    /4:     ) while at the same time keeping the final protein concentration at 

     . Adding  shows an increased lag time. 4 shows a lag time of           . 
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Figure 33: Seeding experiment of human Syn 1 using preformed Syn-G6 4 fibrils. Experimental 

conditions:           1 in       acetate        at     . The fibril seeds (     ,      ,      ,    , 

   ,    , and    ) were added to 1 and incubated at     . The fibril formation was monitored by ThT 

fluorescence using        excitation and        emission filters. The change of the kinetic parameters 

(A) lag time and (B) rate constant as a function of the seed concentration of 4 are shown. (A) The lag time 

of fibril formation increases with addition of seeds of 4, but is independent on their concentration. Once 

the seeds are added the lag time increases from            to           . In contrast, (B) the rate 

constant of fibril formation remains more or less constant with adding seeds of 4. 

Further, seeding experiments of Syn 1 using preformed fibrils of Syn(71-140) 5 revealed that 

the lag time first increased with the addition of       or       seeds of Syn(71-140) 5, but 

then significantly decreased by adding more seeds of Syn(71-140) 5 to          . In contrast, 

the fibril elongation (rate constant) accelerated by adding seeds ofSyn(71-140) 5 right from 

the beginning (Figure 34B). 

 

Figure 34: Seeding experiment of human Syn 1 and preformed Syn(71-140) 5 fibrils. Experimental 

conditions:       1 in       acetate        at     . The fibril seeds (     ,      ,   ,    , and 

   ) were added to 1 and incubated. The fibril formation was monitored by ThT fluorescence using 

       excitation and        emission filters. The change of kinetic parameters (A) lag time and (B) 

rate constant as a function of the seed concentration of 5 are shown. (A) First, the lag time increases by 

adding       or       seeds, but significantly decreases by adding more seeds of 5. By adding     seeds 

the lag time is reduced from            to          . On the contrary, (B) the rate constant of fibril 

formation accelerates with adding seeds of 5. 
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 Co-incubation of Synuclein with Synuclein model peptides and structural 2.4.2

characterization of aggregation products 

Co-aggregation and seeding experiments revealed that Syn mutants could affect the Syn 

structural properties and fibrillation. Hence, proteins are more complex than peptides; the idea 

was to synthesize model peptides scaffolding Syn sequence and co-incubate them with human 

Syn or Syn mutant providing accelerating, reducing or in any other way changed fibril 

formation. 

The hydrophobic NAC region (residues 61-95) is the important region for Syn fibril 

formation. In particular, the 12-amino acid stretch (
71

VTGVTAVAQKTV
82

) in the middle of the 

hydrophobic NAC domain of human Syn is necessary for fibrillation, and the synthesized 

peptide comprising residues (71-82) of Syn has been shown to aggregate [21]. Moreover, 

Giasson et al. reported that the introduction of charged residues within the aggregation domain 

reduced the rate of filament formation [21]. Another partial peptides in NAC region such as 

Syn(68-78) GAVVTGVTAVA has been shown to fibrillate by itself [223]. Described above in 

this thesis, selected and structural characterized Syn mutants show that only a partial tripeptide 

has to be modified to change the structural properties of Syn. 

Therefore, 14-mer peptide Syn(65-78) NVGGAVVTGVTAVA was used as a scaffold Syn 

model peptide. In the following, single and multiple Syn peptide mutants were designed and 

chemically synthesized (Table 4).  

Some peptides are related to the previously described Syn mutants (cf. chapter 2.2.1) such as 

peptide Syn-NAN P2, peptide Syn-VFS P4, peptide Syn-G6 P8, peptide Syn-A6 P9 and 

peptide Syn P7. Furthermore, Val residue at position 66, 70, 71, or 74 or Gly residue at 

position 73 were substituted by either Thr or Ala e.g. peptide SynV71A P2, peptide 

SynV70T P5, peptide SynV71T P12, SynV74T P13, SynV66T P14, and peptide 

SynG73A P6. In addition, peptide SynT72S P15 was synthesized in order to introduce 

“Syn-characteristic”. In particular, peptide Syn-VTAV P10 four amino acids AGNI over 

residues (74-77) within the sequence of Syn were substituted by VTAV. Amino acids over 

residues (73-83) were omitted to generate the peptide Syn(73-83) P11. 
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Table 4: Amino acid sequences of Syn model peptides each consisting of 14 scaffolding amino acids over 

the residues (65-78) (numbering is based on Syn). The mutation with regard to Syn sequence P1 is 

highlighted in yellow and the mutation with regard to Syn sequence P7 is highlighted in light blue. 

No name sequence 

P1 Syn 
65

NVGGAVVTGVTAVA
78

 

P2 Syn-NAN 
65

NVGGANANGVTAVA
78

 

P3 SynV71A 
65

NVGGAVATGVTAVA
78

 

P4 Syn-VFS 
65

NVGGAVFSGVTAVA
78

 

P5 SynV70T 
65

NVGGATVTGVTAVA
78

 

P6 SynG73A 
65

NVGGAVVTAVTAVA
78

 

P7 Syn 
65

HLGGAVFSGAGNIA
78

 

P8 Syn-G6 
65

NVGGAGGGGGGAVA
78

 

P9 Syn-A6 
65

NVGGAAAAAAAAVA
78 

P10 Syn-VTAV 
65

HLGGAVFSGVTAVA
78

 

P11 Syn(73-83) 
65

NVGGAVVT----------GAGSIA
89 

P12 SynV71T 
65

NVGGAVTTGVTAVA
78

 

P13 SynV74T 
65

NVGGAVVTGTTAVA
78

 

P14 SynV66T 
65

NTGGAVVTGVTAVA
78

 

P15 SynT72S 
65

NVGGAVVSGVTAVA
78

 

 

2.4.2.1 Synthesis and structural characterization of Synuclein model peptides  

Solid phase peptide synthesis (SPPS) was carried out on ResPep Synthesizer (Intavis). 

The Syn model peptides P1-P15 (Table 4) were synthesized by SPPS using 

fluorenylmethyloxycarbonyl (Fmoc) chemistry as described in chapter 3.7. O-[-4-

(hydroxymethyl) phenyl] polyethylenglycol (tentaGel R PHB resin;             coupling 

capacity) preloaded with N--Fmoc-protected amino acid Ala was employed as polymer 

support. The used linker was TFA labile, and after synthesis, the peptides were cleaved from the 

solid support (resin), and subsequently purified and analyzed by RP-HPLC and mass 

spectrometry. The structural characteristics of all synthesized Syn model peptides are 

summarized in Table 5. 
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Table 5: Structural characterization of the synthesized Syn model peptides by RP-HPLC and ESI-MS. 

Retention time (  ) describes the time between injection and recording of the peak maximum. m denotes 

the mass differences between theoretical and experimental peptide mass. 

  MW / Da  

No. tR / min theoretical experimental m / ppm 

P1 17.8 1213.67 1213.47 165 

P2 11.5 1213.61 1213.41 165 

P3 16.8 1185.64 1185.42 186 

P4 23.4 1247.65 1247.54 88 

P5 11.5 1215.65 1215.45 165 

P6 20.9 1227.68 1227.48 163 

P7 21.5 1269.65 1269.44 165 

P8 8.2 999.47 999.31 160 

P9  17.3 1083.57 - - 

P10 23.4 1284.68 1248.45 179 

P11 16.0 1171.62 1171.53 77 

P12 16.2 1215.65 1215.41 197 

P13 14.1 1215.65 1215.45 165 

P14 15.5 1215.65 1215.42 189 

P15 10.8 1199.65 1199.41 200 

 

In addition and complementary to the MS analysis the peptide sequences were confirmed by 

tandem MS (MS/MS). The MS measurement was performed first in a standard manner (cf. 

chapter 3.9.5.2), and once a clear signal from the singly [M+H]
+
 and/or doubly [M+2H]

2+
 

charged molecular ion appeared (Figure 35B), it was manually switched to the MS/MS mode. 

The signal selected as a precursor was exposed to collision induced dissociation (CID) 

fragmentation and different peptide fragments (ion series) are detected in the spectrum. The 

theoretical fragment masses were generated using the computational program GPMAW. The 

fragment ions calculated could be searched along the spectrum, and from the matched fragments 

the correctness of the peptide sequence was provided. As an example, the MS/MS spectrum of 

synthesized peptide P4 with the amino acid sequence assigned is shown in Figure 35C. 
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Preparative syntheses for all Syn model peptides were successfully accomplished, with only one 

exception (peptide P9).  

 

Figure 35: Structural characterization of the synthetic Syn model peptide P4. (A) Analytical RP-HPLC 

profile with the assigned retention time    of         . (B) ESI mass spectrum of P4 with singly and 

doubly charged molecular peptide ions [M+H]
+
             and [M+2H]

2+
           , respectively. 

The doubly charged ion [M+2H]
2+ 

was selected as precursor ion () for further MS/MS analysis. (C) 

ESI-MS/MS spectrum of P4. The observed product ions are assigned with b and y including the charge of 

the product ion (
+
 or 

2+
) as well as the amino acid numbering within the peptide sequence. The assigned 

amino acid sequence of P4 is shown. 

2.4.2.2 Secondary structure analysis of in vitro aggregated Synuclein model peptides using 

circular dichroism spectroscopy 

Far-UV CD spectroscopy was carried out to investigate possible time dependent changes of the 

secondary structure of Syn model peptides due to their in vitro incubation to analyze whether 

the Syn peptides are monomeric or self-aggregating.  
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The CD measurements of the peptides were carried out in       NaPi pH7.5 containing      

TFE. The raw data were processed by smoothing and subtraction of buffer spectra and CD 

values expressed as molar residue ellipticity  M. 

The CD spectroscopic data indicate that most of the Syn model peptides were monomeric and 

non-self-aggregating exposing unchanged random coil characteristics due to their in vitro 

incubation. However, the three Syn peptides SynG73A P6, SynV66T P14 and SynT72S 

P15, adopted -sheet structure or underwent transition from random coil to -sheet structure, 

suggesting self-associating characteristics. 

In particular, the effect of incubation on the structural properties of Syn model peptides Syn 

P1, Syn-VFS P4, SynG73A P6, Syn P7, Syn-VTAV P10, SynV71T P12, and 

SynT72S P15 is shown in Figure 36. For each Syn model peptide far-UV spectra of freshly 

prepared, three days incubated, and long-term (six or 15 days) incubated peptide solutions were 

acquired. The change in the CD signals between     and        indicated secondary structure 

changes.  

Peptides Syn P1, Syn-VFS P4, Syn P7, Syn-VTAV P10, and SynV71T P12 belongs to 

the category of the non-self-associating peptides. The CD spectral fingerprint of SynG73A P6 

was time independent and characterized by absorption flattening indicating inhomogeneous 

distribution of sample chromophores due to their self-association. SynT72S P15 was the only 

representative Syn model peptide that underwent transition from random coil to -sheet 

structure due to its in vitro incubation, suggesting a time dependent self-association.  
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Figure 36: Structural properties of the Syn model peptides (A) Syn P1, (B) Syn-VFS P4, (C) 

SynG73A P6, (D) Syn P7, (E) Syn-VTAV P10, (F) SynV71T P12, and (G) SynT72S P15 due to 

their in vitro aggregation monitored by far-UV CD spectroscopy as a function of time. Each panel shows 

the CD spectra of freshly prepared (solid line), three days incubated (dashed line), and long-term 

incubated peptide solution (dotted line). The change in the CD signals between     and        

indicates secondary structure changes in the peptide. Spectral characteristics: a minimum around        

with a weak band at            corresponds to random coil (panel A, B, D, E, F and G) and a 

maximum around        with a negative band at            corresponds to -sheet structure (panel 

G). Far-UV CD spectrum of P15/6 (panel G) and CD spectra of P6 (panel C) are characterized by 

absorption flattening indicating inhomogeneous distribution of sample chromophores due to peptide self-

association. 
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2.4.2.3 Effects of Synuclein model peptides on in vitro oligomerisation-aggregation of 

Synuclein revealed by gel electrophoresis and ion mobility-mass spectrometry 

Considering that the amyloid-core-forming NAC region (residues 61-95) is important for Syn 

fibril formation, the binding of small molecules such as peptides to this region might affect 

Syn aggregation. The so-called beta-sheet breaker strategy in which short synthetic peptides 

are capable of binding target molecules and inhibit their fibril formation has previously been 

shown for the AD target peptide A [54]. Furthermore, peptide-based inhibitors destabilize the 

-sheet structure. A major question in this context was, whether the engineered synthetic Syn 

model peptides modulate the Syn aggregation. 

The selected Syn model peptides Syn-VFS P4, SynG73A P6, Syn P7, Syn-VTAV P10, 

SynV71T P12, and SynT72S P15 were co-incubated 15 days with 30 µM Syn or the Syn 

mutants in       NaPi        at     ., and the peptide-protein-mixtures were analyzed by 

Tricine-SDS-PAGE.  

Syn 1 was co-incubated with the non-self-associating peptides Syn-VFS P4, Syn P7, 

SynV71T P12 as well as with the self-associating peptides SynG73A P6 and SynT72S P15 

(Figure 37). As expected Syn 1 alone showed fragmentation (        ), monomeric 

(       ) and dimeric (       ) bands and fibril formation.  

 

Figure 37: Time-dependent effect of the Syn model peptides on in vitro aggregation of Syn 1 monitored 

by silver stained     -Tricine-SDS-PAGE. Syn 1 alone (single lane left to MW marker) or co-

incubated with Syn model peptides Syn-VFS P4, SynG73A P6, Syn P7, SynV71T P12, and 

SynT72S P15 are shown as freshly prepared (left panel, 1/0) and 15 days incubated (right panel, 1/15) 

samples. The arrow indicates the monomeric form of 1. Co-incubation yielded in additional oligomeric 

states of 1, and at the same time reduced fragmentation. In particular, the presence of P12 and P15 

accelerates fibril formation of 1. 

Higher oligomers of recombinant Syn such as trimers, tetramers, or pentamers could not be 

visualized by gel electrophoresis. The co-incubation with synthetic peptides yielded an 

additional oligomeric state of Syn 1, migrating at approximately        in gel, which might 
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correspond to a Syn trimer. In particular, in the presence of P12 and P15 a further oligomeric 

band at approximately         was assumed to be a Syn tetramer, which accelerated fibril 

formation of Syn 1. In contrast, co-incubation with self-associating peptides SynG73A P6 

and SynT72S P15 seemed to reduce or inhibit fragmentation of Syn 1. 

Syn-VFS 3 was co-incubated with non-self-associating peptides Syn P7, Syn-VTAV P10, 

and SynV71T P12, as well as with the self-associating peptide SynT72S P15 (Figure 38). 

Syn-VFS 3 alone showed monomer (       ) and dimer (       ), and fibril formation. 

The co-incubation with synthetic peptides Syn P7, SynV71T P12 and SynT72S P15 

produced an additional oligomeric state of Syn-VFS 3 migrating at approximately       , 

which might be the corresponding trimer. In particular, the presence of Syn-VTAV P10 had no 

structural effect on stabilizing the formation of Syn-VFS oligomers. The sequence alignment 

of peptide Syn-VTAV P10 and the Syn mutant Syn-VFS showed      homology within the 

scaffold sequence over residues (65-78). Assessing the peptide equivalent to the protein, the 

result showed that the observed additional oligomeric states were not concentration dependent. 

 

Figure 38: Time-dependent effect of Syn model peptides on in vitro aggregation of Syn-VFS 3 

monitored by silver stained     -Tricine-SDS-PAGE. Syn-VFS 3 alone (single lane left to MW 

marker) or co-incubated with Syn model peptides Syn P7, Syn-VTAV P10, SynV71T P12, and 

SynT72S P15 are shown as freshly prepared (left panel, 3/0) and 15 days incubated (right panel, 3/15) 

samples. The arrow indicates the monomeric form of 3. 3/15 alone is characterized by dimer and fibril 

formation. But the co-incubation with Syn peptide P7, P12, and P15 yielded in additional oligomeric 

states of 3. In particular, the presence of P10 has no structural effect on aggregation of 3. 

Syn-G6 4 was co-incubated with non-self-associating peptides Syn P7, Syn-VTAV P10, 

and SynV71T P12, as well as with self-associating peptide SynT72S P15 (Figure 39). Syn-

G6 4 alone was characterized by fragmentation (       ), monomer (       ) and dimer 

(       ), and fibril formation. The co-incubation with synthetic peptides Syn P7, 

SynV71T P12 and SynT72S P15 supported and stabilized two additional oligomeric states of 
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Syn-G6 4 migrating at approximately    and         in the gel, which might be the 

corresponding trimer and tetramer, respectively. The presence of Syn-VTAV P10 and 

SynT72S P15 showed no stabilizing effects on the oligomerisation of Syn-G6 4. In 

particular, co-incubation with SynT72S P15 seemed to reduce or even inhibit fragmentation of 

Syn-G6 4. 

 

Figure 39: Time-dependent effect of Syn model peptides on in vitro aggregation of Syn-G6 4 monitored 

by silver stained     -Tricine-SDS-PAGE. Syn-G6 4 alone (single lane left to MW marker) or co-

incubated with Syn model peptides Syn P7, Syn-VTAV P10, SynV71T P12, and SynT72S P15 are 

shown as freshly prepared (left panel, 4/0) and 15 days incubated (right panel, 4/15) samples. The arrow 

indicates the monomeric form of 4. Whereas 4/15 alone is characterized by fragmentation, dimer and 

fibril formation, and the co-incubation with Syn peptide P7, P10, P12, and P15 yielded in additional 

oligomeric states of 4. In particular, co-incubation seems to reduce fragmentation of 4. 

The deletion mutantSyn(71-140) 5 was co-incubated with non-self-associating peptides Syn-

VFS P4, Syn P7, and SynV71T P12 as well as with self-associating peptide SynT72S P15 

(Figure 40). Syn(71-140) 5 alone was characterized by monomer (       ) and fibril 

formation. The co-incubation with synthetic peptides Syn-VFS P4, SynV71T P12 and 

SynT72S P15 showed an additional oligomeric states of Syn(71-140) 5 migrating at 

approximately        in the gel, which might be the corresponding tetramer. The presence of 

Syn P7 showed no promoting effect on the oligomerisation of Syn(71-140) 5. 



Results and Discussion 

 

59 | p a g e  

 

Figure 40: Time-dependent effect of Syn model peptides on in vitro aggregation of Syn(71-140) 5 

monitored by silver stained     -Tricine-SDS-PAGE. Syn(71-140) 5 alone (single lane left to MW 

marker) or co-incubated with Syn model peptides Syn-VFS P4, Syn P7, SynV71T P12, and 

SynT72S P15 are shown as freshly prepared (left panel, 5/0) and 15 days incubated (right panel, 5/15) 

samples. The arrow indicates the monomeric form of 5. Co-incubation with Syn peptide P4, P12, and P15 

yielded in an additional oligomeric state of 5 with an approximately MW of       . In particular, co-

incubation with P7 has no structural effect on aggregation of 5. 

The physiologicalSyn 9 was co-incubated with the non-self-associating peptides Syn-VFS 

P4, Syn-VTAV P10, and SynV71T P12 as well as with self-associating peptides SynG73A 

P6 and SynT72S P15 (Figure 41). Syn 9 alone was characterized by monomeric state 

(       ). The co-incubation with any Syn peptide had no effect on the aggregation of Syn 

9. 

 

Figure 41: Time-dependent effect of Syn model peptides on in vitro aggregation of Syn 9 monitored by 

silver stained     -Tricine-SDS-PAGE. Syn 9 alone (single lane left to marker) or co-incubated with 

Syn model peptides Syn-VFS P4, SynG73A P6, Syn-VTAV P10, SynV71T P12, and SynT72S 

P15 are shown as freshly prepared (left panel, 9/0) and 15 days incubated (right panel, 9/15) samples. The 

arrow indicates the monomeric form of 9. Co-incubation with any Syn peptide has no structural effect on 

aggregation of 9. 
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In summary, the Syn model peptides induced the oligomerisation of Syn polypeptides, but did 

not induce the oligomerisation of Syn. Syn was unchanged in monomeric state and thus was 

characterized as the non-aggregating Syn family member. In particular, the model peptide Syn 

P7 induced oligomerisation of Syn 1, Syn-VFS 3 and Syn-G6 4, but had no structural effect 

on the deletion mutant Syn(71-140) 5, indicating that the model peptide Syn P7 uniquely 

interact with the N-terminal part of the Syn sequence. Moreover, Syn-VTAV P10 showed a 

low extend of oligomeric states in comparison with the other model peptides. 

The questions arising in this model study were: (i) how the model peptides stabilize oligomeric 

states of Syn polypeptides, and (ii) wheter they act as transient or even permanent binders to 

form a stable peptide-protein-complex. In order to identify the potential peptide-protein 

complex IM-MS analyses (see chapter 2.5.1) were performed. The expected molecular mass of 

the peptide-protein complex would correspond to the sum of the MW of Syn polypeptide and 

the MW of the Syn model peptide. The longer-term incubated peptide-protein mixture was 

diluted in 1% formic acid and injected into the mass spectrometer. No formation of peptide-

protein-complexes was observed that the Syn model peptide may act as a transient binder, or 

that the peptide-protein-complex may be unstable at the acidic   . To investigate a possible pH 

effect ionization of the peptide-protein-mixture was attempted under native conditions (      ), 

but without success. To exclude possible ion suppression by excess Syn peptides size exclusion 

columns with a cut-off at        were used to remove excess of peptide prior to IM-MS 

analysis. However, no peptide-protein-complexes could be detected. A possible explanation 

may be that the Syn model peptides act as transient binders and thereby favor the formation of 

oligomeric species of Syn polypeptides.  

