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Abstract 
Microtubules (MTs) are ubiquitous structures playing many roles in all eukaryotic 

cell types from fungi to mammals mainly consisting of conserved α/β tubulin 

heterodimers. Neurons are an impressive example of cells in which the contribution 

of MTs is fundamental to achieve their sophisticated cell architecture and to sustain 

their functional complexity. A growing body of evidence indicates that microtubule 

defects are linked to neurodegenerative diseases, such as Parkinson’s Disease (PD). 

Several independent studies report a genome-wide crucial association with PD of 

single nucleotide polymorphisms in the MAPT locus, containing the gene coding for 

the Tau protein, a microtubule-binding protein that is predominantly expressed in 

neurons. The evidence of Tau pathology in PD is striking and contributes to neuronal 

dysfunction, impairment of axonal transport and cell death underlying PD. Recently 

another protein, α-Synuclein (αSyn), was put in the spotlight of various research 

groups since it was found aggregated in PD patients’ brains. αSyn, composed of 140 

amino acids, is in fact deeply involved in PD, as i) it is the main component of Lewy 

bodies, which are well-known as the histopathological hallmark of PD and ii) the 

gene that encodes it, SCNA, is mutated in familial PD. Even though, lots of new 

information regarding both αSyn/tubulin and Tau/tubulin have been obtained, their 

relevance over neuronal dysfunction remains unclear. For these reasons, their 

interaction is set at the center of my research project.  

The first main aim of this PhD is the development of peptide based molecular 

probes able to modulate the Tau and α-Synuclein interaction with Tubulin. A library 

of peptides, both native and mutated sequences of αSyn, were synthesized and 

were used as molecular ‘tools’ for the conduction of in vitro experiments. The 

secondary structure of the peptides was characterized so to have a better idea of 

their possible activities during the in vitro experiments. Microscale Thermophoresis 

(MST) and the tubulin polymerization assay were employed using these peptides, 
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in conditions which were approximate to the physiological ones. From preliminary 

data, two mutants, seemed to affect the polymerization of tubulin in vitro and in a 

specific cell line. Moreover, we also aimed to stabilize a secondary conformation in 

the previously synthesized peptides, as a result a library of conformationally stable 

peptides was synthesized in order to obtain α-helically stable peptides. Their 

secondary structure was evaluated via CD and AT-IR experiments. In conclusion we 

could highlight that αSyn sequences tend to be difficult to be characterized 

conformationally since it is an intrinsically disordered protein, and in our case 

stapling strategies were completely successful. We, therefore, explored a less 

common stapling approach, by also designing a novel linker to afford the stapling. 

Unfortunately, our linker was not stable in standard SPPS conditions. Finally, Two 

Tau-deriving peptides were synthesized and used as molecular tools to detect their 

binding site on tubulin. The two peptides were then examined by our co-workers in 

PSI, Switzerland in soaking and co-crystallization experiments. The results have not 

been reported. 
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1.Introduction 

1.1 Microtubules 

Microtubules (MTs), the third principal component of the cytoskeleton, are rigid 

hollow rods approximately 25 nm in diameter, consisting of repeating α-tubulin and 

β-tubulin heterodimers (Figure 1). They function both to determine cell shape and  

in a variety of cell movements, including some forms of cell locomotion, the 

intracellular transport of organelles, and the separation of chromosomes during 

mitosis.1 MTs also play a role in structural integrity, material transport, and force 

generation during mitosis.1 MTs are dynamic structures, and their organization and 

dynamics are important for the development of processes and the maintenance of 

the structural and functional plasticity of neurons.2,3 The dynamics of MTs show 

strong local variations and are regulated by a large number of associated proteins 

that modulate the assembly state, the organization, and the stability of the MT 

skeleton in a spatially restricted manner.4 Such associated proteins include 

microtubule-associated proteins (MAPs), which bind to the MT polymer on one 

side, are proteins such as stathmin, which bind to soluble tubulin dimers on the 

other, thereby shifting the polymerization/depolymerization equilibrium either to 

the polymer or to the dimer state.5,6 In addition, plus-end binding proteins (+TIPs) 

dynamically accumulate at the growing end of MTs, and MT severing enzymes such 

as katanin and spastin cause MT fragmentation.7,8 
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1.1.1 Microtubules structure 
As mentioned earlier, MTs consist of evolutionary conserved α/β tubulin 

heterodimers that assemble in a head-to-tail fashion into linear protofilaments 

whose lateral association forms polarized 25 nm wide hollow cylindrical polymers 

that are heterogeneous in length and highly dynamic in vivo and in vitro as they 

undergo a stochastic transition from polymerization to depolymerization, a process 

named dynamic instability (Figure 2).9 This process allows MTs elongating and 

shrinking in response to local demands and is characterized by five parameters:  

α) Polymerization rate,  

β) Shrinkage rate 

γ) Catastrophe (transition from polymerizing to depolymerizing phase) 

frequency 

δ) Rescue (transition from depolymerizing to polymerizing phase),  

ε) and pause (time spent neither polymerizing nor depolymerizing). 

 

 

 

Figure 1. The microtubule consists of α-tubulin and β-tubulin that form hollow rigid rods with a diameter of 
approximately 25 nm. 
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Dynamic instability is, indeed, crucial to many ΜΤ functions. 10 Although α - and β-

tubulin display subtle differences, both comprise three separate structural 

domains11: the N terminal nucleotide-binding domain, the middle region involved 

in longitudinal and lateral dimers interaction and the C-terminal mainly responsible 

for the binding of microtubule-interacting proteins. This tripartite structure is of 

fundamental importance for the correct assembly of the MT and for the regulation 

of dynamic instability. The nucleotide-binding domain resides at the N-terminal half 

of the sequence (a little more than 200 amino-acids), containing alternated parallel 

β-strands and α -helices that form a true Rossmann fold. The Rossmnann fold is one 

of the most common and widely distributed super-secondary structures. It is 

composed of a series of alternating beta strand (β) and alpha helical (α) segments 

wherein the β-strands are hydrogen bonded forming a β-sheet.12 There is a 

substantial difference between the α- and β monomer that leads to the intrinsic 

Figure 2. The microtubules and its dynamic instability process. 
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polarity in the MT structure. Both monomers bind to GTP, but the binding domain 

of the α-tubulin is entrapped at the interface between the two monomers, known 

as non-exchangeable site (N-site) and avoids the exchange between GTP and GDP, 

whereas the site on the β-tubulin is exposed allowing GTP hydrolysis, and it is known 

as exchangeable site (E-site). These regions of tubulin are located at contact surfaces 

between α - and β-tubulin (N-site) or between heterodimers (E-site) and are highly 

complementary containing stretches of absolutely conserved residues; thus, a 

single amino acid substitution could be expected to significantly impede the 

formation of heterodimers, the overall ability of MTs to polymerize, or the 

conformational changes essential to the dynamic properties of the MTs. Thus, it is 

not surprising that the binding sites of two of the best-known microtubule-

depolymerizing agents are in close proximity to these regions; indeed, the vinca 

domain is near the E-site whereas colchicine binds at the N-site. The middle part of 

the tubulin (around 150-180 amino acids) shows almost no sequence similarity with 

other proteins; it is involved in contacts between dimers both along and between 

protofilaments. The interaction surface between protofilaments involves the M-

loop on one side with helix H3 along the other side. Although the helix appears 

rather rigidly locked into position, the flexibility of the M-loop suggests a simple 

mechanism for adapting the angle between protofilaments. Furthermore, this 

domain can also be considered the essential catalytic subunit of the molecule, being 

involved in GTP hydrolysis. The residue 254 appears to be the one with the catalytic 

activity and it is a glutamic acid in α- and a lysine in β-tubulin; thus, the opposite 

charge on these residues may help to explain the difference in the catalytic activity 

of the two monomers. Interactions between this region and the adjacent N-terminal 

domain participate in structural rearrangements resulting from the hydrolysis of 

GTP, which leads to two distinct protofilament geometries13: a GTP-bound state of 

straight protofilaments, as in the MT, and a GDP-bound state of curved 
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protofilaments (the ‘relaxed’ low-energy state of tubulin). When hydrolysis occurs 

after incorporation into the MT, the MT lattice maintains tubulin in the straight form 

and thus the energy of GTP hydrolysis is thought to be ‘stored’ within the lattice as 

structural constraint.14 Upon loss of the GTP cap, energy is released causing the 

conversion into the curved low-energy state and MT depolymerization. The changes 

in the GTP/GDP state of the dimers, as well as their conformations and the resulting 

curvature of the protofilaments, can also modulate the interaction with MT 

interacting proteins.15 The third domain (about 70 residues) is formed mainly by two 

long helices, a loop connecting them and a disordered short terminal sequence. This 

domain is the site of the major tubulin posttranslational modifications (PTMs) and 

is involved in the interaction with most of the MAPs, which share a binding motif 

with a basic character. The C-terminal region, in fact, is substantially acid, lying 

outsides the MTs and being highly flexible; thus, burying the C-terminus or shielding 

its charge is one of the dominant mechanisms to stabilize MTs. These residues 

mediate interactions with kinesin and dynein motors that facilitate intracellular 

transport in the anterograde and retrograde directions, respectively, as well as other 

MAPs that extrinsically regulate the dynamic properties of MTs. Certain residues 

found in this domain are also important for the stability of longitudinal 

protofilaments. MTs are intrinsically polar displaying plus and minus ends where the 

MT can grow and shrink; however, at the two MT ends the dynamics is different.16 

In each protofilament, the α/β heterodimers are oriented with their β-tubulin 

monomer pointing towards the faster-growing end (plus end) and their α-tubulin 

monomer exposed at the slower-growing end (minus end). 