2.5 Structural characterization and collision cross sections of 

Synucleins and their aggregation products revealed by ion 

mobility-mass spectrometry 

 Ion mobility-mass spectrometry for analysis of protein conformations  2.5.1

The individual mobility of an ion in a defined electric field is characterized by its mass, size and 

shape, and can be determined by monitoring the migration time (drift time   ) of the ion along a 

defined way (drift length  ). The mobility of molecular ion in gas phase depends on its collision 

cross-section (CCS) that defines the surface of the ion or particle (ion size) and charge state. 

Highly charged ions will experience a greater drift force and having shorter drift times than 

singly charged ions. Extended ion conformation having larger CCS will experience more 

collision with the buffer gas and thus will migrate with slower drift time than more compact 

ions with the same charge and mass [224]. These effects are illustrated in Figure 42.  
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Figure 42: Drift time distribution depending on (A) charge and (B) shape of the molecular ions. (A) 

Highly charged ions will experience a greater drift force and have shorter drift times than singly charged 

ions. (B) Extended ion conformations with larger collision cross-section (CCS) will experience more 

collisions with the buffer gas and migrate with a slower drift time than the more compact ions with the 

same charge and mass. 

The combination of ion mobility separation with high resolution MS enhances the structural 

characterization of molecules, yielding information on protein structure, conformation and their 

dynamics such as aggregation in the gas phase [224] in addition to molecular weight 

determination. 

In Figure 43 the high resolution IM-MS instrument, developed and constructed at Indiana 

University, is shown. The instrument comprises with an ion source,    drift tube, TOF mass 

analyzer and several ion funnels [178].  

Ions were accumulated in the ion funnel [225] and then pulsed into the drift tube. Ions migrated 

towards the drift tube representing a stack ring radio frequency (rf) ion guide, and the ions were 

analyzed in the TOF mass analyzer. The flight time of the ions in the mass analyzer was in the 

order of microseconds; however, the ion drift time through the drift tube was in the order of 

milliseconds, which enabled recording the mass spectra within the individual drift time window 

across the IM spectrum and was referred as nested measurement [178, 226].  

 

Figure 43: Schematic representation of an IM mass spectrometer equipped with a TOF mass analyzer 

(IMS-TOF-MS; instrument built at Indiana University). Ions are accumulated in the Smith-geometry 

hour-glass ion funnel and then pulsed into the drift tube filled with inert buffer gas (He). Ions migrate 

through the drift tube, and then separated based on their size and shape. The mass analysis was performed 

using a TOF mass analyzer. 
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CCS data from IM analyses were shown to provide structural characterization of proteins and 

protein complexes [227, 228]. In the present work, IM-MS analysis was used to study 

oligomerisation-aggregation products of human Syn and Syn, as well as selected Syn mutants 

with regard to their molecular surface area and structure in the gas phase. 

 Identification and structural characterization of Synuclein monomer 2.5.2

First, the freshly prepared Syn 1 in       NaPi was diluted with     formic acid and 

introduced into the IMS-TOF-MS, and the sample sprayed until a valid number of data points 

were detected. (The size of the individual data point is called bin, and the total number of bins 

corresponds to the signal intensity). The signal intensity was implemented into the graphical 

plots by mapping the bin numbers in a matrix, in which intensity was represented from dark 

blue to red, indicating low to high signal intensity, respectively. 

The homogenous Syn monomer 1 exhibited a broad ion distribution with charge states from 

+12 to +21 (Figure 44). In addition to this standard mass spectrum of Syn 1, providing the 

monoisotopic MW of Syn monomer (            ,           ), the 2D IM-spectrum 

revealed that the monomeric ions of Syn 1 with lower charge states from +12 to +14 

simultaneously existed in compact and elongated conformations (Figure 45, line A and B).  

The extracted total ion drift time distribution was obtained by integrating across the entire     

range for each given drift time, and the associated     plot was obtained by integrating 

selected drift times for given     values. A typical 2D nested drift time-    plot of freshly 

prepared monomeric Syn 1 is shown in Figure 45. Highly charged ions have shorter drift times 

than lower charged ions. Ions with extended conformation (cf. Figure 45, line B) experience 

larger collision with the buffer gas and migrate with slower drift time than more compact ions 

(cf. Figure 45, line A) with the same charge and mass.  

 

 



Results and Discussion 

 

63 | p a g e  

 

Figure 44: Mass spectrum of Syn extracted from IM-MS measurements.Syn monomer 1 exhibits a 

broad ion distribution with charge states from +12 to +21 and a monoisotopic       of              

with           . 

 

Figure 45: 2D drift time-    plot (IM-spectrum) shows the charge distribution of the monomeric Syn 1. 

Highly charged ions have shorter drift times than the lower charged ions. Multiply charged molecular 

ions [M+nH]
n+

 abbreviated to MHn+. Syn 1 exhibits multiple charge ions from MH12+ to MH21+. Ions 

with extended conformation (line B) experience larger collision with the buffer gas and migrate with 

slower drift time than more compact ions (line A) with the same charge and mass. The total ion drift time 

distribution is shown across the top and was obtained by integrating across the entire     range for each 

given drift times    (       ). 

600 800 1000 1200 1400

0,0

0,5

1,0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

m/z

MH12+

MH13+

MH14+

MH15+

MH16+

MH17+

MH18+

MH19+

MH20+

MH21+

Monoisotopic values

MWcal = 14451.21 Da

MWexp = 14445.32 Da

m = 407 ppm

8 12 16 20 24 28
0,0

0,5

1,0

 n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

drift time / ms

8 12 16 20 24 28

500

1000

1500

m
/z

drift time / ms

salt

Syn 1

MH12+

MH13+

MH14+

MH15+
MH16+

MH17+
MH18+

MH20+
MH19+

MH21+

A

B



Results and Discussion 

 

64 | p a g e  

In order to calculate the average CCS of a molecular ion, the characteristic drift time of the 

respective ion has to be determined. For this purpose, the associated m/z range for each 

molecular ion was read out from the     spectrum e.g. for [M+16H]
16+

     range       

     . Subsequently, integrating these     data for each charge state provided characteristic 

drift profiles. The drift profile of each charge state gives information about the number of 

protein conformations or even different protein species, and their characteristic averaged drift 

time, which can be easily read out at maximum intensity value (Figure 46). The drift time    

can be related to its characteristic CCS   using kinetic theory and can be calculated by Equation 

1: 

Equation 1: 
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In Equation 1   is the ion charge,   is the temperature of the buffer gas,    the Boltzmann 

constant,    and    correspond to the mass of the ion and buffer gas, respectively,    drift time 

of an ion in a defined drift tube with drift tube length   and field strength  . Further,   is the 

buffer gas pressure,   is the buffer gas temperature, and   the number density of the buffer gas.  

 

Figure 46: Calculation of averaged CCS from IM-MS data illustrated by the example of Syn 

[M+16H]
16+

. The respective     range for the molecular ion is read out from     spectrum e.g. for 

[M+16H]
16+

 the     range was            . Following, the     data for the appropriate charge state 

were integrated by resulting the characteristic drift profile. The drift time is easily read out at the 

maximum intensity value             . The characteristic CCS value   is calculated. Syn 

[M+16H]
16+

 has a CCS value of        . 

As described in Figure 45 lower charge states of Syn monomeric ions exhibit both compact 

and elongated conformation. The compact conformation of Syn ions was associated with a 

CCS in the range of             , whereas the elongated conformation showed larger CCS 

values with             . CCS calculation of all charge states related to Syn monomer are 

summarized in Table 6. 
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Table 6: Structural characterization of freshly prepared Syn monomer 1. Data revealed by IM-MS. For 

charge states from +12 to +14 the CCS values for both compact (
1
) and elongated conformations are 

listed. 

 

 Identification and structural characterization of in vitro oligomerisation-2.5.3

aggregation products of human Synuclein 

As discussed in the chapter 2.1.4, the incubated Syn protein mixture consists of monomeric, 

and oligomerisation-aggregation products. Characterizing the aggregation of a complex mixture 

of biomolecules using a standard MS approach might be limited by overlapping isobaric and 

multimeric species with the identical    , that cannot be distinguished between e.g. monomeric 

ion M
13+

 and oligomeric ion M
26+

 [229]. In contrast, IM-MS reveals ions of the same     

values and can distinguish them by differences in shape, mass and charge with characteristic 

drift time distributions. A Syn 1 sample incubated for six days was introduced into the IM-MS, 

which revealed the co-existence of four main ion series correspond to four different protein 

species (Figure 47).  

Neither the total drift time distribution nor the total m/z distribution provided direct 

identifications. For this purpose, the respective mass spectrum had to be extracted from the total 

    spectrum by defined diagonal parameters (minimum drift time, minimum    , maximum 

drift time, maximum     and diagonal width); the integration along this diagonal determined 

the     spectrum of the ion series. The extracted mass spectra of all four ion series (Figure 47, 

Mass / Da molecular structure

No experimental theoretical ion CCS / Å2

MH12+ 1205.13 1205.28 [M+12H]12+ 18061-2014

MH13+ 1112.13 1112.64 [M+13H]13+ 19201-2092

MH14+ 1032.61 1033.24 [M+14H]14+ 20321-2186

MH15+ 964.06 964.42 [M+15H]15+ 2292

MH16+ 903.69 904.21 [M+16H]16+ 2382

MH17+ 850.57 851.08 [M+17H]17+ 2444

MH18+ 803.42 803.85 [M+18H]18+ 2512

MH19+ 761.39 761.60 [M+19H]19+ 2593

MH20+ 723.48 723.57 [M+20H]20+ 2674

MH21+ 688.88 689.16 [M+21H]21+ 2730
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diagonal 1-4) and their annotated peaks identified different Syn species as shown in Figure 48 

and Table 18. 

 

Figure 47: 2D IM-spectrum of incubated Syn 1. The total ion drift time distribution is shown across the 

top and was obtained by integrating across the entire     range for each given drift times of         . 

The associated total     distribution is shown right and was obtained by integrating the selected drift 

times for the given     values of         . IM-MS revealed the co-existence of four main ion series 

these correspond to four different protein species that are denoted as 1-4. Multiply charged molecular ions 

of Syn 1 [M+nH]
n+

 abbreviated to MHn+, and are assigned in the mass spectrum as MH10+ to MH14+.  

IM-MS analyses of in vitro incubated Syn revealed the formation of autoproteolytic Syn(72-

140), Syn dimer as well as two unknown Syn species with a MW of             and 

           . Higher oligomeric species could not be detected using IMS-TOF-MS, suggesting 

that these large biomolecules were poorly ionized. 

The autoproteolytic fragment Syn(72-140) existed as a dimer in the gas phase with abundant 

charge states +9 and +10, and migrated with the highest mobility of all oligomerisation-

aggregation products of Syn 1, at a drift time of         . The CCS of dimeric molecular 

ions [M+9H]
9+

 and [M+10H]
10+

 of the autoproteolytic fragment Syn(72-140) were         

and        , respectively, in agreement with the IM and CCS reference data of the 

recombinant Syn(71-140) (cf. Figure 76). Although the reference and generated 

autoproteolytic fragments differ in one amino acid, a similar structure could be assumed.  
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After in vitro incubation, Syn monomer exhibited a charge state distribution from +9 to +15 

with drift times of         . Hence, the freshly prepared Syn monomer yielded a much 

broader ion distribution with charge states from +12 to +21. In consequence, the CCS increase 

of nearly     , indicated that Syn monomer adopted an extended protein conformation due to 

the in vitro incubation (Figure 49). 

Dimeric Syn with a charge state distribution from +24 to +30 and drift times of          

showed relatively large CCS values of              (Table 18). 

 

 

Figure 48: Extracted mass spectra of Syn oligomerisation-aggregation products separated by IM-MS 

from Figure 47. In general, multiply charged molecular ions [M+nH]
n+

 abbreviated to  , are assigned in 

the mass spectra. Integration of (A) diagonal 1 over the drift time range          and (B) diagonal 2 

over the drift time range          revealed Syn monomer (red), Syn(72-140) dimer (blue), and 

Syn monomer plus adduct (orange). Integration of (C) diagonal 3 over the drift times of           
additionally revealed Syn dimer (green). Integration of (D) diagonal 4 over the drift times of    
      revealed two unknown molecular ion series (purple and black). All mass values associated with 

each charge state are summarized in Table 18. 
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Figure 49: Time-dependent structural changes of Syn 1. Freshly prepared Syn monomer exhibits both 

compact (●) and elongated (○) protein conformation. Incubated Syn monomer (▲) adopts a 

significantly extended protein conformation of nearly      due to its in vitro incubation. 

 

Figure 50: Principle of IM separation of protein conformers and oligomers. IM allows separation of ions 

with the same     value e.g. monomeric ion [M+13H]
13+

 (M
13+

) and dimeric ion [2M+26H]
26+

 (2M
26+

). 

(A) According to the theory, the dimer 2M
26+

 migrates faster than the monomer M
13+

 because it carries 

higher charges. The extended conformation of the monomeric ion M
13+

 (elliptic) is characterized by the 

lowest mobility. (B) IM-MS analysis of Syn revealed that the Syn dimers showed actually a lower 

mobility than the Syn monomer, suggesting that Syn dimer exists in a high extended conformation. 

Adapted from [229] with permission from Elsevier. 
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According to the theory, the highly charged ions were characterized by higher mobility, thus the 

selected oligomeric ions in a well-defined     range were expected to migrate with higher 

mobility than the monomeric ions in the same     range (Figure 50A). However, the Syn 

dimers showed a lower mobility than the Syn monomer indicating that Syn dimer or even 

Syn oligomers existed in higher extended conformation than expected for spherical constructs 

(Figure 50B). The same phenomenon has been described by Smith et al. [230] for the amyloid 

2-microglobulin, and might be characteristic of amyloidogenic protein assemblies. 

 Structural characterization of human Synuclein using IM-MS 2.5.4

At present, no IM-MS data and associated structural characterization of human Syn, the 

sufficiently well-known non-aggregating Syn, has been published. In this chapter the first IM 

data of Syn were obtained. The IM analysis was performed as described in chapter 2.5.2 and 

the 2D IM-spectrum is illustrated in Figure 51A. The extracted positive ESI-TOF-MS of Syn 9 

yielded a charge state distribution from +11 to +17, centered at +14 (Figure 51B), and a CCS 

distribution from              (Table 7). In addition, less intense peaks with drift times of 

         revealed the Syn dimer with a charge state distribution from +21 to +26 in the gas 

phase, which could never be monitored by gel electrophoresis. The average CCS of Syn dimer 

was approximately        . 

The IM data of in vitro incubated Syn was consistent with previously described gel 

electrophoretic data. (cf. chapter 2.1.4). 

Although, Syn and Syn slightly differ in MW, the IM data showed that the Syn monomer 

existed in a much higher extended conformation than Syn monomer (Figure 52). In contrast, 

the formation of Syn dimer was accompanied by unfolding of the monomer to an extended 

conformer (Figure 49), prior to Syn dimerization, and to amyloidogenic fibril assembly. Syn 

also formed dimers; however, in this case the dimerization was not accompanied by such an 

unfolding process.  
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Figure 51: (A) 2D IM-spectrum of freshly prepared Syn 9. Charge states (MHn+) are assigned. The inset 

represents the extracted     spectrum within the drift times of         , and indicates the existence 

of the Syn dimer in the gas phase. (B) Extracted     spectrum of freshly prepared Syn monomer 9 

with charge state distribution from +11 to +17 and       of 1           . Multiply charged molecular 

ions [M+nH]
n+

 abbreviated to MHn+. 

Table 7: Structural characterization of freshly prepared Syn 9. Data revealed by IM-MS. 
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Figure 52: Differences in size and shape of freshly prepared Syn 1 monomer (●/○) and Syn 9 monomer 

(■). The IM data show that Syn monomer (■) exists in much higher extended conformation than Syn 

monomer (●/○). Freshly prepared Syn monomer exhibits both compact (●) and elongated (○) protein 

conformations. 

 Identification and structural characterization of oligomerisation-aggregation 2.5.5

products of Synuclein mutants 

Site-specific introduction of mutations within Syn sequence leads to significant changes in 

their in vitro oligomerisation-aggregation behavior as shown by gel electrophoresis and 

spectroscopic analysis (cf. chapter 2.3 and 2.4).  

The Syn 1 and Syn-NAN 2 have identical MWs; however Syn 1 was characterized by 

fragmentation and aggregation, while the Syn mutant Syn-NAN 2 showed exclusively dimer 

formation (Figure 21). A detailed structure analysis of the Syn mutants was performed using 

IM-MS. Freshly prepared Syn-NAN 2 in       NaPi was diluted with     formic acid to the 

concentration of       and was subjected to IMS-TOF-MS.  

The IM-spectrum indicated an already heterogeneous Syn-NAN 2 sample, showing at least 

two different protein species as shown in Figure 53. IM-data revealed the co-existence of 

monomer and dimer in freshly prepared Syn-NAN sample, in agreement with the gel 

electrophoretic data. The Syn-NAN monomer with an experimental monoisotopic MW of 

             (            ) was characterized by drift times of         . The CCS 

values of         and         were determined for the molecular ions [M+10H]
10+

 and 

[M+11H]
11+

, respectively (Figure 54).  
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Figure 53: 2D IM-spectrum of freshly prepared Syn-NAN 2. Charge states (MHn+) are assigned. The 

three insets represent the extracted     spectra of (1) Syn-NAN monomer with MW of              

(            ) and (2 and 3) Syn-NAN dimer with MW of              (           ). Inset 

(2) shows the ion distribution from +21 to +28, and inset (3) shows the ion distribution from +26 to +32. 

Multiply charged molecular ions [M+nH]
n+

 are shortened termed MHn+. 

Syn-NAN 2 dimer showed a broad ion distribution with charge states from +21 to +32 as well 

as a broad drift time distribution from          (Figure 53) with an experimental 

monoisotopic MW of              (           ). The respective drift profiles revealed 

the existence of four different Syn-NAN dimer conformations with a broad CCS distribution 

from             . Molecular ions with charge states from +24 to +30 simultaneously 

adopted multiple conformations (Figure 54). In comparison, monomeric as well as dimeric 

Syn and Syn-NAN exhibited similar CCS despite clear differentiation by their 

oligomerisation-aggregation behavior. In this case, no structure relation was observed that may 

help to understand the differences in oligomerisation-aggregation. Thus, complementary 

methods e.g. EPR spectroscopy may help to elucidate these differences. 
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Figure 54: Drift profiles of different charge states of freshly prepared Syn-NAN 2 revealed by IM-MS 

(cf. Figure 53). The drift profiles elucidate the existence of Syn-NAN monomer (red ●) and four 

additional Syn-NAN dimer conformations (green diagonals) with broad drift time distribution from 

        . The calculated CCS values and molecular masses of each charge state are listed in the table 

(right).  

Spectroscopic analysis indicated that Syn-G6 4 is prone to form fibrils, but with different 

morphology compared to human Syn 1 (cf. Figure 31). IM analysis had revealed that Syn-G6 

monomer exhibited a higher extended conformation, with CCS values of              (for 

molecular ions [M+12H]
12+

 to [M+20H]
20+

) compared to the molecular ions of the Syn 

monomer with              (cf. detailed IM data of Syn-G6 4 in Figure 77). In contrast, 

the Syn-G6 dimer with an average CCS value of         is more compact than the respective 

Syn dimer with an average CCS value of         (Table 19). The average CCS values were 

determined by averaging the CCS values for the molecular ions [M+25H]
25+

 and [M+26H]
26+

 of 

each Syn polypeptide. Differences in fibril morphologies might be a result of the different 

dimeric conformations observed. 

In addition to the IM measurements on the customized ESI-IMS-TOF instrument available at 

Indiana University, further IM analyses were performed with a Waters Synapt G2 HDMS 

instrument. IM-MS analyses of Syn 1 and the Syn-VFS 3 mutant were carried out with 

regard to the specific autoproteolytic fragmentation pattern of Syn 1. The 2D IM-spectrum of 

in vitro incubated Syn-VFS 3 (Figure 55) showed the monomer with a MW of              

(            ), an ion distribution from +13 to +18 and drift time from           . 

Furthermore, an Syn-VFS dimer was identified with molecular mass of              
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(            ) and exhibited a distribution from +28 to +33 and drift times from     

      .  

In comparison to the Syn 1, the Syn mutant Syn-VFS 3 did not show any autoproteolytic 

fragmentation as illustrated in Figure 56.  

 

Figure 55: 2D IM-Spectrum of Syn-VFS 3 six days incubated. The two white diagonals represent Syn-

VFS monomer (1) with a MW of              (            ), and Syn-VFS dimer (2) with a 

MW of              (            ). In addition, the white circled areas correspond to salt clusters 

as originating from the used solvent NaPi. Multiply charged molecular ions [M+nH]
n+

 abbreviated to 

MHn+.  
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Figure 56: Comparison of incubated Syn 1 (left) with the respective Syn-VFS 3 (right) IM-spectra 

(upper panel). (A) Syn 1 forms autoproteolytic fragment Syn(72-140) with drift time           . In 

contrast, (B) Syn-VFS 3 clearly shows the absence of any proteolytic fragment in the respective drift 

time area as illustrated by the two white boxed areas in the upper panel. Syn-VFS 3 does not show the 

autoproteolytic fragmentation behavior of human Syn 1. 

2.6 Probing protected regions in Synuclein and Synuclein mutants 

by H/D exchange-mass spectrometry 

 Hydrogen/deuterium exchange for probing protein backbone dynamics and 2.6.1

structure 

The application of hydrogen/deuterium exchange hyphenated with MS – referred to as H/D 

exchange, HDX, HDX-MS or HXMS – for probing protein backbone dynamics, protein 

structure and interactions in proteins, protein–ligand and protein–protein complexes was first 

demonstrated in 1991 by Katta and Chait [231-233]. 