Polymerization/depolymerization phases are also tightly associated with structural 

rearrangement of the terminal part of MTs, as polymerization occurs primarily by 

extension of protofilaments sheets17 that eventually close to form the cylindrical 

body of MTs, whereas the depolymerizing MTs are often curved. Indeed, CryoEM 
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and X-ray scattering analysis indicated that the driving force for MT 

depolymerization is the curling up of protofilament18, often associated with change 

in intradimer angle due to GTP hydrolysis.19 Nowadays, the nature of the 

relationship between tubulin structure and MTs assembly and dynamics is 

becoming more and more evident. The plus end is a crucial site for the regulation 

of MT dynamics by the so-called plus-end tracking proteins (+TIPs). 16 Recent studies 

implicate a new category of proteins called calmodulin-regulated spectrin-

associated proteins (CAMSAPs), sometimes referred to as minus-end binding 

proteins, that have been shown to bind to free minus-ends of MTs in various cell 

types, and thereby block the addition or subtraction of subunits from that end of 

the MT.17 

 MT assembly and dynamics are tightly regulated at multiple levels including the 

incorporation of alternative tubulin isotypes, the highly complex and diverse set of 

microtubule-interacting proteins, and the PTMs occurring on MTs.20 In addition, the 

expression of different α- and β-tubulin genes and posttranslational modifications 

of tubulin are selectively combined, thus generating a tubulin code, that might 

regulate basic as well as higher-order cell functions.21  

MTs were amongst the first targets to be studied by cryo-EM following its 

development. In the late 90s and early 2000s, 3D reconstructions of MTs with or 

without associated motor proteins via helical and pseudotomographic back-

projection methods were limited to nanometer resolutions. This work gave 

information on the MT polymer not available from emerging crystallographic 

structures of α/βtubulin or protofilament subunits. An important and lasting shift 

was treating MT segments as single-particles in reference-matching approaches. A 

major challenge is differentiating between highly similar α and β-tubulin monomers 

during MT image processing, resulting in significant blurring of α and β-tubulin and 
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a failure to resolve the seam in more physiologically relevant pseudo-symmetric 

MTs.  

This issue was particularly prominent in studies of MTs alone, while the presence of 

MT-bound proteins demarcating tubulin dimers would act as fiducials during 

processing, alleviating the severity of the artefact, particularly for pseudo-

symmetric MT architectures. Combining statistical methods for seam-finding with 

pseudo symmetrical averaging approaches efficiently identified α and β tubulin 

register and seam-location with MT-binding proteins acting as fiducials. 

Nevertheless, CCD and film-derived reconstructions of pseudo-helical MTs and 

associated proteins could not break the ∼4.5 Å resolution barrier required for the 

visualisation of the peptide backbone and side chains. The introduction of direct 

electron detectors was central to MT reconstructions achieving near-atomic 

resolutions. Ground-breaking work from the Nogales group, combining direct 

electron detector data with refined pseudo-helical processing methods achieved 

resolutions around 3.4 Å, allowing the authors to propose that small local 

nucleotide-dependent conformational changes leading to global changes in lattice 

compaction and twist govern dynamic instability. This and later work to near-atomic 

resolutions continued to use MT binding proteins as fiducials for differentiation of 

α and β-tubulin in processing when working on tubulin isoforms or nucleotide or 

drug-induced conformational changes in the MT lattice.22   
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1.1.2 Microtubules and Neurodegeneration 
Neurons receive information and relay it along axons, to other neurons or muscles, 

through structures known as synapses. Neurodegeneration refers to the progressive 

loss of structure and/or function of neurons, often beginning at the synaptic distal 

ends of axons, a phenomenon termed as “dying-back neuropathy”.23,24 

Neurodegeneration in humans can cause a variety of symptoms depending on the 

class of neurons affected and can lead to fatal outcomes. Some widely studied 

neurodegenerative diseases include Alzheimer’s disease (AD), Parkinson’s disease 

(PD), Huntington’s disease (HD), and Amyotrophic Lateral Sclerosis (ALS). These, and 

other less well studied neurodegenerative diseases, exhibit a broad range of clinical 

symptoms, which nonetheless share several common pathological features.25–28 

One prominent cellular feature is the toxic aggregation of proteins that inhibit the 

protein quality control and the ubiquitin proteasome machinery of the neuron.25,29 