A large number of hydrogens are present in proteins, which can be divided into three types 

depending on their exchange rate: (i) hydrogens covalently bound to carbon do not exchange, 

(ii) hydrogens in the amino acid side chains exchange very fast (not detectable), and (iii) 
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polypeptide backbone amide hydrogens undergo slow exchange within        (at pH 7.0) 

[160], except for the amino acid proline which does not contain exchangeable backbone amide 

hydrogen. HDX reflects conformational flexibility and solvent accessibility without inducing 

changes in the protein structure [232, 234]. Once the protein or peptide is labeled with 

deuterium, the molecular mass increases and can be monitored by the mass shift of       for 

each incorporated deuterium. Both global and regional protein conformational information can 

be obtained, whereby the global information largely is obtained at the native protein and the 

regional/spatial labeling pattern determined by proteolytic digestion and chromatographic 

separation of fragments enables probing of the protein regions involved in conformational 

changes [160, 235]. 

Two different H/D labeling approaches can be applied – continuous labeling and pulsed labeling 

[234, 236]. The continuous labeling strategy utilizes the exposure of native protein to deuterium 

as a function of time over range of minutes or hours. The mass of the protein increases 

according to the exchange kinetics, hence continuous HDX is primarily used to monitor global 

protein structure changes. In contrast, the pulsed labeling strategy utilizes the exposure of 

initially folded (or unfolded) protein to a defined HDX pulse, in the range of milliseconds to 

seconds. Pulsed HDX is primarily used to monitor the actual protein structure and to 

characterize of short-lived folding intermediates [234, 237]. 

Within this work, the pulsed HDX strategy was used to investigate human Syn and selected 

Syn mutants with particular attention to protein regions involved in oligomerisation-

aggregation. 

 Global H/D exchange analysis of human Synuclein 2.6.2

IDPs like human Syn are characterized by the absence of any stable and extended structure 

and by high structural flexibility in the monomeric state, suggesting very fast and nearly 

complete exchange rate [17, 26].  

Solution H/DX experiments were performed to detect the global conformational changes in 

monomeric Syn induced by incubation in       Tris-HCl        to a final protein 

concentration of       for     at      before HDX analysis. H/D labeling was accomplished 

by incubating      of Syn 1 solution with       deuterium for       , quenching the sample 

with     HCl solution to       , and subsequent LC-ESI-QTOF-MS analysis. The global 

exchange profile of monomeric Syn confirmed the assumption of a nearly complete exchange 

(deuterium uptake of     ), with approximately      loss of deuterium (Figure 57) by back 

exchange. This result is in agreement with previously published HDX-MS data [238]. 
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Figure 57: ESI-QTOF mass spectra of Syn 1. (A) Non-deuterated state of molecular ion [M+15H]
15+

. 

(B) Global HDX profile of short-term (          ) incubated monomeric Syn 1 [M+15H]
15+

. indicates 

almost complete exchange (intrinsically disordered state [238]) with      deuterium uptake. This work 

was done in collaboration with Dr. Alina Brindusa Petre at Washington University in St. Louis (MO, 

USA). 

 Regional H/D exchange analysis of human Synuclein 2.6.3

The characterization of the structure and dynamics of Syn fibrils has previously been 

investigated by HDX-MS [238, 239], HDX-NMR spectroscopy [200, 240, 241], and HDX-EPR 

spectroscopy [242]. The combined data indicate that in the rigid core most of the amides of 

residue 38-100 are solvent protected.  

A snapshot of the regional intermediate structure of Syn due to in vitro aggregation process 

and associated folding kinetics were accomplished within this thesis. The following bottom-up 

approach was used: 

i) Incubation of Syn in aqueous buffer up to several days (in vitro aggregation) 

ii) Sampling of Syn 

iii) Pulsed HDX analysis in combination with proteolysis and LC-MS 

In detail, Syn 1 at a protein concentration of       was incubated in aqueous       NaPi 

       up to several days for a defined period of time at     . The sampling time is referred to 

the enduring time of protein incubation (    ) in aqueous buffer. Syn was sampled, and 

subsequently was mixed with deuterated       NaPi        in a 1:1 ratio for define on-

exchange time of       (short HDX pulse) at   . The quenched deuterated protein sample was 

digested on a pepsin column and the peptide fragments were separated on-line by LC at     and 

subsequently analyzed by MS. The detailed workflow is illustrated in Figure 58.  
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Reference data sets of peptic peptide segments were collected by omitting the incubation and 

HDX pulse, collecting the eluted fraction from pepsin column and analyzing the peptic Syn 

mixture separately by LC-MS/MS. Not all of the approximately 350 different peptic peptide 

segments were reliable. Therefore, the results were filtered with a score (reliability)  7, 

intensity  45,000, abundance of peptide segment (products)  10, and without any peptide 

modification such as oxidation or deamidation, resulting in 32 peptide segments (Table 20). 

Finally, 14 peptic peptide segments were valid and defined as templates to ensure the spatial 

resolution of Syn protein (Table 8): (i) the N-terminus region (1–38, 4–38, 5-38, 5-54, and 39-

54), (ii) the middle region (55-76, 77-89, 90–113, and 95-113), and (iii) the C-terminus region 

(114-1213, 114-124, 114-140 and 125-140). 

The reference data of non-deuterated Syn was accomplished by omitting the HDX pulse and 

replacing this step using an equivalent volume of aqueous       NaPi       . The other steps 

were like those described above. Figure 59 shows the total ion chromatogram with assignment 

of the eluted peptide segments shown in Table 8. 

 

 

Figure 58: Experimental setup of the used pulsed HDX-MS approach. Blue: Syn sample was incubated 

for a defined period of time (t1, t2, t3) at     . Green: HDX was initiated by mixing Syn sample with 

deuterated buffer for a defined on-exchange time (short HDX pulse) at    . Orange: the reaction was 

quenched by dropping the    to     at    . Red: the deuterated protein sample was digested on-line on a 

pepsin column and the peptide fragments were separated at    , and then analyzed on-line by LC-MS at 

r.t.. The figure was adapted from [237, 243]. 
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Table 8: Peptic peptide segments of Syn 1 that are defined as standard templates for all HDX 

experiments of Syn 1. For all peptide segments the monoisotopic MW and the associated retention time 

from the on-line LC separation (Figure 59) are shown. 

 

residues sequence mass / Da time / min

1-38 MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL 3876.0853 4.9

4-38 FMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL 3530.9494 4.3

5-38 MKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL 3383.8810 3.8

5-54
MKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGS

KTKEGVVHGVAT
4996.7383 4.4

39-54 YVGSKTKEGVVHGVAT 1630.8679 1.5

55-76 VAEKTKEQVTNVGGAVVTGVTA 2157.1641 2.6

77-89 VAQKTVEGAGSIA 1229.6616 1.6

77-113 VAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGIL 3710.9479 4.0

90-113 AATGFVKKDQLGKNEEGAPQEGIL 2499.2969 2.7

95-113 VKKDQLGKNEEGAPQEGIL 2052.0851 2.1

114-123 EDMPVDPDNE 1159.4339 1.8

114-124 EDMPVDPDNEA 1230.4710 1.9

114-140 EDMPVDPDNEAYEMPSEEGYQDYEPEA 3148.1961 4.5

125-140 YEMPSEEGYQDYEPEA 1935.7357 3.2
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Figure 59: TIC of Syn 1 after pepsin proteolysis. The inset zooms into retention time in the range from 

         . 

HDX mainly occurs at unprotected or solvent accessible protein sites during the labeling pulse 

and was monitored by high resolution ESI-TOF-MS. The interpretation of HDX data was 

straightforward and the individual incorporated deuterium number was carried out on each 

peptide segment. It is sufficient to select an abundant charge state of the respective peptide 

segment. Typical mass spectra of isotope peak of the molecular ion [M+3H]
3+

 of (55-76) 

segment of Syn after (i) no incubation with deuterium, (ii) exposure of incubated intact protein 

to deuterium, and (iii) fully deuteration level of incubated intact protein were illustrated in 

Figure 60. Each of the molecular ion pattern showed an isotopic distribution from the natural 

abundance of isotopes (Figure 60A). The envelope shape changed in the presence of deuterium 

(cf. Figure 60B and C). To quantify the incorporated deuterium level of each Syn segment, the 

centroid masses of isotopic envelopes were calculated. 
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Figure 60: An illustration of centroid-based deuterium incorporation determination. Isotope distribution 

of the molecular ion [M+3H]
3+

 of 55-76 segment of Syn after (A) no incubation with deuterium, (B) 

exposure of incubated intact protein to deuterium, and (C) fully deuteration level of incubated intact 

protein are illustrated. 
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The percentage of deuterium level is calculated using Equation 2 [233]: 

Equation 2: 

                  (
       

          
)        

where   ,    , and       are the centroid values of deuterated incubated peptide, non-

deuterated peptide, and fully deuterated peptide, respectively. The value “2” is a correction 

factor, since the HDX pulse was performed in an exchange media at      deuterium content. 

The value “100” corrects the final result to percentage.  Based on native and intrinsic folding of 

biomolecules the contribution of fully deuterated control is almost impossible, and is 

determined with Equation 3: 

Equation 3: 

           (
     

 
) 

where   is the number of residues in the peptide,   is the number of prolines within the peptide 

sequence, and   represents the charge state of peptide. Proline does not have amide hydrogen, 

and was not considered. The value “2” is subtracted within the equation because the first two 

amino acids do not retain deuterium [244, 245]. Finally, the deuterium levels of Syn segments 

are quantified using Equation 4: 

Equation 4: 

                  (
       

     
)          

No correction for back exchange has been made because all values are relative and susceptible 

to the same back exchange [160, 245]. For further discussion, the deuterium level is converted 

into protein protection level (PPL) meaning       deuterium uptake equals     protected 

protein region.  

PPL kinetics of each peptic peptide segment of Syn were generated by plotting the respective 

degree of protein protection in the function of incubated time      and illustrated in Figure 61. 

Curves were fitted using unweight (no ignoring of measurement error) sigmoidal fit parameters 

to determine half-life     . In addition, the value    was computed from the sum of squares of 

the distances of the points from the best-fit curve determined by sigmoidal fit to quantify 

goodness and reliability of this nonlinear curve. The value was between 0.0 and 1.0 without 

units, and higher values indicated that the model fits well the data.  
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Figure 61A: PPL kinetics of Syn 1 peptic peptide segments are displayed as follows: (A) Syn(1-38), 

(B) Syn(4-38), (C) Syn(5-38), (D) Syn(5-54), (E) Syn(39-54), (F) Syn(55-76), (G) Syn(77-89), 

and (H) Syn(77-113). Data were fitted using sigmoidal curve fit. The associated half-life      and 

statistic value    are shown for each Syn peptide segment. To be continued in Figure 61B. 
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Figure 61B: PPL kinetics of Syn 1 peptic peptide segments are displayed as follows: (I) Syn(90-113), 

(J) Syn(95-113), (K) Syn(114-123), (L) Syn(114-124), (M) Syn(114-140), and (N) Syn(125-140). 

Data were fitted using sigmoidal curve fit. The associated half-life      and statistic value    are shown 

for each Syn peptide segment. Continuation from Figure61A. 
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and allowed the comparison of different aggregation curves [237]. The      values 

corresponding to Syn(55-76) and Syn(77-113) were similar and approximately       , 

whereas the half-life      of Syn(77-113) of        was slightly longer. After about      in 

vitro incubation of Syn partially the N-terminal regions Syn(5-38) and Syn(5-54) and 

middle regions Syn(90-113) and Syn(95-113) started to involved in secondary structure. The 

     values corresponding to the N-terminus was approximately       , and      values 

corresponding to the middle segments Syn(90-113) and Syn(95-113) were shorter being 

approximately       . The N-terminal segment Syn(1-38) was uniquely characterized by the 

lag phase of about     , suggesting that these residues are more solvent-exposed and less 

involved in secondary structure. The direction of propagation of solvent-protected regions was 

time-dependent and grown from the middle region of Syn around residues (55-89), over the 

flanked residues (90-94) and (39-54). Finally, both the N-terminus and C-terminal part at 

residues (95-113) underwent conformational changes (Figure 62). However, the used pulsed 

HDX approach did not provide information about the degree of aggregation involvement of the 

C-terminus at residues (114-140) of Syn. As already stated, the C-terminal region of Syn is a 

highly dynamic region both in monomeric and oligomeric states [136, 238].  

 

Figure 62: The direction of propagation of solvent-protected regions of human Syn 1 that are involved 

in secondary structure. PPL of locally resolved regions of Syn are time-dependent and shown for 

different time points of incubation with           (black),            (blue),            (cyan), 

           (magenta), and            (red). Syn protection grows from the middle region around 

residues (55-89), and further extends over the flanked residues (90-94) and (39-54). Finally, both the N-

terminus and C-terminal part at residues (95-113) undergo conformational changes. 
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In consideration of the structural involved amino acids, the solvent-protected regions were 

analyzed in more detail. For example, the peptide segment Syn(55-76) consists of 22 HDX 

susceptible residues and showed maximum PPL of     , indicating that 6-7 residues within 

Syn(55-76) segment were involved in secondary structure. Applying this computation to the 

full Syn sequence led to the following result: 

residues No. of solvent-protected residues 

1-38 9-10 

39-54 5-6 

55-76 6-7 

77-89 5-6 

90-94 2-3 

95-113 8-9 

 

Unfortunately, the N-terminal segment Syn(1-38) was in an inadequate spatial resolution, 

meaning that longer peptide fragments may span several structural distinct regions. The N-

terminal sequence (2-11) is known to be involved in membrane binding [207]. The structural 

involved and protected regions were mapped in spatial resolution onto human Syn sequence as 

illustrated in Figure 63. Our results were in agreement with the N-terminal structural data 

reported by Mysling et al. [238] , who showed that residues (4-17) are strongly protected in 

Syn oligomers. Moreover, the HDX data suggest two regions that were more dynamic and 

solvent-accessible between the solvent-protected regions. The autoproteolytic fragmentation site 

at residues 71/72 seems to be part of the solvent-accessible region.  

 

Figure 63: Structural involved and protected regions of Syn 1 are mapped in spatial resolution onto the 

sequence. Pulsed HDX data elucidate Syn regions with the highest impact on the secondary structure 

(grey) due to in vitro oligomerisation-aggregation. Moreover, the HDX data suggest two regions that are 

more dynamic and solvent-accessible between those solvent-protected regions. The autoproteolytic 

fragmentation site at residues 71/72 (red) is part of the solvent-accessible region.  

The C-terminus must be considered separately based on the fact of high net charge that tolerate 

the existence of open and exposed polypeptide chains. The output of PPL kinetics of the C-

terminal region of Syn is partly contradictory. On the one hand, peptide segment Syn(114-

124) seems to be slowly involved in the aggregation with a lag phase of approximately     . On 
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the other hand, the segment Syn(114-140) exhibits very fast solvent-protection after about     

or even steady solvent-protection as shown with the peptide segment Syn(114-123). The high 

flexibility of C-terminus of Syn and the fact that pulse HDX approach snapshots the regional 

structure of intermediate states might be a reason for the observed contradiction.  

 Regional H/D exchange analysis of Synuclein mutant Syn-NAN 2.6.4

Comparison of conformational properties of the human Syn 1 and the mutant Syn-NAN 2 

was investigated.  

The reference data set of peptic peptide segments were collect as described above (cf. chapter 

2.6.3). Not all of the approximately 760 different peptic peptide segments of Syn-NAN were 

reliable. Therefore, the results were filtered with score (reliability)  7, intensity  45,000, 

abundance of peptide segment (products)  4, and without any peptide modification such as 

oxidation or deamidation. The reliable records that ensure the spatial protein resolution of 

Syn-NAN 2 are shown in Table 9. 

Table 9: Peptic peptide segments of Syn-NAN 2 that are defined as standard templates for all performed 

HDX experiments. For all peptide segments the monoisotopic MW and the associated retention times 

from the on-line LC separation are shown. 

 

The pulse HDX experiments of Syn-NAN 2 were performed in the same manner as described 

above for Syn 1 (cf. chapter 2.6.3). 

The generated MS data were analyzed and the PPL kinetics of each peptic peptide segment of 

Syn-NAN were generated by plotting the respective degree of protein protection as a function 

of incubation time      and illustrated in Figure 64. 

residues sequence mass / Da time / min

1-17 MDVFMKGLSKAKEGVVA 1808.9529 3.9

1-38 MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL 3876.0853 5.1

5-29 MKGLSKAKEGVVAAAEKTKQGVAEA 2500.3683 3.4

33-92
TKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGANA

NGVTAVAQKTVEGAGSIAAAT
5852.0919 4.9

34-65 KEGVLYVGSKTKEGVVHGVATVAEKTKEQVTN 3384.8253 3.9

39-54 YVGSKTKEGVVHGVAT 1630.8679 1.7

95-113 VKKDQLGKNEEGAPQEGIL 2052.0851 2.6

97-116 KDQLGKNEEGAPQEGILEDM 2200.0318 3.1

114-123 EDMPVDPDNE 1159.4339 2.0

114-124 EDMPVDPDNEA 1230.4710 2.3

114-140 EDMPVDPDNEAYEMPSEEGYQDYEPEA 3148.1961 4.7

125-140 YEMPSEEGYQDYEPEA 1935.7357 4.2
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Figure 64: PPL kinetics of Syn-NAN 2 peptic peptide segments are displayed as follows: (A) Syn-

NAN(1-17), (B) Syn-NAN (1-38), (C) Syn-NAN(5-29), (D) Syn-NAN(33-92), (E) Syn-NAN(34-

65), (F) Syn-NAN(39-54), (G) Syn-NAN(95-113), (H) Syn-NAN(97-116), (I) Syn-NAN(114-123), 

and (J) Syn-NAN(114-140). 
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The pulsed HDX approach provided a peptide-level information of Syn-NAN 2 and an insight 

of time-dependent and locally resolved regions that were involved in secondary structure and 

oligomerisation-aggregation. First, all 12 monitored peptic peptides showed a more or less 

constant PPL as a function of incubation time from    to       at     , indicating that no or 

only little detectable conformational changes occurred. Already freshly prepared Syn-NAN 

exhibited solvent-protected regions and therefore self-association could be assumed. This 

observation was in agreement with the gel electrophoretic analysis showing no time-dependent 

aggregation behavior and Syn-NAN 2 did already exist in freshly prepared sample as a dimer 

(cf. chapter 2.3.1). 

There is no evidence for the propagation of solvent protected regions (as in case of Syn 1); 

rather a rigid conformation of mutant Syn-NAN 2 could be assumed as illustrated in Figure 

65.  

 

Figure 65: Solvent-protected regions of Syn-NAN 2 that are involved in its secondary structure. PPL of 

locally resolved regions of Syn-NAN are time-dependent and shown for different time points of 

incubation with            (black),             (blue), and             (magenta). Syn-NAN shows 

a more or less constant PPL as a function of incubation time, indicating that no or only little detectable 

conformational changes occurred. 

In contrast, human Syn 1 was characterized by time-dependent backbone dynamic. The degree 

of solvent-protected regions increased with the incubation time, and was characterized by 

propagated shielding from the middle of Syn to the flanked termini. The comparison of 

structural involved regions and degree of backbone dynamic (the change of PPL) due to in vitro 

oligomerisation-aggregation process of the human Syn 1 and mutant Syn-NAN 2 is 

illustrated in Figure 67. The almost rigid dimer conformation of Syn-NAN 2 left no scope for 

autoproteolytic fragmentation at residue 71/72. 
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Figure 66: Structural involved and protected regions of Syn-NAN are mapped in spatial resolution onto 

the sequence. Pulsed HDX data elucidates the Syn-NAN regions with the highest impact on secondary 

structure (grey) due to in vitro oligomerisation-aggregation. The HDX data suggest that Syn-NAN exists 

almost in a rigid dimer conformation and leaves no scope for autoproteolytic fragmentation at residues 

71/72. The site-specific mutation NAN within residues 70-72 is highlighted in red. 

 

Figure 67: Comparison of structural involved regions due to in vitro oligomerisation-aggregation process 

of human Syn 1 (black) and mutant Syn-NAN 2 (red) at two different time points of incubation (A) 

           and (B)            . The comparison of PPL illustrates the backbone dynamic of Syn 1 

and backbone rigidity of Syn-NAN 2. 
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3. Materials and methods 

3.1 Chemicals and reagents 

All chemicals and reagents were purchased from Sigma-Aldrich and VWR International unless 

stated otherwise.  

Formic acid, Tricine, Sodiumdodecylsulfate, Glycerol, Glycine, Rotiphorese Gel 30 (37.5:1). 

Rotiblock were purchased from Carl Roth GmbH (Karlsruhe, Germany). 

ECL Select Western blotting detection reagent was purchased from GE Healthcare Europe 

GmbH (Freiburg, Germany). 

Trypsin was purchased from Promega (Madison, WI, USA). 

cOmplete protease inhibitor was purchased from Roche Pharma GmbH (Germany). 

All N--Fmoc-amino acids and PyBOP were purchased from Novabiochem (Darmstadt, 

Germany). 

TentaGel R PHB Fmoc, TentaGel R PHB-Glu(tBu)-Fmoc and TentaGel R PHB-Ala-Fmoc were 

purchased from Rapp Polymere (Tuebingen, Germany). 

Recombinant Synuclein was purchased from AJ ROBOSCREEN GmbH (Leipzig, Germany). 

Multicolor broad range protein ladder (          ) was purchased from Thermo Scientific / 

Pierce Biotechnology (Rockford, IL, USA). 

PAGEruler – unstained protein ladder (          ) was purchased from Thermo Scientific / 

Fermentas (Schwerte, Germany). 