Other common characteristics include inflammatory responses26, impaired ER 

calcium homeostasis30, increased oxidative stress31, and microtubule defects.28 It is 

essential to recognize common underlying features that permit the degeneration of 

neurons to understand the most frequent mechanisms contributing to disease 

progression. Such an understanding can potentially lead to better therapeutic 

agents that can retard the progression of the most debilitating symptoms associated 

with neurodegeneration. Microtubules have often been thought to participate in 

neurodegenerative diseases through their well-established role in long-distance 

cargo transport. Examples include neurodegenerative diseases such as AD, HD, and 

several tauopathies that show compromised microtubule-dependent axonal 

transport in disease models.28,32–38 However, these polymers play important roles in 

many aspects of neuronal cell biology that include establishing and conserving 

neuronal polarity, 39,40maintaining neuronal morphology41–43 and modulating 

signaling events.40,44–46 In several neurodegenerative diseases, that include sporadic 
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rather than familial cases, we know little about the causes of disease onset. It is 

proposed that the disruption of microtubule dynamics may be a key mechanism 

contributing to neurodegeneration, since an alteration in dynamics can affect a 

number of the roles mentioned above. Therefore, modulating microtubule 

dynamics might help in retarding the progress of neurodegenerative diseases. 
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1.1.3 Microtubules-associated proteins (MAPS): α-Synuclein and Tau 

MAPs are defined as proteins that bind MTs but are not molecular motors or 

severing enzymes and play a key role in regulating MT stability. This group of 

proteins is of particular interest because they play a critical role in maintaining 

cytoskeletal stability in neurons and other cells with complex three-dimensional 

structures. Based on their mode of action, MAPs can be classified into five 

categories:  

a) Motile MAPs or motor proteins that generate forces and movement,20,21  

b) Microtubule nucleators,22  

c) Enzymes that break or depolymerize microtubules,47  

d) End-binding proteins that specifically associate with plus- or minus-ends of 

microtubules,48  

e) The so-called structural MAPs.  

While the first four categories (a-d) of MAPs are clearly defined by their functions, 

the latter category (e) is a rather vaguely defined, heterogenous group of proteins 

that bind, and thus stabilize microtubules, but no systematic view on their functions 

has so far emerged. MAPs mutations, such as doublecortin (DCX), MAP2, MAP1A, 

MAP1B, and tau lead to varying degrees of central nervous system malformation 

and cognitive impairment in humans and in animal models.49–57 One member of the 

MAP family, Tau, is also of particular interest because it has the unique ability to 

form toxic soluble oligomers, propagate and cause neurodegeneration in Alzheimer 

disease and related dementias.58–62 It is the only MAP capable of this toxic gain-of-

function and appears to do predominantly, but not exclusively, in humans.63–72 The 

main role of Tau, which is known as one of the stabilizing MAPs, is to protect MTs 

against depolymerization by decreasing the dissociation of tubulin at both MT ends, 

resulting in an increased growth rate and decreased catastrophe frequency. In vitro, 

Tau induces MT formation at 37 ◦C and tubulin rings at 20 ◦C under experimental 
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conditions with no assembly of tubulin alone, suggesting that Tau is a MT inducer 

in addition to being a MT stabilizer. Tau was proposed to bind preferentially to the 

GDP-tubulin from the lattice, in detriment of the GTP-tubulin from the plus-end cap, 

and in agreement with a stabilizing role of Tau. However, monitoring of Tau binding 

to MTs by FRET has shown Tau decoration on MT tips, as well as on the lattice. 

Furthermore, the capacity of Tau to induce in vitro MT formation is lost when GDP-

tubulin is used. In agreement, Tau depletion in rat cortical neurons results in the 

loss of MT mass in the axon, predominantly from the labile domain containing 

tyrosinated tubulin, rather than the stable domain of MTs. Green fluorescent 

protein (GFP)-tagged Tau was indeed observed to be more abundant on the labile 

domain of the MTs, or GTP-tubulin cap. Based on these observations obtained by 

quantitative immunofluorescence, the authors propose that Tau is not strictly a MT 

stabilizer, but rather allows the MTs to conserve long labile domains. However, a 

more likely explanation is that Tau is necessary to induce tubulin polymerization in 

the labile region. 72 

While for Tau protein there is an abundance of information over its interaction with 

MTs, little is known about alpha-Synuclein (αSyn), which has been lately proposed 

to be a MAP. 

The first evidence of a link between αSyn and MT cytoskeleton dates to the 

beginning of this millennium, when αSyn was found to co-immunoprecipitate with 

α- and β-tubulin in zebra finch and murine forebrains.73 During the last twenty years, 

this issue was not intensively addressed, but significant amounts of experimental 

evidence have been produced to strengthen this link and understand its meaning, 

thus adding little but important pieces to the puzzle. For example, the association 

between αSyn and different isoforms of tubulins was further supported by 

quantitative proteomics in rat MES cells. Further experimental evidence comes from 

the mouse and rat nervous systems and in post-mortem human brain. In detail, 
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αSyn co-localizes and is in close proximity to α-tubulin in the murine and human 

brain as revealed by confocal and electron microscopy analysis. Then, focusing on 

MTs, αSyn binding to in vitro assembled MTs has been revealed.74 However, the 

specific effects of αSyn on tubulin polymerization and dynamics have been poorly 

investigated and the results are still somewhat controversial. Some authors have 

reported that monomeric αSyn does not influence tubulin polymerization in vitro, 

whereas others that it inhibits or promotes microtubules assembly, suggesting a 

regulatory role of the protein on MT formation. More recently, researchers 

suggested75 that αSyn is not just a MAP, but rather a dynamase, i.e., a protein able 

to regulate both MT nucleation and catastrophe and regulates the partitioning 

between tubulin dimers and MTs at the neuronal growth cone. Finally, looking at 

the impact of αSyn on MT-dependent functions, recent papers show that αSyn 

promotes the formation of short transportable MTs that play an important role in 

axonal transport, and that WT αSyn induces vesicle endocytosis impairments via MT 

overassembly.76 

 

 

  



23 

2.Aim of the thesis 

2.1 Development of molecular probes to study αSyn/Tubulin interaction 

and Tau/Tubulin 
Nowadays, the molecular determinants in neurodegeneration are yet to be solved, 

much information is needed on how key proteins interact and which are the effects 

of these interactions. On one hand, αSyn is a very important protein involved in 

neurodegeneration, underlying those diseases termed synucleinopathies. Its 

propensity to interact with other proteins and structures renders the identification 

of neuronal death trigger extremely difficult. Conversely, the unbalance of MT 

cytoskeleton in terms of structure, dynamics and function is emerging as a point of 

convergence in neurodegeneration. Interestingly, αSyn and MTs have been shown 

to interact and mediate cross-talks with other intracellular structures. This is 

supported by an increasing amount of evidence ranging from their direct interaction 

to the engagement of in-common partners and culminating with their respective 

impact on microtubule-dependent neuronal functions. Last, but not least, it is 

becoming even more clear that αSyn and tubulin work synergically towards 

pathological aggregation, ultimately resulting in neurodegeneration.74 However, 

understanding in detail which is the role of αSyn as a partner of tubulin and how it 

impacts on neuronal MT is crucial. On the other hand, Tau, is a MAP which is 

abundant in the axons of neurons where it stabilizes MT bundles. Together with 

other destabilizing MAPs, such as stathmin, Tau plays a central role in MT dynamics 

by regulating assembly, dynamic behavior, and the spatial organization of MTs. Tau 

and other MAPs that bind to MTs are tightly regulated by several factors, including 

post-translational modifications (PTMs), to ensure the appropriate dynamics of the 

system. However, the exact mechanism of assembly and stabilization of MTs by Tau 

remains challenging to characterize due to the inherent dynamics of the system and 

the disordered nature of Tau.72  
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In an attempt to address the current issue of lack of information on the interplay 

between αSyn and tubulin, the first part of this work was focused on the concerted 

action of αSyn and MTs both physiologically and pathologically. Hence, we first 

synthesized peptides that were domains of αSyn and performed in vitro assays to 

mimic the biological environment in order to obtain data about the direct 

interaction between αSyn and tubulin. Having, therefore, synthesized peptides from 

all the domains of αSyn our goal was to attempt to find the ‘hot spot’ of 

αSyn/tubulin interaction. In the library of peptides synthesized, we also included 

the PD mutated sequences to study the effects of the mutations on their interaction. 

The second part of this work was focused on Tau and tubulin. We synthesized Tau 

deriving peptides since one peptide, 2N, has been recently reported to bind near to 

the taxane-site at the luminal surface of MTs.77 Moreover, a series of experiments 

were performed in order to illuminate the exact binding site of the peptides 

synthesized. 

 

2.2 Synthesis of conformationally stable peptidomimetics deriving from 

αSyn 
Based on the results of the in vitro assays that we conducted, we could derive as a 

preliminary result the fact that specific mutations decrease the polymerization of 

tubulin. We still lacked more detailed insight, though, of their interplay. Looking at 

the data obtained from the secondary structure characterization of the peptides in 

aqueous buffer pH 7 we observed that they are unstructured. Consequently, we 

hypothesized that probably a more stable conformation would help us to decipher 

better the interaction of the peptides with tubulin. As a result, we synthesized a 

library of conformationally stable peptides. Over the numerous strategies existing 

for the synthesis of peptides that adopt stable secondary structures, we chose to 

synthesize stapled peptides. We exploited the Lys/Glu lactamization for the 
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synthesis of the library. In addition to the lactams, taking under consideration 

numerous works published already on peptide stapling and a recently published 

review on stapling strategies78,we thought that we could try a rather forgotten 

stapling pattern, the glutamic acid to glutamic acid one, since our sequences are 

rich in glutamic acids. We, therefore, designed a novel diazino linker to use to 

perform the stapling between the two glutamic acids. 