All Chemicals and reagents were of analytical grade or highest available purity. 

Ultrapure water (Merck Millipore water systems) with a minimum specific electric resistance of 

         was used for all buffer and solutions. 

3.2 Materials 

Nitrocellulose membrane and PVDF membrane were purchased from Carl Roth GmbH 

(Karlsruhe, Germany). 

Fuji Super RX was purchased from Fujifilm Global. 

Low binding test tubes were purchased from Biozym Scientific GmbH (Hess. Oldendorf, 

Germany). 

http://www.roboscreen.com/
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ZipTip pipette tips and spin-columns were purchased from Millipore Corporation (Billerica, 

MA, USA). 

3.3 Recombinant proteins 

The recombinant proteins (cf. Table 10) were obtained in-house from Dr. Christiaan Karreman, 

Laboratory of Alternative in vitro methods (Prof. Dr. Marcel Leist), Department of Biology, 

University of Konstanz.  

E. coli BL 21 (DE3) [pLys] were transfected with synuclein plasmids, then were cultivated in 

LB-medium at      and the expression of synuclein was induced by IPTG. The cells were 

harvested, resuspended in phosphate buffer solution and heated to       for      . Afterwards 

the crude synuclein was separated from the precipitate by centrifugation (        ,       ) 

and again resuspended in phosphate buffer solution. The crude synuclein was purified by RP-

HPLC (cf. chapter 3.8.1). 
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Table 10: Overview of the used recombinant protein with notation number (No.) and name referred to as in this thesis, and respective protein mass, mutation and/or deletion. 

No. name massmonoisotopic / Da massaverage / Da mutation deletion 

1 Syn-wt 14451.22 14460.18 - - 

2 Syn-NAN 14451.16 14460.10 V70N V71A T72N - 

3 Syn-VFS 14485.20 14494.20 V71F T72S - 

4 Syn-G6 14237.03 14245.83 V70G V71G T72G V74G T75G - 

5 Syn(71-140) 7369.42 7373.97 - Met1-Val70 

6 Syn(72-140) 7270.36 7274.84 - Met1-Val71 

7 Syn(1-120) 12104.34 12111.83 - Asp121-Ala140 

8 Syn(2-11) 13374.65 13382.87 - Asp2-Ala11 

9 Syn 14279.02 14287.90 - - 

10 Syn-VVT 14245.03 14253.89 * F71V S72T - 

11 Syn-A6 14321.12 14329.99 V70A V71A T72A G73A V74A T75A - 

12 SynA53T 14481.23 14490.21 A53T - 

* mutation refers to Synuclein sequence
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3.4 Primary and secondary antibodies 

Table 11: Primary and secondary antibodies. m - monoclonal, p – polyclonal, HRP – horseradish 

peroxidase) 

antibody company immunogen host 

mAnti-Syn BD Biosciences rat Synuclein-1 aa. 15-123 mouse 

pAnti-Syn (C20) Santa Cruz 

peptide mapping at the C-

terminus of Syn of human 

origin 

rabbit 

pAnti-Syn ASY 

provided by Boehringer 

Ingelheim, Biberach, 

Germany 

unknown mouse 

Goat anti-mouse IgG 

HRP conjugate 

Jackson 

ImmunoResearch 
- goat 

Goat anti-rabbit IgG 

HRP conjugate 

Jackson 

ImmunoResearch 
- goat 

 

3.5 In vitro aggregation of synucleins 

The protein concentration was individually and freshly adjusted by precise weighting of purified 

and freeze-dried synuclein (Syn) into a reaction tube, and subsequent dissolving in       NaPi 

       [190] up to protein concentration of       [114, 191]. The Syn samples were incubated 

at      for several days in low binding tubes. An appropriate sample amount was withdrawn 

day by day for further analytical characterization such as gel electrophoresis, CD spectroscopy 

and various mass spectrometry approaches. 

For the protease inhibitor mixture, 7x stock solutions in        of       NaPi        were 

prepared by dissolving one protease inhibitor cocktail tablet (cOmplete Mini; Roche Applied 

Science). For further in vitro incubation, Syn was freshly adjusted to       in 1x protease 

inhibitor mixture in       NaPi         

3.6 Synthesized peptides 

All 14-mer Syn model peptides (Table 12), Syn(71-82) P17 and Syn(72-140) (cs-Syn(72-

140); S6) [185] were manually or semi-automatically synthesized using solid phase peptide 

synthesis (cf. chapter 3.7). 
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Table 12: Overview of synthesized 14-mer Syn model peptides with notation number (No.) and name referred to as in this thesis, and respective monoisotopic peptide mass and 

sequence. 

No. name massmonoisotopic / Da sequence 

P1 peptide Syn-wt 1213.67 NVGGAVVTGVTAVA 

P2 peptide Syn-NAN 1213.61 NVGGANANGVTAVA 

P3 peptide Syn-V71A 1185.64 NVGGAVATGVTAVA 

P4 peptide Syn-VFS 1247.65 NVGGAVFSGVTAVA 

P5 peptide Syn V70T 1215.65 NVGGATVTGVTAVA 

P6 peptide Syn-G73A 1227.68 NVGGAVVTAVTAVA 

P7 peptideSyn 1269.65 HLGGAVFSGAGNIA 

P8 peptide Syn-G6 999.47 NVGGAGGGGGGAVA 

P9 peptide Syn-A6 1083.57 NVGGAAAAAAAAVA
 

P10 peptideSyn-VTAV  1284.68 HLGGAVFSGVTAVA
 

P11 peptide Syn(73-83) 1171.62 NVGGAVVTGAGSIA
 

P12 peptide Syn-V71T 1215.65 NVGGAVTTGVTAVA 

P13 peptide Syn-V74T 1215.65 NVGGAVVTGTTAVA 

P14 peptide Syn-V66T 1215.65 NTGGAVVTGVTAVA 

P15 peptide Syn-T72S 1199.65 NVGGAVVSGVTAVA 
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3.7 Solid phase peptide synthesis 

All peptides used in this thesis were either manually (chapter 3.7.1) or semi-automatically (cf. 

chapter 3.7.2) synthesized using solid phase peptide synthesis (SPPS) according to Fmoc-

strategy. SPPS, which was pioneered by Robert B. Merrifield [246] in 1963 allows the synthesis 

of natural peptides and proteins, as well as incorporation of unnatural amino acids, side chain 

modification (e.g. nitration, biotinylation), and synthesis of D-peptides and D-proteins. 

Following the attachment of the C-terminal amino acid to a polymer solid support (termed 

resin) via an acid labile bond, the general principle of SPPS consist of the repeated cycles of 

deprotection, washing, coupling, and washing. 

 Manual solid phase peptide synthesis 3.7.1

The experimental set-up for manual synthesis consists of column with filter inlet connected via 

a 2-way-valve to a        round-bottomed flask with septum-inlet capacity, which was 

connected to the water suction pump. 

O-[-4-(hydroxymethyl) phenyl] polyethylenglycol polymer support (tentaGel R PHB resin; 

            coupling capacity) was used, either preloaded with N--Fmoc-protected amino 

acid or not. The resin were washed 5x with DMF, and subsequently swollen for circa        in 

DMF. The removal of the Fmoc-group occured via based-induced -elimination using      

Piperidine in DMF in accordance with the applicable time steps                   . The 

well-established practice with regard to the synthesis approach i.e.         and          

always 5 eq N--Fmoc-amino acid, 2.5 eq PyBOP and       NMM in DMF were used for 

coupling. The N--Fmoc-amino acid (quantity for each approach cf. Table 13) was solved in 

DMF and activated by PyBOP and NMM. The detailed composition for either         or 

         approach is listed below: 

        approach: N--Fmoc-amino acid (see Table 13) 

        PyBOP 

      NMM 

       DMF 

         approach: N--Fmoc-amino acid (see Table 13) 

       PyBOP 

60 µL NMM 

500 µL DMF 
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The tertiary base NMM abstracts the acidic carboxyl proton of the N--Fmoc-amino acid, the 

generated carboxylate anion reacts with the positively charged phosphorous atom of PyBOP, 

and the benzotriazolyl group is split off. Further, the negatively charged benzotriazolyl group 

reacts with the acyl center, substitute the phosphorous group hence the active ester and 

phosphonamide are formed. Taking account for practice the average coupling time equals 

      . Each coupling step was monitored by bromophenol blue test (cf. chapter 3.7.3). In case 

of positive test and therefore incomplete coupling of N--Fmoc-amino acid, a second coupling 

of the amino acid without deprotection procedure, follows. In case of negative test and therefore 

successful coupling of N--Fmoc-amino acid, the repeated cycles of deprotection, washing, 

coupling and washing continued until the desired peptide or protein was generated. After 

completion the synthesis, resins were washed 2x with DCM and 3x with EtOH, and 

subsequently freeze-dried. For final the cleavage, with the result of cleaving the synthetic 

peptide from the resins and cleaving the amino acid side chain protecting groups, the dried 

resins were treated with a mixture of TFA / TIS / MQ (          ; v / v / v) and were gently 

stirred at      for       (rule-of-thumb:        dried resin + peptide =        cleavage 

solution). After that the cleavage mixture was poured into cold Et2O, considering the well-

established practice        cleavage solution into       ice cold Et2O, and precipitated for 

minimum        at      . Thereafter, the precipitated peptide or protein was filtered by 

gravitation over pore 4, the filtrate removed, and the precipitated peptide or protein dissolved in 

      acetic acid. The dissolved peptide or protein were freeze-dried, analyzed by MS (cf. 

chapter 3.9) and purified by RP-HPLC (cf. chapter 3.8.1). 

Table 13: Quantity of N--Fmoc-amino acid using         or          manual synthesis approaches. 

  25 µmol approach 100 µmol approach 

N--Fmoc-amino acid mass / Da quantity / mg quantity / mg 

N--Fmoc-Ala-OH 311.3 39 155 

N--Fmoc-Asp(OtBu)-OH 411.5 52 206 

N--Fmoc-Glu(OtBu)-OH 425.5 55 222 

N--Fmoc-Phe-OH 387.4 48 194 

N--Fmoc-Gly-OH 297.3 37 149 

N--Fmoc-His(Trt)-OH 619.7 78 310 

N--Fmoc-Ile-OH 353.4 44 177 

N--Fmoc-Lys(Boc)-OH 468.5 59 234 
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  25 µmol approach 100 µmol approach 

N--Fmoc-amino acid mass / Da quantity / mg quantity / mg 

N--Fmoc-Leu-OH 353.4 44 177 

N--Fmoc-Met-OH 371.5 46 186 

N--Fmoc-Asn(Trt)-OH 596.7 75 298 

N--Fmoc-Pro-OH 337.4 44 178 

N--Fmoc-Gln(Trt)-OH 610.7 76 305 

N--Fmoc-Ser(tBu)-OH 383.4 48 192 

N--Fmoc-Thr(tBu)-OH 397.5 50 199 

N--Fmoc-Val-OH 339.4 42 170 

N--Fmoc-Tyr(tBu)-OH 459.5 56 225 

 Semi-automated solid phase peptide synthesis 3.7.2

The semi-automated synthesis was performed on a peptide synthesizer ResPep SL (Intavis 

Bioanalytical Instruments, Germany).  

O-[-4-(hydroxymethyl) phenyl] polyethylenglycol polymer support (tentaGel R PHB resin; 

            coupling capacity) was used, either preloaded with N--Fmoc-protected amino 

acid or not. The resin was washed 5x with DMF, and subsequently swollen for circa        in 

DMF. The well-established practice with regard to the synthetic approach e.g.         scale 

always 5 eq N--Fmoc-amino acid, 2.5 eq PyBOP and       NMM in DMF were used for 

coupling. The quantity of amino acid and reagents were automatically calculated on the basis of 

the amino acid sequence. The chemical reaction pathway is described in the chapter 3.7.1. The 

following protocol for         was used: 

Prepare Rinse Needle          

 Wash columns        3x DMF  

 Rinse Needle          

Cycle 1-7 Deprotection        3x           

 Wash columns        5x DMF  

 Rinse Needle 1000 µL  

 Coupling        PyBOP +       NMM +        
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      DMF +       derivate 

 Wash columns        2x  

 Coupling        PyBOP +       NMM + 

      DMF +       derivate 

       

 Wash columns        3x DMF  

Cycle 8-15 Deprotection        3x           

 Wash columns        6x DMF  

 Rinse Needle          

 Coupling        PyBOP +       NMM + 

      DMF +       derivate 

       

 Wash columns        2x DMF  

 Coupling        PyBOP +       NMM + 

      DMF +       derivate 

       

 Wash columns        5x DMF  

Cycle 16-max Deprotection        3x           

 Wash columns        6x DMF  

 Rinse Needle          

 Coupling        PyBOP +       NMM + 

      DMF +       derivate 

       

 Wash columns        2x DMF  

 Coupling        PyBOP +       NMM + 

      DMF +       derivate 

       

 Wash columns        5x DMF  

Final Deprotection        3x           

 Rinse Needle          

 Wash columns        7x DMF  

 Wash columns        2x DCM  

 Wash columns        2x EtOH  

 Rinse Needle          
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For final cleavage procedure see chapter 3.7.1. 

 Bromophenol blue test  3.7.3

Bromophenol blue is an acid-base indicator with useful range between        and    , which 

exhibits yellow color below        and blue color above       . All types of amines can be 

detected by applying the bromophenol blue test [247]. In the recommended standard procedure, 

a few resin beads were placed in a small test tube and             bromophenol blue in DMF 

were added. The color of the beads was immediately inspected, whereby blue beads means 

positive result (free amino groups and incomplete amino acid coupling) and colorless beads 

meant negative result (no free amino groups and successful amino acid coupling).  

3.8 Separation methods 

 Reversed phase high performance liquid chromatography 3.8.1

Reversed phase high performance liquid chromatography (RP-HPLC) is a well-established 

method for the analysis and purification of biomolecules (i.e. nucleic acids, peptides and 

proteins) based on their hydrophobicity. The reversed-phase material consists of non-polar 

carbon chains from C2 to C18. The reversed-phase column for a polypeptide separation should be 

selected based on the hydrophobicity of the polypeptide being chromatographed and molecular 

weight as a secondary consideration. The general principle is that lower hydrophobicity is better 

for larger molecules. It is common practice for biomolecule separation to include an acidic 

modifier such as TFA in the mobile phase. TFA masks basic entities, and improves the peak 

shape. 

The crude peptide or protein was purified by RP-HPLC (UltiMate 3000, Thermo Scientific 

Dionex or Spectra System, Thermo Scientific) using either an analytical column (Vydac 

214TP54 C4, PLRP-S 300Å C18, Nucleosil 100-5 SA C8) or semi-preparative column (Table 

14). The sample (analytical:         ; semi-preparative:         ) was dissolved in      

of       TFA (or the solubility equivalent quantity of       TFA in      ACN) and separated 

using individual linear gradient elution with eluent A (      TFA) and eluent B (      TFA in 

     ACN). For analytical RP-HPLC a flow rate of 1 mL/min was applied. For semi-

preparative RP-HPLC a flow rate of          (UltiMate 3000, Thermo Scientific Dionex) or 

         (Spectra System, Thermo Scientific) was applied. The biomolecules were detected at 

       wavelength. The eluted samples were freeze-dried.  
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Table 14: Used RP-HPLC columns for biomolecule separation. 

Type of column Phase Description Company 

Analytical C4 

214TP54 

pore diameter: 300 Å 

particle size: 5  m 

4.6 mm i.d. x 250 mm 

Vydac 

Analytical C8 

NUCLEOSIL 100-5 SA  

particle size 5 µm 

250 mm, 4,6 mm ID 

Macherey-Nagel 

Analytical C18 

218MS PLRP-S 

pore diameter: 300 Å 

particle size: 5  m 

4.6 mm i.d. x 250 mm 

Vydac 

Semi-preparative C4 

214TP510 

pore diameter: 300 Å 

particle size: 5  m 

10 mm i.d. x 250 mm 

Vydac 

Semi-preparative C8 

NUCLEODUR 

particle size: 5  m 

10 mm i.d. x 250 mm 

Macherey-Nagel 

Semi-preparative C18 

218TP1010 

pore diameter: 300 Å 

particle size: 7  m 

10 mm i.d. x 250 mm 

Vydac 

 

 Liquid Chromatography combined with mass spectrometry 3.8.2

Liquid chromatography (LC) in conjunction with mass spectrometry (MS) referred to as LC-

MS, enables detection, identification and quantification of pure analytes and mixtures of 

substances. Based on the variety of MS instruments a great number of instrumental setups are 
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possible (cf. chapter 3.9). In general, LC is on-line coupled to the mass spectrometer via an 

electrospray-interface (ESI-interface). 

 Gel electrophoresis 3.8.3

Polyacrylamide gel electrophoresis (PAGE) separates molecules in complex mixtures according 

to their size and charge. Therefore the variables that must be considered are gel pore size, gel 

buffer system, and the properties of the biomolecule of interest. 

3.8.3.1 Tricine-SDS-PAGE 

Tricine-SDS gels are ideal for the separation of peptides and small proteins with a molecular 

weight of           and is the preferred gel electrophoretic separation for biomolecules 

smaller than         [248]. The addition of glycerol slows the migration rate of the peptide-

SDS complexes and helps better a separation from the faster-moving SDS micelles.  

Proteins were separated by Tricine-SDS-PAGE on hand cast gels with a dimension of 

                  using a vertical Mini-PROTEAN 3 cell system (Biorad, Munich, Germany). 

Electrode and gel buffers for Tricine-SDS-PAGE are listed in Table 15. Select and cast the 

appropriate separating gel (Table 16), overlay the gels with a small amount of MQ, leave to 

polymerize, and overlay the polymerized separating gel with a stacking gel (Table 16). Mix 

samples (m =        ) with the sample buffer (       Tris pH    ,      (v/v) Glycerol, 

    (w/v) SDS,       (w/v) Coomassie brilliant blue G-250) in ratio 1:1. Load the samples on 

the gel and set running condition to a constant voltage of      . Proteins can directly be 

visualized by Coomassie (cf. chapter 3.8.3.2) or silver staining (cf. chapter 3.8.3.3) or 

transferred to a membrane (cf. chapter 3.13). 

Table 15: Used Electrode and gel buffers for Tricine-SDS-PAGE. 

 Anode buffer (10x) Cathode buffer (1x) Gel Buffer 

Tris / M 2.0 0.1 3.0 

Tricine / M  0.1 - 

HCl / M 0.225  1.0 

SDS / %  0.01 0.3 

pH 8.9 ~8.25 8.45 
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Table 16: Composition of 12 % or 15 % hand cast Tricine-SDS-PAGE. 

 12 % gel 15 % gel 5 % stacking gel 

Acrylamide / mL 5.9 7.5 0.972 

Gel buffer / mL 5.0 5.0 1.86 

MQ / mL 2.5 0.9 4.67 

Glycerol / mL 1.58 1.58 - 

APS (10 %) / µL 75 75 40 

TEMED / µL 12.5 12.5 10 

 

3.8.3.2 Coomassie staining 

Coomassie blue dyes are a family of triphenylmethane dyes commonly used to stain proteins in 

SDS-PAGE gels. The gels are soaked in dye, and excess stain is then removed with a solvent 

("destaining"), which allows the visualization of proteins as blue bands on a clear background. 

In this thesis the recommended standard procedure of Neuhoff’s colloidal Coomassie Blue G-

250 (CBB G-250) [249] stain was used, whereas inclusion of MeOH into the staining solution 

enhanced the protein-dye complex and ammonium sulfate allows for background-free and 

sensitive protein staining (     /band) [250]. The Coomassie staining protocol follows: 

 Incubate the gel in fixing solution (     (w/v) TCA) for at least       . 

 Stain the gel with staining solution for at least     . This solution is prepared from 

      of       (w/v) CBB G250 in     (w/v) phosphoric acid,      (w/v) 

ammonium sulfate and       MeOH adjusted to a final volume of       . 

 Destain the gel with      (v/v) MeOH until reasonable background of the gel. 

Coomassie-stained gels can be reused for silver staining (cf. chapter 3.8.3.3) or for further 

analysis i.e. in-gel digestion (cf. chapter 3.15), after removing the Coomassie dye by incubating 

with      (v/v) MeOH. 

3.8.3.3 Silver staining 

Silver staining is used for sensitive detection of proteins separated by SDS-PAGE with 

detection limit of          / band. Unlike staining with organic dyes, silver staining goes 

against general thermodynamics, while the protein binds silver ions, which can be reduced to 

finely divide silver metal. The general principle of silver staining procedure is the protein 

fixation, sensitization, silver impregnation and finally image development. The following 

modified protocol introduced by Mortz et al. [251] is compatible with downstream processing 

such as mass spectrometry analysis after digestion: 
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 Incubate the gel in      (v/v) EtOH,      (v/v) acetic acid for at least       . 

 Wash the gel with MQ for       (2x). 

 Sensitize the gel with sensitize solution. This solution is prepared from        (w/v) 

sodium thiosulfate in       sodium acetate,      (v/v) EtOH.  

 Wash the gel with MQ for       (3x). 

 Incubate the gel with silver nitrate solution for       . This solution is prepared from 

        (v/v) formaldehyde in       silver nitrate solution.  

 Develop the gel in developer solution. This solution is prepared from         (v/v) 

formaldehyde in       (w/v) sodium carbonate solution. Change developer solution 

immediately when it turns yellow and terminate when the staining is sufficient. 

 Stop development by incubating the gel in       (w/v) glycine. 

 Store the gel at     in MQ wrapped into plastic foil. 