The aim of the thesis is reassumed in Figure 3.  

 

 

 

 

 

 

 

Figure 3. Aim of the thesis. Synthesis of αSyn peptides and Tau-deriving peptides and conduct in vitro assays 
with tubulin/MTs to investigate whether there is an interaction. 
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Chapter I 

3.α-Synuclein 

3.1 The synuclein family 
Synucleins are proteins that exist in a great amount in the brain, but their exact 

mechanism of function is under question. The family of synucleins consists of three 

members— αSyn, β-synuclein and γ-synuclein — which are composed of 127 to 140 

amino acids and present sequential similarities, with a resemblant domain 

organization (Figure 4).79  Each synuclein protein in N-terminal half possesses an 

imperfect 11-amino-acids repeat that mainly contains the sequence KTKEGV. Right 

after these repeats, there is a hydrophobic intermediate region and a negatively 

charged carboxy-terminal domain; α- and β-synuclein have identical carboxyl 

termini. By immunohistochemistry, α- and β-synuclein are shown to be 

concentrated in nerve terminals, with little staining of somata and dendrites. 

 

 

Figure 4. Sequence comparison of human αSyn, β-synuclein and γ-synuclein. Amino-acid identities between at 
least two of the three sequences are boxed (in blue). The α-Syn mutations of familial Parkinson’s disease (A30P 
and A53T) are indicated (red). The amino-terminal half of the synucleins is taken up by 11-amino-acid repeats 
with the consensus sequence KTKEGV. αSyn assembles into filaments through these repeats. Despite similar 
repeat sequences, β-synuclein and γ-synuclein show poor assembly into filaments. 
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Sub-cellularly, they are found in nerve terminals, close to synaptic vesicles. In 

contrast, γ-synuclein seems to be present across nerve cells.80 The first synuclein 

sequence was obtained from the electric organ of the Pacific electric ray (Torpedo 

californica) in 1988 by Maroteaux and colleagues.81 The protein was named 

synuclein, because it was localized in the presynaptic nerve terminals and portions 

of the nuclear envelope. Subsequent studies have confirmed the presence of 

synuclein in nerve terminals but have not been successful in confirming its presence 

in the nucleus. However, the original name has survived for historical reasons. In 

1992, the amino-acid sequence of one protein was defined, which was named 

phosphoneuroprotein-14 by Tobe et al.82 and was found in plentitude in rat brains. 

In 1993, Uéda et al. described the amino-acid sequence of another protein, which 

they denominated ‘non-amyloid-β component precursor’ (NACP) because of the 

evident localization of a portion of this protein (the peptide NAC) in some amyloid 

plaques from the brains of patients with Alzheimer’s disease.83 However, 

subsequent work failed to confirm the presence of NAC in amyloid plaques.84 In 

1994, the amino-acid sequences of two homologous proteins from human brain 

that were identified because they reacted with an antibody raised against paired 

helical filament preparations from Alzheimer’s disease brain.85 The first protein was 

identical to NACP, whereas the second protein was the human homologue of rat 

phosphoneuroprotein-14. Both proteins were similar to synuclein from Torpedo 

californica, and consequently named them α- and β-synuclein, respectively. In 1997, 

Ji et al. reported the sequence of a protein, which they named breast-cancer-

specific gene 1 (BCSG1) protein because of its high abundance in human breast 

cancer tissue.86 Buchman et al.87 independently identified the same protein and 

named it persyn. This molecule is also a synuclein that is now commonly referred to 

as γ-synuclein. 
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3.2 α-Synuclein functions 
The function of αSyn is not entirely understood, but the following functions appear 

to be consistent with some of this protein’s activities. These functions are also 

summarized in Table 1. Suppression of apoptosis in dopaminergic neurons by 

reducing protein kinase C activity Protein kinase C (PKC) is a serine-threonine kinase 

that phosphorylates different target proteins and therefore controls many 

mechanisms, such as apoptosis. This kinase is very sensitive to oxidative stress and 

triggers an apoptotic cascade in dopaminergic cells. αSyn seems to be a PKC down 

regulator that can protect dopaminergic cells against apoptosis. Particularly, it has 

been shown that αSyn can switch off the proteolytic cascade by downregulation of 

PKCδ expression. In dopaminergic cells, αSyn by deactivation of nuclear factor-κB 

reduces transcription of PKCδ. Therefore, αSyn can be considered to be a 

neuroprotective protein in dopaminergic cells.88  
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αSyn Function Target Mechanism Result 