3.9 Mass spectrometric methods 

Mass spectrometry (MS) is an analytical technique, which provides information about the 

molecular weight of the compound and its chemical structure. The high variety of types of mass 

spectrometers and sample introduction techniques allow a wide range of analyses. A mass 

spectrometer measures the mass to charge ratio (   ) of an ion, not its absolute mass. All mass 

spectrometers consist of three distinct regions: i) ionizer, ii) ion analyzer, and iii) detector. 

Charge molecules containing unpaired electron(s), called molecular ion, are produced in the 

ionization chamber, and then transferred in the mass analyzer via several ion optics 

(electromagnetic elements, focusing lenses, etc.). The mass analyzer separates the ions to their 

mass to charge ratio (   ). The detector systems measure the ion concentration, and display so-

called mass spectrum [252]. The following chapters will describe the used ionization techniques 

and mass analyzer in detail. 

 Ionization techniques 3.9.1

Electrospray ionization (ESI) and matrix-assisted laser desorption (MALDI) are the two 

ionization techniques with the highest impact in the field of proteomics. 

3.9.1.1 Electrospray ionization 

In 1989 John Fenn introduced the electrospray ionization (ESI), a soft ionization technique, to 

ionize intact molecules by multiple charging [253]. The analyte is injected by a syringe pump or 

liquid chromatographic system through a thin needle into the spray chamber through a 

nebulizer. The nebulizer spray chamber operates at a pressure of         and the nebulizing 

gas (N2) supports the spray formation and the steady ion current. The combination of nebulizing 

gas, strong electrostatic field (     to     ), and the heated drying gas (N2) applied to the 
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system is used to evaporate solvents in the spray chamber and molecules become ionized with 

decomposing into a fine spray of charged droplets. The ions pass through a glass capillary, 

focused by skimmer, ion guide and lenses, and then transfers the ions to the high vacuum region 

into the mass analyzer (cf. chapter 3.9.2). 

3.9.1.2 Matrix-assisted laser desorption 

Matrix-assisted laser desorption (MALDI) ionization process, a soft ionization technique, was 

first introduced in 1980´s by Hillenkamp and Karas [254, 255] and Tanaka et al. [256]. The 

analyte is first co-crystallized with an excess of a matrix compound, which is able to absorb the 

laser wavelength (mostly ultraviolet or infrared), and subsequently the matrix molecules capable 

of irradiation expand to the gas phase together with the intact protein molecule in vacuum 

environment. The matrix plays an important role and is dependent on the analyte, whereas the 

matrix function as a proton donor and receptor in order to ionize the analyte both in positive and 

negative ionization mode, respectively [257]. However, the ion formation by MALDI is still 

under discussion and possible mechanisms are well described by Zenobi and Knochenmuss 

[258]. 

 Ion analyzer 3.9.2

The mass or ion analyzer in conjunction with either ESI or MALDI differentiate in resolution, 

mass accuracy and ion control, and capability for multistage (tandem) mass spectrometry (MS
n
) 

(cf. chapter 3.9.3). 

3.9.2.1 Time-of-flight 

The time-of-flight (TOF) mass analyzer accelerates the ion beam, and the ions are separated in a 

field-free region until they reach the detector. The ions carry the same kinetic energy (  ) but 

due to differences in mass, the ions reach the detector at different times (velocity  ).  

Equation 5: 

    
 

 
    

Equation 6: 

   
 

 
 

The arrival time ( ) is dependent upon the mass to charge ratio (   ) where   is a constant. 

Equation 7: 

     √
 

 
 



Materials and methods 

 

106 | p a g e  

TOF analyzer can operate in both linear and reflectron modes. The reflectron consists of a set of 

electronic mirrors. The reflectron mode is characterized by increased travel distance ( ) and 

arrival time ( ), while reducing their kinetic energy (  ) distribution, and thereby reducing their 

temporal distribution (  ), and improve the resolution ( ) of the mass spectrometer, based on 

the relationship between time ( ) to mass ( ). 

Equation 8: 

   
 

  
 

3.9.2.2 Quadrupole ion trap 

The quadrupole ion trap (QIT; also called Paul trap) is an ion storage and mass analysis device 

that operates at a pressure of ~3x10
-3

 mbar with helium as buffer gas and consists of three main 

components two end-cap electrodes and a ring electrode, which is located symmetrically 

between the two end-cap electrodes (Figure 68). A high voltage radio frequency (RF) potential 

is applied to the ring, while the end-cap electrodes held at ground. And further based on the 

potential difference between the electrodes and the geometries of these components an ideal 

quadrupole field is produced. It is possible to accumulate weak signals over extended period of 

time, and then eject the ions in a mass-selective manner to the detector or transmit them to 

further mass analyses such as MS/MS fragmentation (cf. chapter 3.9.3). 

 

Figure 68: Schematic representation of the geometries of the quadrupole ion trap components. Holes at 

the center of the end-cap electrodes allow ions to enter and exit the trap. The ejected ions reach the 

detector and produce a mass spectrum. Figure adapted from [259]with permission from John Wiley and 

Sons.  

3.9.2.3 Quadrupole time-of-flight 

The QTOF is a hybrid quadrupole time-of-flight mass spectrometer and has very high 

sensitivity, resolution and mass accuracy. The Quadrupole element is operated as an ion guide 

in MS mode and as a mass-selective region in MS/MS mode. The TOF analyzer (mostly 

reflectron) is placed orthogonally to the quadrupole and serves as a resolving device.  

In-coming end-cap electrode

Out-coming end-cap electrode

Ring electrode
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3.9.2.4 Fourier Transform ion cyclotron resonance 

Fourier transform-based mass spectrometers (FT-MS) are equipped with a detection system and 

the application of Fourier transform mathematical operations for generating mass spectra from 

the time domain transient produced by the detection system [260]. The ion cyclotron resonance 

(ICR) describes the movement of ions in a strong magnetic field, whereby the ions circle on tiny 

orbits in the ICR cell and their speeds vary by their mass. The ions are separated by mass using 

radio frequency pulses by absorbing this RF energy and reaching the maximum orbit close to 

the detector plates (Figure 69). The impact of larger field strength (higher-field magnet of 

     Tesla), improved homogeneity of electric fields in the ICR cell, and thereby a higher 

resolution. Simultaneously, a high vacuum of 10
-9

 – 10
-10

 Torr is required to achieve the high 

resolution. 

 

Figure 69: Schematic representation of an ion cyclotron resonance (ICR) cell. The ions are accelerated by 

a strong magnetic field. Application of a radio frequency (RF) potential forces the ions to circle in orbits, 

and separate them by mass. Detection plates collect the time domain signal which immediately is 

transformed into a mass spectrum using the Fourier transform (FT) algorithm. 

 Tandem mass spectrometry 3.9.3

Instead of directly mass analyzing the proteins, peptides and/or proteolytic fragments, a 

subsequent step of fragmentation on residue level can be inserted for mass analysis and protein 

identification. Almost no spontaneous fragmentation of the molecular ions (also called parent 

ion or precursor ion) is observed using common soft ionization techniques (cf. chapter 3.9.1). 

Forced fragmentation requires isolation, fragmentation and separation steps repeated   times to 

obtain     spectra while   indicate the number of cycles. The most practicable strategy is to 

repeat the cycle two or three times, referred to as     (MS/MS or tandem mass spectrometry) 

and MS
3
, respectively. The first step, isolation of the parent ion of interest occurs in the 
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collision chamber (e.g. ion trap, ion cyclotron), and the selected ion is referred to parent ion. 

The fragmentation process requires additional external energy to break down the covalent 

peptide bonds. Either electron-capture dissociation (ECD) or collision-induced dissociation 

(CID) is used to obtain fragmentation information. The latter was used in this thesis (cf. chapter 

3.9.5.3). The generated peptide fragment ions are referred to as daughter ions or product ions, 

and identified by comparative analysis of calculated (cf. chapter 3.18.1) and experimental 

peptide fragment ions using the fragmentation assignment of Roepstorff and Fohlman [261]. 

CID produces a series of fragments, mostly of the type b and y (Figure 70) 

 

Figure 70: Schematic representation of the forced ion fragmentation. (A)The parent ion (*) was isolated 

and additional external energy break down the covalent peptide bonds. The daughter ions are generated 

and identified by its individual molecular mass. (B) The peptide fragment b and y ions produced by CID 

using fragmentation notation of Roepstorff and Fohlman are shown. 

Two different peptide fragmentation strategies are commonly used – tandem in space or tandem 

in time. Tandem in space uses two or more mass analyzers in a row and each separated by a 

collision cell (e.g. TOF/TOF, triple quadrupole). The other type of ion analyzer is collecting, 

isolating and fragmenting the parent ions, and separating and analyzing the daughter ions in the 

same chamber (e.g. QIT, ICR), and is referred to multiple MS in time. 

 Ion mobility mass spectrometry 3.9.4

The mobility of gaseous ions in an electromagnetic field is called ion mobility spectrometry 

(IMS) [262]. The ions formed by ESI are then introduced through an ion gate into the drift 
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region, where they are pulled by applying either a constant electric field (drift tube ion mobility 

spectrometry, DTIMS) or changing the electric filed in order to measure the ion mobility 

increment (differential ion mobility spectrometry, DMS) through a drift gas (also called buffer 

gas), finally arriving at a detector. Figure 71 shows a schematic representation of a typical IMS 

drift tube configuration. IMS in conjunction with MS is called ion mobility mass spectrometry 

(IM-MS), and is straightforward to couple them with existing MS ion sources, trapping devices 

and analyzers [178]. IMS-MS as a complement to other MS methods provides information 

about ion shape, ion mobility, charge and mass of biomolecules, and elucidate biomolecular ion 

structures. 

 

Figure 71: Schematic representation of an ion mobility spectrometer (IMS). Figure reused from [263] 

with permission from Royal Society of Chemistry. 

The drift velocity or mobility of the ions are recorded, and are in the order of milliseconds [262, 

264]. The electric field accelerates the ions, while collision with the buffer gas decelerates them, 

leading to a constant drift velocity   . As long the field intensity is weak the drift velocity   is 

proportional to the field strength  , and given by:  

Equation 9: 

      

The proportionality coefficient   is called the ion mobility of a specific ion in the buffer gas. 

The ion mobility can be experimentally determined by measuring the drift time    of an ion in a 

drift tube where   applied across the drift tube, and   is the drift tube length. 

Equation 10: 

   
  

   
  

The drift time is directly controlled by the collisions, and therefore K is inversely proportional 

to the drift gas number density N. The mobility is scaled the “standard” or “reduced” mobility 
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   to the number density at standard temperature (   = 273.2 K) and standard pressure (   = 

760 Torr), and given by: 

Equation 11: 

    
  

   
   

  

 
 

 

  
 

where   is the buffer gas pressure in Torr and   is the buffer gas temperature in degree Kelvin. 

Ion mobility   depends on the experimental conditions and analyte characteristics, and given by 

[263, 264]: 

Equation 12: 
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where   is the ion charge,   the number density of the buffer gas,   is the reduced mass of the 

ion,    the Boltzmann constant,   is the temperature of the buffer gas, and   is the collision 

cross section of the ion.  

It is also possible to report values as experimental cross-section  , given by: 

Equation 13: 
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where    and    correspond to the mass of the ion and buffer gas, respectively. The described 

relationship between ion mobility   and collision cross-section   holds only at the low field 

limit, where the measured ion mobility is independent on the drift field. At higher values of 

    the ion mobility is no longer a constant and becomes field dependent. 

 Mass spectrometric analyses  3.9.5

All used MS instrumentations as well as individual sample handling are described in this 

chapter. 

3.9.5.1 MALDI-TOF-MS 

The MALDI analyses were performed using Micromass TofSpec-2E (Micromass, UK) or a 

mircoflex system (Bruker Daltonics, Bremen, Germany). The ionization was achieved using a 

pulsed nitrogen laser at a wavelength of       . The mass spectra were recorded in reflectron 

mode using a voltage of         , and positive ion mode. The voltage of       was applied 

to the target (operating voltage). The data acquisition on micromass and Bruker instruments was 

performed using MassLynx (cf. chapter 3.18.10) or DataAnalysis (cf. chapter 3.18.6), 
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respectively. The micromass instrument uses a 100 spot-plate and the Bruker instrument uses a 

96 spot-plate.  

The matrix -Cyano-4-hydroxycinnamic acid (HCCA) was used. The matrix-solution was 

composed of saturated HCCA-matrix in ACN : MQ : TFA (           ). The lyophilized 

protein or peptide samples were dissolved in MQ : TFA (        ) or ACN : MQ : TFA 

(           ), depending on their solubility. A volume of       matrix-solution was spotted 

onto the MALDI-target and then     protein or peptide solution was added, and air dried to 

evaporate the solvent. The analyte molecules embedded into the matrix crystals were ready for 

MALDI measurements. 

3.9.5.2 ESI-QIT-MS 

Bruker Esquire 3000 Quadrupole Ion Trap Mass Spectrometer (Bruker Daltonics, Bremen, 

Germany) was used for ESI-MS measurements. The sample was introduced either using direct 

infusion or in conjunction with the HPLC pump. The lyophilized protein or peptide sample was 

dissolved in MQ : formic acid (99:1 or 97:3). For direct infusion, the syringe (standard       , 

i.d. of        ) was used, and the syringe pump directly connected to the electrospray 

nebulizer using a flow rate of         . The inclusion of the HPLC pump was accomplished 

by integrating the LC column (RepoSil-Pur C4 or C18) and directly connecting to the nebulizer, 

and the sample was introduced via autosampling to the system. 

The acquisition parameters were individually edited on the Smart and Expert page. Typical 

parameters for Synuclein MS acquisition are listed below:  

Capillary: -4 kV 

Nebulizer:. 20 psi 

Dry gas: 9 L/min 

Dry Temperature: 280-300°C 

Skimmer: 40 V 

CapExit: 90-180 V 

Octopole 1 & 2: 12 V & 2.5 V 

Octopole Rf: 239 Vpp 

Lens 1 & 2 -5 V & -60 V 

TrapDrive: 70-100 % 

Maximal Accumulation time: 100-200 ms 

Polarity: positive 

 

The data acquisition was performed using DataAnalysis (cf. chapter 3.18.6). 
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3.9.5.3 ESI-LC-QIT-MS/MS 

Bruker Esquire 3000 Quadrupole Ion Trap mass Spectrometer (Bruker Daltonics, Bremen, 

Germany) was used for ESI-MS/MS measurements (e.g. analyze peptides obtained from in-

solution digestion). The sample was introduced either using direct infusion or in conjunction 

with the HPLC pump. The lyophilized protein or peptide sample was dissolved in MQ : formic 

acid (     or     ). For direct infusion, the syringe (standard       , i.d. of        ) was 

used, and the syringe pump directly connected to the electrospray nebulizer using flow rate of 

        . The inclusion of the HPLC pump was accomplished by integrating the LC column 

(RepoSil-Pur C18 pore size     ) and directly connecting to the nebulizer, and the sample was 

introduced via autosampling to the system. The program HyStar 3.1 (Bruker Daltonics, Bremen, 

Germany) was used to configure and control the hyphenated LC-MS experiments. The typical 

LC protocol used a flow rate of              and individual linear gradient elution with 

eluent A (      formic acid) and eluent B (      formic acid in      ACN). The next step 

towards the production of     spectra was an operation mode in itself. The complete analysis 

cycle is: 

 Accumulate ions in the trap 

 Isolate a specific     ion or ion range (set m/z value or threshold intensity value) 

 Fragment the isolated     ion (usual fragmentation amplitude values are        

      ) 

 Produce a spectrum by resonantly ejecting the ions from the trap to the detector 

For the MS acquisition parameters see chapter 3.9.5.2. The instrument alternately acquired MS 

and MS/MS spectra. The data acquisition was performed using DataAnalysis (cf. chapter 

3.18.6), and in addition Mascot (cf. chapter 3.18.8) and GPMAW (cf. chapter 3.18.1). 

3.9.5.4 ESI-FTICR-MS 

Bruker Apex II mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for ESI-

FTICR-MS measurements. The sample was introduced by direct infusion using the syringe 

(standard       , i.d. of        ), and the syringe pump directly connected to the electrospray 

nebulizer using flow rate of          .  

The acquisition parameters were individually edited. Typical acquisition parameters for 

Synuclein H/D exchange in solution are listed below:  

Capillary: -4.2 kV 

Endplate -3.8 kV 

Nebulizer: 15 psi 
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Dry gas: 10 L/min 

Dry Temperature: 150°C 

Skimmer 1 & 2: 10 V & 7 V 

CapExit: 35-60 V 

Polarity: positive 

The data acquisition was performed using DataAnalysis (cf. chapter 3.18.6). 

3.9.5.5 LC-ESI-QTOF-MS 

Bruker maXis 4G mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for ESI-

QTOF-MS measurements, and MS analyses were accomplished in the laboratory of Biomedical 

Mass Spectrometry Resource” (Prof. Dr. Michael L. Gross), Department of Chemistry,  

Washington University, St. Louis, USA. The sample was introduced using the HPLC pump 

(Agilent 1100 and Agilent 1200 from Agilent, CA, USA) via a two six-port-valves system 

(VICI Valco, Houston, TX) integrating on-line pepsin digestion and sample desalting units. The 

instrumental setup is shown in Figure 72. 

Pump 1 was used at a constant flow rate of           . The quenched Synuclein sample was 

loaded into       sample loop, and by switching the valve 1 transferred to the pepsin column. 

After three minutes on-line pepsin digestion, the valve 2 was switched and the flow path 

directed the generated synuclein peptides to the C8 trap-column. Valve 2 was interfaced with 

pump 2 and after LC separation using a         linear gradient, the product-ion spectra were 

collected with maXis QTOF 4G (Bruker Daltonics) in positive ESI-ion mode. The valve 

settings and the direction of flow are shown in Figure 73. 

The data acquisition was performed using DataAnalysis (cf. chapter 3.18.6), and in addition 

MagTran (cf. chapter 3.18.3) 
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Figure 72: Schematic representation of the high-pressure on-line pepsin digestion LC-ESI-QTOF-MS 

application. The instrumental setup consisting of two independent pump systems (pump 1 and pump 2), 

two six-port valves, and ESI-QTOF mass spectrometer. The system can be divided into two segments: 

pump 1 ensures the continuous flow due sample loading and on-line-pepsin digestion, and pump 2 

ensures the linear gradient elution with direct connection to the mass spectrometer. 
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Figure 73: Direction of flow of the high-pressure on-line pepsin digestion LC-ESI-QTOF-MS application. 

The sample flow is highlighted in bold lines and classified in three different modes: (A) load mode, 

sample load to       sample loop, and by switching the valve 1 to (B) digestion mode, sample will be 

transferred to pepsin column. By switching the valve 2 to (C) detection mode, the flow path directed the 

generated peptic peptides onto C8 trap-column, and were separated using linear gradient elution. The 

product-ion spectra were collected on ESI-QTOF-MS. 

3.9.5.6 nanoESI-IMS-TOF-MS 

The nanoESI-IMS-TOF-MS analyses are accomplished in the Laboratory of “Advances in Mass 

Spectrometry-Based Instrumentations for Analysis of Structure in Complex Biological 

Systems” (Prof. Dr. David E. Clemmer), Department of Chemistry at Indiana University in 

Bloomington, USA and in cooperation with Dr. Marc Kipping (Waters, Eschborn, Germany).  
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The IM-MS instrument customized by David E. Clemmer´s group is composed of four primary 

components including (1) nanoESI source, (2) source chamber, (3) injected-ion drift tube, and 

(4) TOF mass spectrometer [265] (Figure 74).  

 

Figure 74: Schematic representation of the customized nanoESI-IMS-IMS-QTOF-MS. The IM-MS is 

modular constructed: three drift tube funnels (F1-F3), two ion gates (G1, G2), two drift tubes (D1, D2), 

and two ion activation regions (IA2, IA3). In this thesis the instrument was used with inactive G2 and 

IA2, and therefore one long drift tube was achieved. Figure reused from [266] with permission from 

Elsevier. 

The synuclein samples were ionized by nanoESI using an electrospray voltage of             

(TriVersa NanoMate chip-based ESI-system). The continuous beam of ions was trapped in a 

Smith-geometry hour-glass funnel (Figure 74, F1), which was either non-heated (      ) or 

heated (       ). The trapped ions were ejected (                  ) into the drift tube 

(                                  ,       ) containing He as buffer gas (  

              ). Ions migrated through the drift tube region (Figure 74, D1and D2) and as 

ions exit this drift tube they entered ion funnel region (Figure 74, F3) that were focused into the 

detector chamber between a pulsing plate, which was associated with the source region of a 

reflectron geometry TOF-MS [265, 267, 268]. The data acquisition was performed using IMDA 

(cf. chapter 3.18.5), and in addition Origin (cf. chapter 3.18.9) 

The IM-MS instrument from Clemmer´s laboratory can be utilized as tandem IM mass 

spectrometer by applying voltages at the ion activation region IA2 and the ion gate G2. In this 

process the ions are first separated, and then isolated and timing pulses applied.  

The experiments in cooperation with Waters Corporation were carried out on a commercial 

SYNAPT G2 HDMS QTOF Mass Spectrometer. This IM-MS consists also of four primary 

components including (1) a nanoESI source, (2) a source chamber, (3) an injected-ion drift 

segment, and (4) an orthogonal acceleration (oa) TOF mass spectrometer. In addition, it is 

equipped with StepWave technology in the source chamber and TriWave technology in the ion 

drift segment (cf. www.waters.com). The StepWave helps to maximize ion transmission from 

source to the mass analyzer. The technology uses a larger sampling orifice to disperse the ion 
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cloud and actively removes neutrals to reduce contamination. The TriWave consists of primary 

three regions: (i) ion trap, (ii) IM separation, and (iii) transfer.  These are a numerous of ring 

electrodes in a row (stacked ion-guide), and alternate electrodes are connected 180° out-of-

phase. Each ring electrode can be individually addressed with a DC voltage pulse to provide an 

electromotive force. The ionized molecular ions are isolated by quadrupole and subsequently (i) 

trapped (and if required fragmented) in the ion trap, then (ii) separated using ion mobility, and 

(iii) transferred to TOF-MS. It is also referred to as T-Wave IMS (TWIMS). The data 

acquisition was performed using DriftScope V2.4 (cf. chapter 3.18.4), and in addition 

MassLynx 4.1 (cf. chapter 3.18.10). 