Suppression of 

apoptosis62 

Protein Kinase C Deactivation of NFκB Neuroprotection 

Regulation of 

glucose levels63–

66 

G-protein-coupled-

receptor 

The pancreatic β-

cell 

KAPT channel 

Increase tissue glucose 

uptake 

Inhibition of insulin 

secretion 

Inhibition of type 2 

diabetes 

Susceptibility to diabetes 

Modulation of 

calmodulin 

activity65 

CaM Conversion of Cam from 

an inhibitor to an 

activator 

Modulation of G-protein-

coupled receptor kinase 

Chaperone 

activity67–72 

Presynaptic 

membranes 

Heat shock proteins 

Maintenance of SNARE 

structure during 

assembly 

Helping proteins to 

obtain correct 

conformations 

SNARE-complex activity 

Efficient neurotransmitter 

release 

Maintenance of 

PUFA levels73 

Acyl-coA synthetase Modulations of lipid 

synthesis 

Synthesis of brain vital 

fatty acids 

Antioxidation74–

76 

Cytochrome c 

oxidase 

JNK-interacting 

protein 

Prevention of Caspases 

activation 

Inhibition of JNK pathway 

Neuroprotection 

Neuronal 

differentation77–

79 

Rab3a Activation of ERK/MAPK 

pathway 

Transcription of genes 

Regulation of 

dopamine 

biosynthesis80,81 

Protein phosphatase 

2A 

Inhibition of tyrosine 

hydroxylase 

Regulation of dopamine 

levels 

 

 

Table 1. Alpha‑Synuclein functions 
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Regulation of glucose levels 

 Apart from neurons, αSyn has also been identified in many other cell types, 

especially those involved in secretory processes. αSyn decreases insulin secretion 

as a consequence of interaction with insulin-containing secretory granules. αSyn 

interaction with KATP channels of insulin-secretory granules leads to the inhibition 

of insulin secretion triggered by glucose stimulation. These findings suggest a role 

for αSyn in diabetes that, like other degenerative disorders such as PD, is caused by 

a problem in the modulation of secretory processes.89 Moreover, it has been shown 

that in type 2 diabetes (T2Ds), an amyloidogenic protein deposits in pancreatic 

β-cells and these patients are most likely to develop Parkinson’s Disease (PD) as 

αSyn may combine to amyloid fibrils and form irreversible damaging complexes in 

dopaminergic cells.90 On the other hand, in a recent study, αSyn is shown to increase 

tissue glucose uptake and thus diminish insulin resistance and possibly T2D. This 

study shows that in both humans and mice, higher levels of serum αSyn are directly 

associated with glucose metabolism.91 It seems that αSyn can facilitate the entrance 

of glucose into adipose tissues and skeletal muscle through a G-protein-coupled 

receptor known as LPAR2-CD90.  

Modulation of calmodulin activity  

Calcium-modulated protein, also known as calmodulin (CaM), is a messenger 

protein that can be activated through binding to Ca2+ ions and triggers various 

mechanisms such as those involved in short- and long-term memory. It has been 

shown that both wild-type (WT) and mutant αSyn can interact with CaM not only in 

vitro but also in vivo. This interaction, which is dependent on calcium ions, causes 

αSyn fibrillization. Therefore, calcium ions can modulate αSyn function by inducing 

an interaction between αSyn and CaM. Moreover, CaM has an inhibitory effect on 

G-protein-coupled receptor kinase 5 (GRK5) in the absence of α-syn. On the other 
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hand, CaM stimulates GRK5 activity in the presence of αSyn. Taken together, αSyn 

by controlling the conversion of CaM from an inhibitor to an activator, and vice 

versa, is involved in the modulation of GRK indirectly.92 

 Promotion of sensitive factor attachment protein receptor-complex assembly in 

vivo and in vitro  

Neurotransmitters are secreted several times from presynaptic vesicles within 

1 min. The sequential secretion pathway of the neurotransmitter is strongly related 

to the organized activity of membrane fusion proteins. Assembly and disassembly 

of the N-ethylmaleimide – sensitive factor attachment protein receptor (SNARE) 

complex is one of the reactions, which has to be repeated for each single 

neurotransmitter release cycle. However, the assembly and disassembly of SNARE 

proteins are accompanied by the formation of intermediate SNARE protein 

structures that are unfolded and vulnerable to degeneration. αSyn, by its chaperone 

activity, is involved in the maintenance of SNARE structure during these 

assembly/disassembly cycles. Specifically, the direct interaction of αSyn with the 

SNARE -protein synaptobrevin-2/vesicle-associated membrane protein 2 causes the 

inhibition of SNARE complex assembly. Thus, αSyn dysfunction may lead to 

neurological problems because its deficiency reduces SNARE complex assembly.93 

During the SNARE complex assembly, unfolded cytosolic αSyn monomers bind to 

presynaptic membranes and form a complex of α-helically folded αSyn homomers, 

that is, chaperones assembly of SNARE complex and lead to neuroprotection in 

presynaptic terminals.94 Moreover, large oligomers of α αSyn unlike monomers are 

harmful, and bind to an N-terminal domain of a specific SNARE protein called 

synaptobrevin-2 and prevent assembly of SNARE complex leading to 

neurodegeneration.95 
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Acting as a molecular chaperone  