It is important to mention that IM-variable drift time is dependent on the type of instrument and 

it is not comparable across different instruments. 

3.10 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is a low-resolution spectroscopic method for the study of 

protein conformation in solution. When circularly polarized light passes through a chiral 

(optically active) medium, the absorption between the left-handed and right-handed polarized 

light differ and can be measured by CD spectroscopy [151]. Proteins and peptides are chiral 

molecules, and therefore secondary structure elements (-helix, beta sheet, random coil regions) 

have far-UV CD spectral signatures, as given below [189]: 

-helix intense negative band with two peaks at     and        

strong positive band at        

beta sheet negative band at            

stronger positive band at            

random coil  

(unordered or denatured) 

strong negative band at            

weak band (either positive or negative) at        

In some cases, the CD spectrum is characterized by a single broad minimum between     and 

       due to overlapping -helical and beta sheet contributions [222].  

All CD spectroscopy experiments are accomplished on a Jasco J-715 Spectrapolarimeter, 

equipped with a Xe-lamp, a monochromator, a modulator and a detector, and a Peltier element 

for temperature control. Before starting the measurements, the instrument was purged with 

nitrogen. The far-UV CD spectra (          ) of proteins or peptides were recorded in a 

       path length quartz cuvette using               protein solution or     

           peptide solution. In a standard manner       NaPi pH 7.5 was used for dilution. 

All CD spectra were acquired at          from     to        with scanning speed of 
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         , spectral band width of          and           to be averaged. Before each 

measurement a baseline scan (only used buffer) was acquired. The raw data were processed by 

smoothing and subtraction of buffer spectra. The observed CD signal (in millidegrees) was 

converted to molar residue ellipticity (  ) using Equation 14: 

Equation 14: 

   
  

               
 

Where S is the CD signal (in millidegree), n is the number of peptide bonds in a protein or 

peptide,    is the molar concentration of protein or peptide (in mol/L), and L is the path length 

of the cuvette (in cm). Finally the CD intensities are reported in units            
. Molar 

Ellipticity (  ) and molar CD extinction coefficient (   ) can be interconverted using the 

following relationship: 

Equation 15: 

            

3.11 Electron Microscopy 

All transmission electron micrographs (TEM images) recorded by Dr. Leonid Breydo in the 

laboratory of “Experimental Biophysical Methods” (Prof. Dr. Vladimir Uversky), Department 

of Molecular Medicine, University of South Florida, Tampa, USA using a JEOL JEM-100B 

microscope. Typical nominal magnifications ranged from                   . Samples were 

deposited on Formvar-coated 300-mesh copper grids. 

3.12 Thioflavin-T assay 

Thioflavin-T (ThT) is a benzothiazole dye that interacts with amyloid fibrils, and exhibits 

enhanced fluorescence at a wavelength of        [269, 270]. 

The amyloid dye ThT has an emission spectrum that is red-shifted, from        to       , 

upon amyloid binding and does not affect the aggregation kinetic [271]. However, it is 

necessary to consider some drawback aspects including small stoke shift (       ) of amyloid-

bound ThT that maximize autofluorescence interference, and the apparent dye variance from 

     to        The affinity of ThT towards cross--sheet structures is influenced by the 

positive charge of ThT, and therefore the interaction is strongly pH-dependent. 

Synuclein samples were incubated under suitable conditions for fibril formation (      

acetate,       ,       NaCl,       protein [202]). Protein aggregation in the automated 

format was carried out in a reaction volume of        in black, flat-bottomed 96-well plates in 

the presence of       ThT. Two Teflon or polyethylene balls (        diameter, Precision 

Ball, Reno, PA) were placed into each well of a 96-well plate. The reaction mixture containing 
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protein and ThT (      ) was split into three wells (       into each well), the plates were 

covered by Mylar septum sheets (Thermo), and incubated under continuous orbital shaking at 

        in a Infinite M200 Pro microplate reader (Tecan). The kinetics was monitored by top 

reading of fluorescence intensity every five minutes using        excitation and        

emission filters. Data from replicate wells were averaged before plotting fluorescence versus 

time. The data were fit to a sigmoidal equation using Origin software. 

All ThT fluorescence assays were performed by Dr. Leonid Breydo in the laboratory of 

“Experimental Biophysical Methods” (Prof. Dr. Vladimir Uversky), Department of Molecular 

Medicine, University of South Florida, Tampa, USA). 

3.13 Protein Blotting 

Protein blotting represents the transfer of proteins to a solid-phase membrane for the 

visualization and identification of proteins. When the proteins are bound to a membrane, they 

are accessible for immunoanalytical or biochemical analyses, quantitative staining, and protein-

protein-interactions. The protein blotting workflow consists of transfer and detection. Proteins 

can be transferred to a membrane from a gel or solution using the common methods such as 

electrophoretic transfer (cf. chapter 3.13.1.1) and manual application (dotting) to membrane (cf. 

chapter 3.13.1.2), respectively. For detection the membrane is simply probed either with a total 

protein stain (cf. chapter 3.13.2.1) or primary antibody specific to the protein of interest and 

subsequently the visualization of the labeled proteins is performed (cf. chapter 3.13.2.2). A 

number of membranes are suitable for protein blotting. Nitrocellulose and Polyvinyl-difluoride 

(PVDF) membranes were used in this work. Nitrocellulose membrane is widely used as support 

for immunodetection (cf. chapter 3.13.2.2). PVDF membrane is also used in immunoblotting 

but based on its high chemical resistance; these membranes can be easily stripped and used as 

an ideal support for N-terminal sequencing. 

 Protein Transfer 3.13.1

3.13.1.1 Electrophoretic transfer 

Proteins already separated in gels (cf. chapter 3.8.3) were transferred to a membrane using an 

electric field to elute proteins from gels. The transfer depends on several factors e.g. protein 

size, charge, hydrophobicity and buffer system. Several additives are used for transfer 

optimization. For example, MeOH enhances the hydrophobic interaction between protein and 

membrane and prevents protein diffusion in the gel, and SDS increases the transfer efficiency 

[272]. In this work, the standard Towbin [273] transfer buffer was used:       Tris,        

Glycine,       ,      (v/v) MeOH, and       SDS. In the used semi-dry transfer, the 

membrane and the gel are sandwiched together with buffer-wetted filter papers between two 
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electrodes (Figure 75). The proteins in the gel are denatured with SDS they carry a net negative 

charge and migrate toward the anode. Electrophoretic transfer starts by applying a current 

           and the transfer considered to be complete when the electric field level remains 

stable. After that, the membrane can be probed for protein detection (cf. chapter 3.13.2). 

 

Figure 75: Setup for electrophoretic transfer.  

3.13.1.2 Dot Blot 

Simple transfer of proteins that are in solution and small sample volumes are achieved by 

manual application (dotting) to a membrane from a pipette. Now the membrane can be probed 

for protein detection (cf. chapter 3.13.2). 

 Protein detection 3.13.2

3.13.2.1 Colorimetric Detection 

Proteins immobilized on membranes can be visualized by staining with organic dyes. In order to 

achieve reversible staining, Ponceau S staining is preferred. The membrane is rinsed with 

Ponceau S solution (       Ponceau S in       TCA). Washing the stained membrane with 

MQ removes the dye completely. This staining procedure is used to briefly check the 

electrophoretic transfer of the proteins from the gel to the membrane. 

Colorimetric detection with Coomassie brilliant blue (CBB) is recommended for N-terminal 

sequencing on PVDF membranes. In preparation for staining, the PVDF membrane was rinsed 

   min with MQ, and subsequently very briefly rinsed with MeOH. The PVDF membrane was 

incubated in CBB-solution (      Coomassie Brilliant Blue R-250 in      MeOH) until the 

protein bands became visible. In order to decrease the background, the membrane was destained 

in      MeOH. Finally, the PVDF membrane was air-dried. Spots of interest could be excised 

and used for further analyses. 

3.13.2.2 Immunodetection (Western Blot) 

Proteins immobilized on membranes can be visualized toward the specific protein 

immunodetection. The membrane is blocked with neutral proteins and then treated with a 
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specific primary antibody, which recognizes the protein of interest (cf. chapter 3.4). The 

procedure continues by adding a suitable secondary antibody attached to a label that enables 

protein detection. PBS-T (      Na2HPO4 x 2 H2O,       NaH2PO4 x H2O,        NaCl, 

      ,       Tween-20) was used as required dilution and wash buffer. Following the detailed 

Western Blot protocol is listed: 

 Incubate membrane for     in blocking buffer (     Rotiblock-solution or     BSA-

solution in PBS-T). 

 Select specific primary antibody and incubate membrane for     in specific primary 

antibody-solution. The primary antibody is diluted in PBS-T (dilution range 

       –        ). 

 Wash membrane with PBS-T (          ) 

 Select specific HRP conjugated secondary antibody and incubated membrane for     in 

secondary antibody-solution. The secondary antibody is diluted in PBS-T (dilution 

range        –        ). 

 Wash membrane with PBS-T (          ) 

 Equilibrate ECL-solutions A (luminol) and B (peroxide) to r.t. and probe membrane 

with ECL-working-solution (mixed A and B in ratio    ; rule-of-thumb:           ). 

Drain of the excess of ECL-working-solution using a tissue. 

 Place the blot side up in a piece of plastic wrap, and remove air bubbles.  

 Place the blot side up in an X-Ray film cassette and place a sheet of X-ray film on the 

top, and expose the film. This step should be carried out in a dark room. 

 Develop the X-ray film using  X-ray film developer (SRX-201, Konica Minolta, USA) 

3.14 Hydrogen-Deuterium Exchange 

Purified and lyophilized Syn were reconstituted in       NaPi        to give a final 

concentration of       Syn. The samples were incubated for several days at      and 

        agitation in a thermo mixer (Eppendorf, Germany). At different time points the pulsed 

HDX [234, 237, 245] were performed by mixing       incubated sample and       deuterated 

      NaPi       , incubated for one minute on ice, and subsequently quenched by adding 

      quenching solution (    urea,     TFA). For details cf. chapter 2.6. 

3.15 Enzymatic degradation of proteins 

 In-gel digestion with trypsin for silver stained proteins 3.15.1

The tryptic in-gel digestion of silver stained proteins was performed according to Shevchenko et 

al. [274]. 
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 Protein spots / bands were excised and placed into a microcentrifuge tube. 

 Destain by adding       of       potassium ferricyanide and       of       

sodium thiosulfate. Shake gently until gel slices are completely destained i.e. all the 

silver is removed. Remove the supernatant and the remaining gel slice appears yellow. 

 Wash with        of        ammonium bicarbonate        for        with 

agitation until the gel slice becomes colorless. Remove the supernatant. 

 Wash with        of     (v/v)        ammonium bicarbonate      : ACN for 

       with agitation. Remove the supernatant. 

 Dehydrates the gel slice by adding ACN and completely evaporate ACN using 

SpeedVac. 

 Rehydrates gel slice at     in          of            trypsin prepared in       

ammonium bicarbonate. If additional solvent is required to cover the gel slice, use 

      ammonium bicarbonate. 

 Incubate over night at     . 

 Stop enzymatic cleavage by adding      of     formic acid.  

 Spin down, remove the supernatant, and the peptide fragments were extracted Peptides 

were extracted by one change of       ammonium bicarbonate and three changes of 

    formic acid in 5    acetonitrile (       for each change) at r.t.. The combined 

supernatants were lyophilized and analyzed by MALDI mass spectrometry (cf. chapter 

3.9.1.1). 

 In-gel digestion with trypsin for Coomassie stained proteins 3.15.2

The tryptic in-gel digestion of Coomassie stained proteins was performed by the modified 

procedure from Mortz et al. [275] and Rosenfeld et al [276]. 

 Protein spots / bands were excised and placed into microcentrifuge tube. 

 Wash with MQ for        to remove acetic acid and MeOH from staining. 

 Dehydrated in     (v/v) ACN:MQ for        at r.t., and dried in a Speed Vac 

centrifuge. 

 Destained in       ammonium bicarbonate for 15 min, dehydrated in     (v/v) ACN : 

MQ for        at r.t., and dried in a Speed Vac centrifuge. 

 Rehydrates gel slice at     in          freshly prepared            trypsin in 

      ammonium bicarbonate. If additional solvent is required to cover the gel slice, 

use       ammonium bicarbonate. 

 Incubate over night at     . 

 Stop enzymatic cleavage by adding      of     formic acid.  
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 Spin down, remove the supernatant, and the peptide fragments were extracted twice 

with     (v/v) ACN:      TFA for        at r.t.. The combined supernatants were 

lyophilized and analyzed by MALDI mass spectrometry (cf. chapter 3.9.1.1). 

 In-solution digestion 3.15.3

Digestion in solution of Syn and Syn polypeptides was performed in        digestion 

buffer (      ammonium bicarbonate       ) and incubated with trypsin at      for      

to allow complete digestion. The ratio of trypsin to sample was used      –      trypsin 

for       protein. The solution was lyophilized and analyzed by MALDI mass 

spectrometry (cf. chapter 3.9.1.1). 

3.16 Passive Elution of intact proteins 

Protein spots / bands were excised, placed into a microcentrifuge tube and dried in a Speed 

Vac centrifuge. The dried gel slices were crushed, treated with       FAPH buffer (     

formic acid,      ACN,      isopropanol, and      MQ; v/v/v/v), and sonicated for 

       at    . After       centrifugation at            (Heraeus Biofuge 1.3, Thermo 

Scientific) the supernatant was removed. Repeat the protein extraction three times. The 

combined supernatants were lyophilized and analyzed by MALDI-TOF MS (cf. chapter 

3.9.1.1). 

3.17 Desalting using ZipTip procedure 

The ZipTip pipette tip (Millipore) is a       pipette tip containing reversed-phase C4 or C18 

media fixed at its end. It is ideal for concentrating and purifying peptides, proteins or 

oligonucleotides prior to mass spectrometry. The ZipTip procedure was carried out in the 

following steps: 

 Wet the C4 or C18 pipette tip. Aspirate and dispense       of wetting solution 

(        ) to waste   times. 

 Prepare the sample (max     / ZipTip) in       TFA. (final volume      ) 

 Equilibrate ZipTip pipette tip. Aspirate and dispense       of equilibration solution 

(      TFA) to waste    times. 

 Bind peptides/proteins to ZipTip pipette tip. Aspirate and dispense the sample    times. 

 Desalt sample. Aspirate and dispense the washing solution (      TFA)     times. 

 Elute peptides/proteins from ZipTip pipette tip. Aspirate and dispense elution solution 

(for MALDI-TOF MS:       TFA/     ACN, and for ESI-MS:     formic acid/     

MeOH)    times. 
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 Spot sample on MALDI-TOF MS target (cf. chapter 3.9.1.1) or analyze by ESI-LC/MS 

(cf. chapter 3.9.5.3) 

3.18 Biocomputational and data analysis tools 

 GPMAW 3.18.1

General Protein/Mass Analysis for Windows (GPMAW; Lighthouse Data, Denmark) is a 

program for the analysis of protein or peptide primary structures, particularly using mass 

spectrometry. After entering or loading (GPMAW interfaces to FastA format) the sequence, 

various statistics and protein chemical features can be performed. The software was used to 

display the average and monoisotopic mass, simulate the cleavage of a protein using specific 

proteases or chemical cleavage methods, and simulate MS/MS fragmentation pattern [261] in 

order to identify proteins based on mass spectrometric maps. GPMAW can be also used to 

display a number of parameters from secondary structure prediction and hydrophobicity. 

 Multiple sequence alignment 3.18.2

The simultaneous sequence alignment of proteins or amino acid sequences is an essential tool in 

molecular biology and proteomics. The multiple sequence alignments are used to find patterns 

to characterize protein families, and demonstrate homology between sequences. In this work, 

the freely available program called CLUSTAL W [251, 277]was used in order to align protein 

sequences.  

 MagTran 3.18.3

MagTran 1.03 b2 is a freeware software for automated charge state deconvolution of 

electrospray spectra written by Zhongqi Zhang according to Zhang and Marshall´s ZScore 

algorithm [278]. This software was used for HDX-MS analysis. The generated xy-files from 

electrospray mass spectra (recorded by ESI-Q-TOF-MS, maXis 4G, Bruker Daltonics) were 

loaded to the software MagTran and analyzed by calculating the centroid masses of peptides. 

 DriftScope 3.18.4

Use DriftScope software (Waters Corporation, Manchester, UK) to display and interact with 

Synapt HDMS data. The application comprises tools for viewing, selecting and processing data 

as well as tools for exporting data to MassLynx (cf. chapter 3.18.10) and other applications. 

 Ion mobility data analyzer 3.18.5

Ion mobility data analyzer (IMDA) is written by Michael Ewing (Group of Prof. Dr. David E. 

Clemmer, Department of Chemistry, and Indiana University, Bloomington, IN, USA) and used 

for data processing of ion mobility-mass spectrometry data from customized instruments in 
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David E. Clemmer´s laboratory, Indiana University in Bloomington (IN, USA). The software 

takes in data from the IM-TOF-MS instruments, convert bin numbers into physical variables i.e. 

mass-to-charge ratio (   ) and drift time (  ) and allows for multiple analyses to be performed. 

 DataAnalysis 3.18.6

The Bruker Daltonics DataAnalysis software is for processing, advanced data mining, and 

browsing analyses acquired on Bruker Daltonics mass spectrometers. One can load multiple 

analyses at the same time and dedicated algorithms e.g. protein/peptide analysis, structural 

elucidation, and compound identification are available. Processed data and graphs can be copied 

to clipboard and exported in various file formats including xy-files, and mascot generic format 

(mgf-files). 

 Predictors of protein disorder 3.18.7

The network predictors of natural protein disordered regions (PONDR) are a collection of 

several predictors function from primary sequence data alone, and are freely accessible for non-

commercial use (www.pondr.com). The individual predictors used in the analysis are PONDR 

VL-XT [29, 31, 32] and PONDR VLS2 [188]. PONDR VL-XT refers to a merge of three 

predictors, one trained on various (V) characterized long (L) disordered regions and two trained 

on X-ray (X) characterized terminal (T) disordered regions. PONDR-VSL2 refers to a merge of 

two predictors, trained for short (S) and long (L) disordered regions. The network predictor 

outputs are between 0 and 1, where 1 is the ideal prediction of disorder and 0 is the ideal 

prediction of order. If a residue value exceeds or matches a threshold of 0.5 the residue 

considered disordered. 

 Mascot Server 3.18.8

The Mascot software is web-based and developed by Matrix Science 

(www.matrixscience.com). The application is used for identification, characterization, and 

quantitation of proteins from primary sequence databases using mass spectrometry data. Mascot 

compares observed spectra to a database (e.g. Swiss-Prot, NCBInr) of theoretical spectra and 

scores. Finally, the protein/peptide identifications are ranked by statistically confidence, and 

displayed. 

 OriginLab 3.18.9

Origin provides extensive set of data analysis tools (e.g. curve fitting, peak analysis, 

mathematics, statistic calculations) and graphing software (e.g. multiple layers). Origin imports 

many popular data formats such as ASCII, CSV, and xls. 
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 MassLynx 3.18.10

MassLynx (Waters Corporation, Manchester, UK) software application controls Waters mass 

spectrometer, and provide data analyses. The program was mainly used for viewing and 

processing chromatograms and spectra. Three processes for use on chromatograms are available 

to improve the presentation of the data: Background subtract, smoothing and integration. 

Additional a number of features to enhance the clarity of the mass spectra are available (e.g. 

refine, background subtract, center, MaxEnt). 
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4. Summary 

A variety of cellular processes are based on the formation of protein assemblies. Some 

assemblies can interfere with the normal cellular function, thus leading to the disruption of 

entire proteostasis, which can often result in cell death. The most toxic forms of altered proteins 

are based on complex organized protein structures such as amyloidogenic oligomers or fibrils 

[70]. Protein aggregation-dependent depositions are usually affecting the central nervous system 

leading to neurodegeneration. This is also the case of Parkinson’s disease, which is associated 

with the accumulation of insoluble fibrils [106, 187], basically comprising the small 

neuroprotein Synuclein (Syn). 

Monomeric Syn is intrinsically disordered and characterized by high structural plasticity in 

solution. Syn, the protein chameleon [136] is able to adopt -helical structure upon binding 

lipid membranes [117, 207] or -sheet structure as aggregation prone precursor and various 

types of aggregates [42, 99, 100]. Although there is no direct evidence for protofibrils in vivo 

[184], the formation of pathogenic prefibrillar oligomeric intermediates is generally suggested 

to precede aggregation. Only a few biophysical studies has been suggested that the structured 

intermediates are existent [39, 107], however, no detailed chemical structure of Syn oligomers 

have been reported so far. Most of the experimental studies have only been focused on the 

oligomerisation products and fibril formation without taking into account the formation of both 

fragmentation and oligomerisation-aggregation products. The physiological and pathological 

functions of Syn are not fully elucidated to date, and further investigations are required in 

order to understand its aggregation mechanism and pathological role. 

The major objectives of this dissertation are (i) the identification of fragmentation and 

aggregation products of Syn, (ii) the preparation of Syn mutants that lack the fragmentation 

propensity, and (iii) the structural characterization and investigation of conformational 

properties of Syn and Syn mutants due to their in vitro aggregation. 

The first part of the present thesis was focused on the identification, chemical and structural 

characterization of both fragmentation and aggregation products of human Syn, including 

comparative analysis with Syn. Syn and Syn are closely related with sequence homology of 

62 % [116]. The far-UV circular dicroism spectroscopic analyses indicated that freshly prepared 

Syn exhibited higher propensity of protein disorder than Syn. After six days incubation, 

Syn formed highly organized fibrils with -sheet structure, and after 15 days (long-term) 

incubation prefibrillar aggregates were formed. In contrast, Syn showed no conformational 

transition upon long-term in vitro incubation. Discontinous Tricine-SDS-PAGE analyses of 

freshly prepared and incubated Syn  and Syn were perforemd. Syn showed a time-
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dependent formation of oligomerisation-aggregation products including fragments migrating in 

the gel at approximately        and        and oligomers at approximately   ,   , and 

      . The formation of fibrils was indicated by the non-migrated protein band at high MW 

on the top of the gels. The C-terminal autoproteolytic fragment Syn(72-140) was found to be 

highly prone to aggregation [121, 185]. Syn showed the autoproteolytic fragmentation 

regardless of the prescence of protease inhibitors thus excluding the fragmentation of human 

Syn is protease-dependent [121]. In contrast, Syn lacks the 11-residues stretch (73-83), and 

showed neither aggregation nor fragmentation propensity. The biocomputational analysis 

revealed that the region around the residues (68-90) within the sequence of Syn is more 

dynamic and therefore more prone to conformational changes and specific fragmentation than 

Syn.  

In order to demonstrate the specificity of the autoproteolytic fragmentation-site Val71-Thr72 

and to prevent the specific fragmentation of Syn, several Syn mutants containing partially 

amino acid sequences of the non-aggregating Syn or selected point mutations were designed as 

a second part of the thesis. The Syn mutants are mainly categorized to triplet, sequence and 

deletion mutants. The triplet mutants feature each three modified residues (70-72), either 

substituted by NAN (Syn-NAN) or VFS (Syn-VFS). The sequence mutants feature each six 

modified residues (70-75) either substituted by Gly (Syn-G6) or Ala (Syn-A6). The deletion 

mutants can be subdivded into N-terminal fragment Syn(1-120) and C-terminal fragments 

aSyn(71-140) and aSyn(72-140). The oligomerisation-aggregation products of Syn mutants 

were identified and characterized by complementary analytical methods such as 

chromatography, gel electrophoresis, mass spectrometry and spectroscopy. Syn mutants were 

capable of oligomerisation-aggregation and even fibril formation at various degrees. In 

particular, Syn-NAN that featured prominent dimer formation could be used to highlight the 

impact of mutation in a functional structured region. Syn mutants Syn-G6, Syn-A6, and 

Syn-VFS showed fragment formation. But one result is applicaple without distinction: not any 

designed Syn mutant forms the autoproteolytic fragment Syn(72-140). In conclusion, the 

fibrils prepared from Syn polypeptides differ in their secondary structure as indicated by 

circular dicroism spectroscopy and electron microscopy. The Syn fragmentation and 

aggregation were sequence-sensitive, and the central triplet VVT over the residues (70-72) was 

shown to play an important role in the autoproteolytic fragmentation of the human Syn. 

It is known that protein function modifiers such as post translational modifications have been 

involved in the pathogenesis of both normal aging and neurodegenerative diseases. Especially 

Tyr-nitrated Syn is suggested to play a critical role in the fibril formation of Syn [88, 89, 

137]. The isolation of nitrated Syn from biological samples is rather challenging. An 
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alternative semisynthetic strategy to incorporate site-specific nitration at Tyr-125 within Syn 

sequence was successfully applied. 

The third part of the thesis investigated the fibril formation of Syn due to (i) co-aggregation 

with selected Syn mutants, (ii) incubation with preformed Syn fibrils (seeds), and (iii) co-

incubation with chemically synthesized Syn model peptides. The co-aggregation and seeding 

experiments revealed that Syn mutants could affect Syn structural properties and its 

fibrillation. The fibril formation of Syn was slowed down due to the co-incubation with Syn-

G6, whereas the presence of Syn(1-120) did not affect the fibril formation of human Syn. 

Spiking soluble Syn with preformed Syn-G6 fibrils revealed that the continous fibril 

formation was predominately driven by Syn itself, and the morphology of the fibrils appeared 

to be similar with the “non-seeded” Syn sample. Moreover, the fibril elongation (rate constant) 

of Syn has been accelerated by adding seeds of Syn(71-140). 

The amyloid-core forming NAC region (residues 61-95) is important for Syn fibril formation. 

The binding of small molecules such as peptides might affect the Syn aggregation. In order to 

accelerate, reduce or inhibit the fibril formation of Syn, the 14-mer Syn model peptides 

scaffolding the Syn residues (65-78) with a single or multiple mutations were designed and 

chemically synthesized. First, far-UV circular dichoism spectroscopy revealed that most of the 

Syn model peptides were monomeric and non-selfassociating, adopting random coil 

conformation during their in vitro incubation. Three Syn model peptides SynG73A, 

SynV66T, and SynT72S adopted -sheet structure or underwent transition from random coil 

to -sheet structure suggesting a self-aggregating characteristic. 

The selected Syn model peptides were long-term incubated with human Syn and analyzed by 

gel electrophoresis. Syn model peptides induced and stabilized additional oligomeric states of 

Syn polypeptides, but did not induce any oligomerisation of Syn, which remained unchanged 

in monomeric state. In particular, the co-incubation with the self-aggregating Syn model 

peptides SynG73A and SynT72S seemed to reduce or even inhibit the autoproteolytic 

fragmentation of Syn. Moreover, Syn model peptide Syn induced additional oligomeric states 

of Syn, Syn-VFS, and Syn-G6 but did not yield in any effect on N-terminal deletion mutant 

Syn(71-140), indicating that the Syn model peptide Syn uniquely interacted with the N-

terminus of Syn. Further, IM-MS analysis revealed that the Syn model peptides did not form 

stable peptide-protein-complexes but rather acted as a transient binder and yielded the formation 

of additional oligomeric states of Syn polypeptides at various degrees. In a future oriented 

manner, Syn model peptides may help to isolate Syn oligomers in a suitable amount for further 

structural characterization or even cytotoxic experiments.  
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The fourth part of the thesis investigated ion mobility-mass spectrometry analysis of Syn, 

Syn as well as selected Syn mutants and revealed their conformations, molecule surface areas 

and dynamics in gas phase. Syn monomeric ions exhibited both compact and elongated 

conformation associated with collisional cross section in the range of              and 

            , respectively. Incubated Syn monomer adopted extended protein 

conformation with increase of the collisional cross section by     . Syn-dimers showed 

actually a lower mobility than Syn monomer, indicating that Syn dimer or even oligomers 

existed in more extended conformations than has been expected for spherical constructs so far. 

The autoproteolytic fragment dimerSyn(72-140) migrated with high mobility and showed a 

collisional cross section value of approximately        . Although, Syn and Syn hardly 

differ in molecular weight, the ion mobility data indicated that Syn monomer existed in more 

extended conformation than the Syn monomer. The formation of Syn dimer was 

accompanied by the folding of the monomer to an extended conformer prior to the Syn 

dimerisation and further fibril assembly. Syn also formed dimer but its dimerisation was not 

accompanied by such a folding process.  

In the last part of the thesis, the protein backbone hydrogens were probed for solvent exposed 

and protected regions in Syn, whether involved in protein folding or not, using the 

hydrogen/deuterium exchange-mass spectrometric approach. Global hydrogen/deuterium 

exchange analysis confirmed the extended, unstructured and solvent exposed state of Syn 

monomer with 86 % deuterium uptake. The pulsed hydrogen/deuterium exchange approach 

afforded structural peptide-level information of Syn and revealed that Syn was characterized 

by a time-dependent backbone dynamic. The degree of solvent-protected regions increased with 

the incubation time, and it was characterized by propagated shielding from the middle of Syn 

around the residues (55-89), followed by the extension over the flanked residues (90-94) and 

(39-54). Moreover, the hydrogen/deuterium exchange data suggested two regions that were 

more dynamic and solvent-accessible between those solvent protected regions [238]. The mass 

spectrometric data suggested that the autoproteolytic fragmentation-site at the residues 71/72 

was part of the solvent-accessible region. 



Zusammenfassung 

 

131 | p a g e  

5. Zusammenfassung 

Eine Grundlage vieler zellulärer Prozesse ist die Assemblierung von Proteinen. Durch die 

abnormale Zusammenlagerung, Fehlfaltung oder Aggregation spezifischer Proteine können die 

normale Zellfunktion und Proteostasis-Mechanismen beeinträchtigt werden und sogar zum 

Zelltod führen. Die Toxizität der Proteinfehlfaltung ist oft mit der Bildung unlöslicher und/oder 

komplex geordneter Proteinstruktur wie zum Beispiel von amyloiden Oligomeren oder Fibrillen 

assoziiert [70]. Die Anhäufung von Proteinaggregaten im zentralen Nervensystem führt zu 

sogenannten neurodegenerativen Erkrankungen wie zum Beispiel der Parkinson-Krankheit. Die 

Parkinson-Krankheit ist durch die Anhäufung unlöslicher Fibrillen [106, 186, 187] 

gekennzeichnet, die hauptsächlich aus dem synaptischen Protein Synuclein (Syn) bestehen. 

Lösliche Syn Monomere sind intrinsisch ungeordnet, das heißt sie besitzen keine 

Sekundärstruktur und zeichnen sich durch eine hohe strukturelle Plastizität aus. Je nach 

Umgebung kann das Proteinchameleon Syn [136] eine andere Konformation annehmen, aber 

auch unlösliche Proteinaggregate bilden. So induziert zum Beispiel die Bindung an eine 

Lipidmembran eine -helikale Struktur [117, 207], aber auch eine Veränderung der 

Konformation kann zur Ausbildung einer stabilen fibrillären -Faltblattstruktur führen [42, 99, 

100]. Bisher gibt es keinen direkten Nachweis, dass die Syn-Protofibrillen in vivo als mögliche 

Ursache für die Parkinson-Krankheit gelten, aber die Ausbildung von intermediären pathogenen 

Protofibrillen gelten im Allgemeinen als Vorstufe von Proteinaggregaten. Bisher konnten einige 

intermediäre Strukturen mittels Spektroskopie nachgewiesen werden [39, 107], aber es liegt 

noch keine detaillierte strukturelle Charakterisierung von Syn Oligomeren vor. Die meisten 

Untersuchungen stellen die Assemblierung von Syn sowie die Ausbildung von fibrillären 

Strukturen in den Fokus, nicht aber die Fragmentierung als Teilstück der Aggregationskette. Die 

physiologische Funktion des Neuroproteins Syn ist noch nicht vollständig definiert, und um 

die komplexen Mechanismen der konformationellen Änderung von Syn und die damit 

verbundene Pathophysiologie zu verstehen, wurden im Rahmen dieser Arbeit (i) die 

Fragmentierungs- und Aggregationsprodukte von Syn identifiziert, (ii) Syn-Mutanten, die im 

funktionellen Sequenzbereich der autoproteolytischen Spaltstelle 71/72 verändert wurden, 

entwickelt und hergestellt und (iii) Syn sowie die Syn Mutanten chemisch charakterisiert 

sowie deren aggregationsbedingte Strukturänderungen untersucht.  

In einem ersten Teil der Arbeit wurden die Aggregationsprodukte (Fragmente sowie 

Oligomeren) des Neuroproteins Syn identifiziert und chemisch charakterisiert. Eine 

vergleichende Analyse wurde von Synuclein (Syn) durchgeführt. Syn und Syn gehören 

zur Familie der Synucleine und weisen eine Sequenzhomologie von 62 % auf [116]. 
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Untersuchungen mittels Zirkulardichroismus Spektroskopie zeigte, dass natives Syn eine 

größere Tendenz zur strukturellen Unordnung besitzt als das natives Syn trotz ihrer relativ 

hohen Sequenzhomologie. Die in vitro Inkubation von Syn induzierte nach sechs Tagen einen 

Konformationswechsel von random coil zu -Faltblatt. Die Erhöhung der Inkubationszeit führte 

zur Ausbildung von prefibrillären Syn-Aggregaten wie die spektroskopischen Daten zeigten. 

Im Unterschied dazu, führte die Inkubation von Syn unter identischen Bedingungen zu keiner 

Konformationsänderung. Syn liegt weiter unverändert als random coil vor. Des Weiteren 

wurden Tricine-SDS-PAGE Analysen von nativen und inkubierten Syn und Syn 

durchgeführt. Syn zeigte eindeutig eine zeitabhängige Ausbildung verschiedener 

Aggregationsprodukte, die als Fragmente mit        und        sowie Oligomeren mit   , 

   und        im Gel klassifiziert und identifiziert werden konnten. Die unlöslichen Syn-

Fibrillen konnten gelelektrophoretisch nicht getrennt werden, und bleiben so in den Geltaschen 

zurück. Das C-terminale Fragment Syn(72-140) wurde als autoproteolytisches Fragment 

identifiziert und ist im Vergleich zum nativen Syn durch seine schnellere Aggregation 

charakterisiert [121, 185]. Die Bildung des autoproteolytischen Fragmentes Syn(72-140) 

erfolgt auch in Anwesenheit von Proteaseinhibitoren [121]. Syn hingegen fehlt die 

entscheidende Aminosäuresequenz (73-83) und ist weder durch Fragmentierung noch durch 

Aggregation charakterisiert. Die bioinformatische Analyse der Aminosäuresequenzen von Syn 

und Syn haben gezeigt, dass die Zusammensetzung der Aminosäuren im Sequenzbereich (68-

90) entscheidend ist. Die residuale Zusammensetzung von Syn lässt eine größere Flexibilität 

zu als bei Syn, wobei eine erhöhte Kooperation für strukturelle Änderungen im Protein 

entsteht wie zum Beispiel der autoproteolytische Fragmentierung und/oder Aggregation. 

Der zweite Teil der Arbeit befasste sich mit der Entwicklung, Herstellung und 

Charakterisierung von Syn-Mutanten, die entweder Teile der Syn-Sequenz enthalten oder in 

ihrer charakteristischen residualen Zusammensetzung im funktionellen Sequenzbereich der 

autoproteolytischen Spaltstelle 71/72 verändert wurden. Mit Hilfe der zielgerichteten Mutation 

können Proteine in ihrer strukturellen Eigenschaft gezielt verändert werden. Die generierten 

Syn-Mutanten können wie folgt gruppiert werden: Triplett-Mutanten, Abschnitts-Mutanten 

und Deletions-Mutanten. Die Triplett-Mutanten enthalten drei Punktmutationen, die die 

originale Syn-Sequenz VVT im residualen Bereich (70-72) jeweils durch NAN (Syn-NAN) 

oder VFS (Syn-VFS) substituieren. Die Abschnitts-Mutanten enthalten sechs Punktmutationen 

in Folge, die die originale Syn-Sequenz VVTGVT, im residualen Bereich (70-75) jeweils 

durch Gly (Syn-G6) oder Ala (Syn-A6) substituieren. Die Deletions-Mutanten sind durch 

fehlende Sequenzregionen charakterisiert und können in N-terminale Mutanten Syn(1-120) 

und C-terminale Mutanten Syn(71-140) und Syn(72-140) unterschieden werden. Das 
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Aggregationsverhalten der Syn-Mutanten sowie die Identifizierung und Charakterisierung der 

jeweiligen Aggregationsprodukte werden mittels komplementären analytischen Methoden wie 

der Chromatographie, Gelelektrophorese, Massenspektrometrie und Spektroskopie realisiert. 

Die Syn-Mutanten sind in der Lage Oligomeren zu bilden, insbesondere Syn-NAN zeichnet 

sich durch eine schnelle Dimerassemblierung aus. Auch wenn die Syn-Mutanten Syn-G6, 

Syn-A6 und Syn-VFS spezifische Fragmentierungen aufweisen, gilt für alle Syn-Mutanten: 

Die Bildung des autoproteolytischen Fragmentes Syn(72-140) wird nicht beobachtet. Die 

Zirkulardichroismus spektroskopischen Daten sowie die elektronenmikroskopische Analyse 

zeigten, dass die Fibrillen der ausgewählten Syn Polypeptide sich in ihrem Ausmaß und ihrer 

Struktur unterscheiden. Die verschiedenen Syn-Mutationen haben gezeigt, dass die 

Fragmentierung sowie Aggregation des Neuroproteins Syn sequenzspezifisch ist, und 

vielmehr dass das Triplett VVT die Schlüsselsequenz für die Generierung des schnell 

aggregierenden Fragmentes Syn(72-140) ist. 

Die Änderung von Proteinfunktion zum Beispiel durch post-transnationaler Modifizierungen ist 

nachweislich in der Pathogenese von neurodgenerativen Erkrankung, aber auch des normalen 

Alterns beteiligt. Vor allem die Nitrierung der Aminosäure Tyr innerhalb des Proteins Syn ist 

prädestiniert eine wichtige Rolle in der Fibrillenbildung zu spielen [88, 89, 137]. Jedoch ist die 

absolute Konzentration von nitriertem Syn in vivo sehr gering und somit gestaltet sich die 

Isolierung aus biologischen Proben als eher schwierig. Um chemische Strukturdaten der 

nitrierten Form von Syn zu ermitteln, stellt die Semisynthese eine gute Alternative dar. Im 

Rahmen dieser Arbeit wurde mit Hilfe der Semisynthese, eine Kombination aus rekombinanter 

Proteinproduktion und chemischer Synthese, die Tyr-Nitrierung an der Position 125 des 

Neuroproteins Syn erfolgreich durchgeführt. 

Ein weiterer Abschnitt der Arbeit beschäftigt sich mit der Bildung von Syn-Fibrillen infolge 

von (i) Co-Aggregation mit ausgewählten Syn-Mutanten, (ii) Inkubation mit vorgeformten 

Syn-Aggregaten (Samen, engl. seeds), und (iii) Co-Inkubation mit chemisch synthetisierten 

Syn-Modelpeptiden. Co-Aggregations- und Seedingexperimente zeigten, dass die Syn-Mutanten 

die Struktur sowie Fibrillation von Syn beeinflussen und verändern können. Durch die Co-

Inkubation von Syn und Syn-G6 konnte die Fibrillenbildung von Syn signifikant 

verlangsamt werden. Im Gegensatz dazu weist die Fibrillenbildung von Syn in Anwesenheit 

der Syn-Mutante Syn(1-120) keine Veränderung auf. Fügt man jedoch der löslichen Syn-

Probe einen bestimmten Anteil von bereits aggregiertem Syn-G6 hinzu, wird deutlich, dass die 

voranschreitende Fibrillenbildung von Syn hauptsächlich eigeninitiativ geprägt ist und somit 

den Fibrillen morphologisch die der unbehandelten Syn-Probe entsprechen. Das Tempo der 
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Entstehung der Syn-Fibrillen  kann durch die Anwesenheit von Syn(71-140)-Aggregaten 

signifikant erhöht werden. 

Der Syn-Sequenzbereich (61-95) ist als amyloide NAC-Kernsequenz definiert und in die 

Ausbildung von Sekundärstruktur involviert. Die Bindung von kleinen Molekülen wie zum 

Beispiel Peptiden an diese Kernsequenz könnte die Ausbildung von Sekundärstruktur und die 

damit einhergehende Aggregation beeinflussen. Im Rahmen dieser Arbeit wurden Syn-

Modelpeptide chemisch synthetisiert, mit dem Ziel die Syn-Aggregation zu beschleunigen, zu 

verlangsamen oder zu inhibieren. Die Syn-Modelpeptide bestehen jeweils aus 14 Aminosäuren 

des Sequenzbereiches (65-78) und sind durch Einzel- oder Mehrfachmutationen charakterisiert. 

Untersuchungen mittels Zirkulardichroismus Spektroskopie zeigten, dass die meisten Syn-

Modelpeptide in random coil Struktur und als Monomer vorliegen und keine selbstassoziierende 

Eigenschaft besitzen. Jedoch drei der chemisch synthetisierten Peptide SynG73A, SynV66T 

und SynT72S weisen eine -Faltblattstruktur auf oder sind durch einen inkubationsinduzierten 

Konformationswechsel charakterisiert, welcher eine selbstassoziierende Eigenschaft der Peptide 

vermuten lässt. 

Um den strukturellen Einfluss der Syn-Modelpeptide auf Syn zu testen wurden diese über 

einen längeren Zeitraum zusammen inkubiert und anschließend gelelektrophoretisch analysiert. 

Die Syn-Modelpeptide induzieren Syn-Oligomeren und wirken stabilisierend. Die simultane 

Co-Inkubation der Syn-Modelpeptide mit Syn führte zu keiner Bildung von oligomeren 

Strukturen. Syn blieb unverändert als Monomer bestehen. Besonders erwähnenswert ist der 

verlangsamte oder fast inhibierende Effekt der Syn-Modelpeptide SynG73A und SynT72S 

auf die Syn-Fragmentierung. Des Weiteren lassen die Experimente Rückschlüsse daraus 

ziehen, dass Syn-Modelpeptid Syn mit dem N-Terminus von Syn interagiert, da es zu einer 

erhöhte Oligomerenbildung von Syn, Syn-VFS und Syn-G6 kam. Dieser Effekt ist aber 

nicht bei der N-terminalen Deletionsmutante Syn(71-140) zu beobachten. Bei der Interaktion 

zwischen Peptid und Protein kommt es zu keiner Komplexbildung. Die Peptide binden eher 

transient an das Protein Syn und induzieren so die Bildung von Oligomeren, wie die 

Ionenmobilitäts-massenspektrometrischen Daten belegen. Zukunftsorientiert, könnten die Syn-

Modelpeptide zur artifiziellen und zielgerichteten Bildung von Syn-Oligomeren dienen und 

diese so für weiter chemische, strukturelle und toxikologische Charakterisierung verfügbar 

machen. 

Die Größe der molekulare Oberflächen sowie die Konformationen in der Gasphase von Syn, 

Syn und ausgewählten Syn-Mutanten wurden mittels Ionenmobilitäts-

massenspektrometrischen Analyse bestimmt. Ionisierte Syn Monomere wiesen sowohl 

kompakte als auch gestreckte Konformationen auf mit einer molekularen Oberfläche im Bereich 
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von             beziehungsweise            . Durch die Inkubation wurde das Syn 

Monomer in eine gestreckte Konformation gedrängt und die molekulare Oberfläche vergrößerte 

sich um 28%. Entgegen den Erwartungen zeigte das Syn Dimer eine verlangsamte Mobilität 

im Ionenmobilitätsmassenspektrometer als im Vergleich zum Syn Monomer. Diese 

Beobachtung lässt daraus schließen, dass das Syn Dimer in einer ausgeprägt gestreckten 

Konformation vorliegt und nicht wie so kompakt und kugelförmig ist wie bisher angenommen. 

Das kleine autoproteolytische Fragment Syn(72-140) mit einer molekularen Oberfläche von 

etwa        hingegen migriert mit sehr hoher Mobilität durch das 

Ionenmobilitätsmassenspektrometer. Die Ionenmobilitäts-massenspektrometrischen Daten 

belegten, dass das Syn Monomer in einer eher gestreckten Konformation vorliegen als das 

entsprechende Syn Monomer, obwohl beide Proteine eine Sequenzhomologie von 62 % und 

nur einen minimalen Massenunterschied von        aufweisen. Die Ionenmobilitäts-

massenspektrometrischen Daten liefern ein Abbild der Konformationsänderung vom Syn 

Monomer zum Syn Dimer: Das Syn Monomer faltet sich auf, umso die aggregationssensitive 

Sequenzen freizulegen. Die Monomere lagern sich zu Dimeren zusammen, indem sie ihre 

gestreckte Form beibehalten. Dieses dynamische Verhalten wird bei Syn nicht beobachtet; die 

Assemblierung findet statt jedoch ohne begleitende Konformationsänderung des Monomers. 

Im letzten Abschnitt der Arbeit wurde Syn mittels Wasserstoff/Deuterium-Austausch 

hinsichtlich seiner freiliegenden und geschützten Wasserstoffatome strukturell charakterisiert. 

Die Daten des Wasserstoff/Deuterium-Austausch führen zur Identifikation und Lokalisation der 

strukturgebenden Wasserstoffatome, sprich Aminosäuren und Sequenzbereiche, die in die 

Proteinfaltung involviert sind. Das native Syn Monomer liegt in gestreckter und ungefalteter 

Konformation vor, welche durch die globale Wasserstoff/Deuterium Analyse mit einer 

Deuteriumaufnahme von 86% bestätigt werden kann. Die gepulsten Wasserstoff/Deuterium 

Experimente gewährten strukturelle Informationen auf der Peptidebene von Syn und machten 

eine zeitabhängige Dynamik des Proteinrückgrates deutlich. Mit zunehmender Inkubationszeit 

stieg der Anteil der geschützten Wasserstoffatome, dass heißt das Protein faltete sich. Dabei war 

zu beobachten, dass die Faltung aus der Mitte des Proteins im Bereich der Aminosäuren (55-89) 

heraus entsteht und sich dann über die flankierenden Sequenzbereiche (90-94) sowie (39-54) 

fortsetzte. Jedoch nicht alle Aminosäuren in diesen Bereichen sind in der Faltung von Syn 

involviert. Es scheint eher so, dass zwei sehr dynamische Bereiche mit freiliegende 

Wasserstoffatomen zwischen den geschützten Sequenzbereichen erhalten bleiben [238]. In 

einem dieser dynamischen Bereiche liegt auch die autoproteolytische Spaltstelle V71/T72 des 

Neuroproteins Syn. 
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7. Appendices 

7.1 Common acronyms and abbreviations 

1D  one-dimensional 

2D  two-dimensional 

3D  three-dimensional 

ACN  acetonitrile 

AD  Alzheimer´s disease 

AFM  Atomic force microscopy 

APS  ammonium persulfate 

BSA  bovine serum albumine 

CCS  collision cross section 

cf.  confer (latin)  

CD  circular dichroism 

CMA  chaperone-meadited autophagy 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DC  direct current 

DCM  dichloromethane 

DMF  dimethylformamide 

ECL  enhanced chemiluminescence 

EDTA  ethylenediaminetetraacetic acid 

EM  electron microscopy 

EPR  electron paramagnetic resonance 

eq  equivalent 

ESI  electrospray ionization 

EtOH  ethanol 

Fmoc  9H-fluoren-9-ylmethoxycarbonyl 

HDX  hydrogen / deuterium exchange 

i.d.  inner diameter 

i.e.  id est (“that is”) 

IDP  intrinsically disordered protein 

IM-MS  ion mobility-mass spectrometry 

IsoProp  iso-propanol 
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LAMP-2A lysosome-associated membrane protein type 2A 

LBs  Lewy bodies 

m/z  mass-to-charge ratio 

MALDI matrix assisted laser desorption ionization 

MeOH  methanol 

MESNa  sodium 2-sulfanylethanesulfonate 

MQ  ultrapure water 

MS  mass spectrometry 

MS/MS  tandem mass spectrometry 

MW  molecular weight 

NAC  non-amyloidogenic component 

NaPi  sodium phosphate buffer 

NMM  N-methylmorpholine 

NMR  nuclear magnet resonance 

PAGE  polyacrylamide gel electrophoresis 

PD  Parkinson´s disease 

pH  negative logarithm of hydronium ion concentration 

pKa  acid dissociation constant 

PPL  protein protection level 

PTM  post-translational modification 

PyBOP benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 

hexafluorophosphate 

r.t.  room temperature 

RF  radio frequency 

RP-HPLC reversed phase - high performance liquid chromatography 

SDS  sodiumdodecylsulfate 

Syn  Synuclein 

T  temperature 

TEMED N, N, N', N'-tetramethylethylenediamine  

TFA  trifluoroaceticacid 

ThT  Thioflavin-T 

tinc  time of incubation 

TIS  tri-isopropylenesilane 

TOF  time-of-flight 

tR  retention time 
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Tris  tris(hydroxymethyl)aminomethane 

UPS  proteasome/ubiquitin system 

m  mass difference 

  alpha

  beta 

7.2 Units 

%   percent 

°   degree 

°C   degree Celsius 

Å
2
   square Angstrom 

Da / kDa  Dalton / kilo Dalton 

g / mg / µg  gram / milligram / microgram 

h   hour 

K   Kelvin 

L / mL / µL  liter / milliliter / microliter 

m / cm / nm  meters / centimeters / nanometers 

M / mM / µM  mol per liter (molar) / millimolar / micromolar 

min   minute 

ms   milliseconds 

ppm   parts per million 

psi   pound-force per square inch 

rcf   relative centrifugal force 

rpm   revolutions per minute 

Torr   torr  

V / kV   volts / kilovolts 
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7.3 Amino acids 

1-Letter-code 3-Letter-code name molecular structure 

A Ala Alanine 

 

C Cys Cysteine 

 

D Asp Aspartic acid 

 

E Glu Glutamic acid 

 

F Phe Phenylalanine 

 

G Gly Glycine 
 

H His Histidine 
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1-Letter-code 3-Letter-code name molecular structure 

I Ile Isoleucine 

 

K Lys Lysine 

 

L Leu Leucine 

 

M Met Methionine 

 

N Asn Asparagine 

 

P Pro Proline 

 

Q Gln Glutamine 
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1-Letter-code 3-Letter-code name molecular structure 

R Arg Arginine 

 

S Ser Serine 

 

T Thr Threonine 

 

V Val Valine 

 

W Trp Tryptophan 

 

Y Tyr Tyrosine 
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7.4 Common mass spectrometric adducts 

This list provides some adduct ions from ESI-MS and MALDI-TOF-MS measurements carried 

out in positive ion mode. This template is based and summarized from [279, 280]. 

Ion name Ion mass Charge  

M+3H  M/3 + 1.0072 3+ 

M+2H+Na  M/3 + 8.3345 3+ 

M+H+2Na  M/3 + 15.7661 3+ 

M+3Na  M/3 + 22.9892 3+ 

M+2H  M/2 + 1.0072 2+ 

M+H+NH4  M/2 + 9.5205 2+ 

M+H+Na  M/2 + 11.9982 2+ 

M+H+K  M/2 + 19.9852 2+ 

M+ACN+2H M/2 + 21.5205  2+ 

M+2Na  M/2 + 22.9892 2+ 

M+2ACN+2H M/2 + 42.0338 2+ 

M+3ACN+2H M/2 + 62.5470 2+ 

M+H  M + 1.0072 1+ 

M+NH4  M + 18.0338 1+ 

M+Na  M + 22.9892 1+ 
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Ion name Ion mass Charge  

M+CH3OH+H  M + 33.0334 1+ 

M+K  M + 38.9631 1+ 

M+ACN+H  M + 42.0338 1+ 

M+2Na-H  M + 44.9711 1+ 

M+IsoProp+H M + 61.0653 1+ 

M+ACN+Na  M + 64.0157 1+ 

M+2K+H  M + 76.9190 1+ 

M+DMSO+H  M + 79.0212 1+ 

M+2ACN+H  M + 83.0603 1+ 

M+IsoProp+Na+H M + 84.0551 1+ 

2M+H  2M + 1.0072 1+ 

2M+NH4  2M + 18.0338 1+ 

2M+Na  2M + 22.9892 1+ 

2M+3H2O+2H 2M + 28.0231 2+ 

2M+K  2M + 38.9631 1+ 

2M+ACN+H  2M + 42.0338 1+ 

2M+ACN+Na  2M + 64.0157  1+ 
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7.5 Supporting figures and tables 

This chapter provides supporting figures and tables. 

Table 17: Summary of identified aggregation products of Syn mutants revealed by MALDI-TOF-MS. In 

general, fragments (*), oligomers (´), monomer (M) and dimer (2M) are denoted. Syn fragments assigned 

by peptide mass search using GPMAW program are denoted as superscript 
1
. 

 

Protein
MW / kDa MW / Da 

molecular structure
gel MS theor.

1 Syn 10 
7274.5

14549.7

7274.8

14549.6

M

2M
Syn(72-140)

12 
12733.7

8918.9

-

-

M

M
unknown

15 14460.7 14460.2 M Syn

25 

12537.4

24998.9

8370.0

-

-

-

M

2M

M

unknown

35 

14463.8 

28911.2

7270.2

14460.2

28920.4

7274.8

M

2M

M72

Syn

Syn(72-140)

4 Syn-G6 10 7268.9 7267.81 M Syn-G6(63-135) 1

12

14245.9

12531.6

12168.1

11842.7

14245.8

12531.91

-

-

M

M

M

M

Syn-G6

Syn-G6(10-134) 1

unknown

unknown

15 14248.5 14245.8 M Syn-G6

35
14240.1

28443.4

14245.8

28491.6

M

2M
Syn-G6

5 Syn(71-140) 12 7373.6 7373.9 M Syn(71-140)

23
7371.1

14746.5

7373.9

14747.8

M

2M
Syn(71-140)

S6 Syn(72-140) 12 7276.2 7274.8 M Syn(72-140)

20 - - - -

60
7272.0

14552.2

7274.8

14549.6

M

2M
Syn(72-140)

6 Syn(72-140) 12
7274.9

14550.3

7274.8

14549.6

M

2M
Syn(72-140)

25
7274.9

14486.8

7274.8

14549.6

M

2M
Syn(72-140)

60 14552.3 14549.6 2M Syn(72-140)

11 Syn-A6 15 14329.3 14329.9 M Syn-A6

35
14329.2

28650.8

14329.9

28659.8

M

2M
Syn-A6

50 14326.2 14329.9 M Syn-A6

12 SynA53T 12 11154.8 11156.31 M SynA53T(34-140) 1

13 12766.9 12767.21 M SynA53T(15-138) 1

15 14491.2 14490.2 M SynA53T

30
8889.5

14490.8

8890.71

14491.2

M

M

SynA53T(53-137) 1

SynA53T

38
14491.6

28986.9

14491.2

28980.4

M

2M
SynA53T
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Figure 76: The averaged CCS of the dimeric molecular ions o of the autoproteolytic fragment Syn(72-

140) [M+9H]
9+

 and [M+10H]
10+

 (filled square) equals to         and        , respectively. This is in 

agreement with the CCS reference data of the recombinant Syn(71-140) (star). Although reference and 

generated autoproteolytic fragment differ in one amino acid it can be assumed similar structure. 
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Table 18: Structural characterization of the annotated peaks from Figure 48 obtained from IM-MS 

analyses of six days incubated Syn 1. In general, the monomer (M) and dimer (2M) are denoted. Syn* 

indicates the attachment of a moiety with mass of         to Syn. 

 

Mass / Da molecular structure

No experimental theoretical ion CCS / Å2

9 1616.69 1616.63 [M+9H]9+ 1549 2M Syn(72-140)

9 1607.00 1606.69 [M+9H]9+ - M Syn

10 1470.53 - [M+10H]10+ - M Syn*

10 1455.44 1455.07 [M+10H]10+ 1693 2M Syn(72-140)

10 1446.47 1446.13 [M+10H]10+ - M Syn

11 1337.32 - [M+11H]11+ - M Syn*

11 1323.57 1322.89 [M+11H]11+ - 2M Syn(72-140)

11

22
1314.80 1314.75

[M+11H]11+

[M+22H]22+ -
M

2M
Syn

23 1259.22 1258.41 [M+23H]23+ - 2M Syn

12 1225.84 - [M+12H]12+ - M Syn*

12 1213.09 1212.73 [M+12H]12+ - 2M Syn(72-140)

12

24
1205.51 1205.28

[M+12H]12+

[M+24H]24+

2476

-

M

2M
Syn

25 1156.54 1157.11 [M+25H]25+ 5335
2M Syn

13 1132.05 - [M+13H]13+ - M Syn*

13 1121.37 1119.52 [M+13H]13+ - 2M Syn(72-140)

13

26

1112.91 1112.64 [M+13H]13+

[M+26H]26+

2585

5477

M

2M
Syn

27 1071.67 1072.13 [M+27H]27+ 5644 2M Syn

14 1052.29 - [M+14H]14+ - M Syn*

14 1043.13 1042.77 [M+2Na+12H]14+ - 2M Syn(72-140)

14

28
1033.64 1033.24

[M+14H]14+

[M+28H]28+

2690

5777

M

2M
Syn

29 997.24 997.64 [M+29H]29+ 5916 2M Syn

15 980.94 - [M+15H]15+ - M Syn*

15 973.03 973.32 [M+2Na+13H]15+ - 2M Syn(72-140)

15

30
965.88 965.89

[M+Na+14H]15+

[M+Na+29H]30+

2765

6014

M

2M
Syn

29 909.62 - [M+29H]29+ - MW = 26345.6 Da

29 906.08 - [M+29H]29+ - MW = 26246.8 Da

30 879.16 - [M+30H]30+ - MW = 26345.6 Da

30 875.84 - [M+30H]30+ - MW = 26246.8 Da

31 850.93 - [M+31H]31+ - MW = 26345.6 Da

31 847.84 - [M+31H]31+ - MW = 26246.8 Da

32 824.17 - [M+32H]32+ - MW = 26345.6 Da

32 821.13 - [M+32H]32+ - MW = 26246.8 Da
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Table 19: CCS values of monomeric and dimeric Syn 1 and Syn-G6 4obtained from IM-analyses. 

Index 
1
 denotes CCS values for compact protein conformation. 

 

 

Syn 1 Syn-G6 4

molecular ion CCS / Å2 CCS / Å2

[M+12H]12+ 18061-2014 2517

[M+13H]13+ 19201-2092 2589

[M+14H]14+ 20321-2186 2689

[M+15H]15+ 2292 2794

[M+16H]16+ 2382 2898

[M+17H]17+ 2444 3025

[M+18H]18+ 2512 3110

[M+19H]19+ 2593 3185

[M+20H]20+ 2674 3289

[M+25H]25+ 5335 4988

[M+26H]26+ 5447 5125
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Figure 77: Detail IM-MS data of Syn-G6 4. The upper panel shows the drift profiles of freshly prepared 

(left) and incubated (right) Syn-G6 4. The lower panel shows the calculated CCS of the respective states 

of freshly and incubated Syn-G6 4. 

 

 

10 15 20 25 30 35

 

  

  

  

  

  

  

  

  

  

drift time [ms]

10 15 20 25 30 35

 
  

  

  

  

drift time [ms]

10 15 20 25 30 35

 
 

 
 

  

  

drift time [ms]

freshly prepared Syn-G6 4 6 days incubated Syn-G6 4

MH12+

MH13+

MH14+

MH15+

MH16+

MH17+

MH18+

MH19+

MH20+

monomer dimer

MH20+

MH21+

MH22+

MH23+

MH24+

MH25+

MH26+

MH11+

MH12+

MH13+

MH14+

MH15+

asyn G6 / monomer / compact 

conformation

asyn G6 / monomer / elongated

conformation

salt cluster

asyn G6 / dimer

charge 

state

freshly prepared Syn-G6 4 6 days incubated Syn-G6 4

monomer monomer dimer

compact elongated compact elongated

CCS / Å2 tD / ms CCS / Å2 tD / ms CCS / Å2 tD / ms CCS / Å2 tD / ms CCS / Å2 tD / ms

MH11+ - - - - 2452 27.9 - - - -

MH12+ 2205 23.1 2517 26.3 2497 26.1 - - - -

MH13+ 2457 23.7 2589 25.0 2564 24.7 2827 27.3 - -

MH14+ - - 2689 24.1 2671 23.9 2936 26.3 - -

MH15+ - - 2794 23.4 2794 23.4 3025 25.3 - -

MH16+ - - 2898 22.7 - - - - - -

MH17+ - - 3025 22.3 - - - - - -

MH18+ - - 3110 21.7 - - - - - -

MH19+ - - 3185 21.1 - - - - - -

MH20+ - - 3289 20.7 - - - - - -

MH21+ - - - - - - - - 4733 28.3

MH22+ - - - - - - - - 4887 27.9

MH23+ - - - - - - - - 4812 26.2

MH24+ - - - - - - - - 4964 25.9

MH25+ - - - - - - - - 4988 25.0

MH26+ - - - - - - - - 5125 24.7
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Table 20: Peptic peptide segments of Syn 1 separated by LC-MS/MS and filtered with the score 

(reliability)  7, the intensity  45,000, the abundance of peptide segment (products)  10, and without 

any peptide modification such as oxidation or deamidation. 

 

 

 

 

Score Start End Sequence Intensity Products

9.6211 1 38 (-)MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL(Y) 317158 55

9.0628 1 17 (-)MDVFMKGLSKAKEGVVA(A) 124884 17

9.0067 4 17 (V)FMKGLSKAKEGVVA(A) 125449 19

8.9987 4 38 (V)FMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL(Y) 133981 29

9.6575 5 38 (F)MKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL(Y) 958341 52

8.0582 5 54 (F)MKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVAT(V) 55583 14

9.6944 18 38 (A)AAEKTKQGVAEAAGKTKEGVL(Y) 844555 50

7.1749 18 76
(A)AAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGA
VVTGVTA(V) 55550 14

9.6321 39 54 (L)YVGSKTKEGVVHGVAT(V) 1295393 34

8.9473 54 89 (A)TVAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIA(A) 50982 34

9.4012 55 94 (T)VAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGF(V) 78554 48

9.3184 55 76 (T)VAEKTKEQVTNVGGAVVTGVTA(V) 986606 51

8.961 55 93 (T)VAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATG(F) 65037 41

8.8712 55 75 (T)VAEKTKEQVTNVGGAVVTGVT(A) 204009 29

8.8485 55 69 (T)VAEKTKEQVTNVGGA(V) 57529 27

9.2038 62 89 (E)QVTNVGGAVVTGVTAVAQKTVEGAGSIA(A) 64259 40

8.2795 62 85 (E)QVTNVGGAVVTGVTAVAQKTVEGA(G) 60652 25

9.1445 76 89 (T)AVAQKTVEGAGSIA(A) 479657 31

9.1398 76 94 (T)AVAQKTVEGAGSIAAATGF(V) 47689 28

8.3457 76 113 (T)AVAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGIL(E) 60219 21

9.3129 77 94 (A)VAQKTVEGAGSIAAATGF(V) 155638 30

9.1706 77 89 (A)VAQKTVEGAGSIA(A) 1556298 32

9.0133 77 93 (A)VAQKTVEGAGSIAAATG(F) 52899 29

8.6722 77 113 (A)VAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGIL(E) 229629 41

9.4879 90 113 (A)AATGFVKKDQLGKNEEGAPQEGIL(E) 798267 52

8.882 94 113 (G)FVKKDQLGKNEEGAPQEGIL(E) 218047 38

8.6306 125 132 (A)YEMPSEEG(Y) 74276 11

8.4455 125 134 (A)YEMPSEEGYQ(D) 106656 11

9.5559 95 113 (F)VKKDQLGKNEEGAPQEGIL(E) 2984159 56

9.406 114 124 (L)EDMPVDPDNEA(Y) 885806 24

8.7289 114 123 (L)EDMPVDPDNE(A) 48930 14

9.4524 125 140 (A)YEMPSEEGYQDYEPEA(-) 503428 32


	Text1: Konstanzer Online-Publikations-System (KOPS)URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-257918