αSyn is considered to be a chaperone protein because it contains regions that are 

homologous with 14-3-3 proteins that interact with many cellular proteins. 14-3-3 

proteins are members of the cytoplasmic chaperone family that phosphorylate the 

binding site of their targets, including PKC, Bcl-2-associated death promoter (BAD), 

and Extracellular signal-regulated kinases (ERK). It has been shown that αSyn can 

also bind to the targets of 14-3-3. In addition, overexpression of αSyn under thermal 

and chemical conditions that prevent aggregation of target proteins is another 

reason for suggesting αSyn as a chaperone. αSyn chaperone activity is dependent 

on both its N- and C-terminal regions. The N-terminal domain is responsible for 

αSyn interaction with substrate proteins, leading to the formation of a large 

complex while the C-terminal domain is responsible for the solubilization of that 

complex.96 The HSPs are also a family of chaperone proteins that are expressed in 

response to cellular stresses. HSPs are involved in stabilizing proteins to obtain 

correct conformations, refolding of incorrect protein structures, and degradation of 

misfolded proteins. It has been shown that αSyn is part of a chaperone complex 

containing Hsc70/Hsp70 and two co-chaperones that are responsible for efficient 

neurotransmitter release.97 The functional link between αSyn and HSPs is also 

examined in an experiment that the csp gene was deleted in knockout (KO) mice. 

CSPαas an HSP is recruited into the outer membrane of presynaptic vesicles and 

plays role in neurotransmitter release. Deletion of this protein is associated with the 

reduction of αSyn levels and lethal neurodegeneration. Interestingly, CSPα KO mice 

can be rescued from death if human WT-αSyn was overexpressed showing how 

αSyn can recover a chaperone activity.98  
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Maintenance of polyunsaturated fatty acids levels  

The brain as the second main source of lipid content after adipose tissue is enriched 

in two polyunsaturated fatty acids (PUFAs), arachidonic acid and docosahexaenoic 

acid, which constitute about 20% of the brain fatty acids. Acyl-co A 

synthetase (ACSL) by adding acyl groups to a fatty acid backbone synthesizes these 

fatty acids from other available fatty acid stocks. The ACSL6 isoform that 

incorporates arachidonic acid into phospholipids is modulated by αSyn. Therefore, 

αSyn may be involved in the presentation of substrates to ACSL and consequently, 

in control of the brain’s PUFAs levels.99 Acting as an antioxidant and preventing 

oxidation of unsaturated lipids in vesicles Oxidative stress in dopaminergic neurons 

could initiate the pathological damage leading to PD. This damage is triggered by 

the oxidation of unsaturated phospholipids that consequently damage both cellular 

and intracellular membranes. The sensitivity of dopaminergic neurons to such 

damage is caused by the oxidative metabolism of dopamine within these cells. 

Therefore, dopaminergic cell membranes that are rich in unsaturated fatty acids are 

more vulnerable to this oxidation and damage. The monomeric form of αSyn by 

interaction with lipid membranes can protect lipids from oxidation, but the fibrillar 

form of αSyn does not have this capability. Therefore, it seems that monomeric αSyn 

could act as an antioxidant that plays an important role in dopaminergic neurons to 

protect them against oxidative damage.100 Another study suggests that maybe αSyn 

is not an antioxidant but can prevent apoptosis by binding to cytochrome C oxidase 

in the mitochondrial membrane and inhibits the release of cytochrome c from 

mitochondria to cytosol. Consequently, caspases cannot be activated and thus 

cannot trigger apoptosis.101 Moreover, hydrogen peroxide cannot damage αSyn 

expressing neural cells while it is toxic in control cells. Hydrogen peroxide in the 

absence of αSyn activates c-Jun N-terminal kinase (JNK), a member of 

mitogen-activated protein kinase (MAPK) family that promotes apoptosis under 
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oxidative stress condition. αSyn by activation of JNK-interacting protein/ 

islet-brain (JIP-1b/IB1) as an inhibitor of JNK pathway may protect cells from 

injury.102 Neuronal differentiation As αSyn is both functionally and structurally 

homologous with chaperone protein 14-3-3103, it can interact not only with 14-3-3 

itself but also with its ligands, such as the kinase suppressor of Ras. Therefore, αSyn 

is considered to be involved in different cellular functions via activation of Ras. The 

activated form of Ras can activate a chain of events including the ERK/MAPK 

pathway that is involved in sending a growth factor signal from the cell receptor to 

transcription factors in the nucleus.104 Moreover, αSyn binds to  the membrane via 

interaction by Ras-related GTPase Rab3a. This molecular association is evidenced 

using antibody against Rab3a that dissociates bound αSyn from the membrane 

signifying that Rab3a is involved in stabilizing αSyn on synaptosomes.105  

Regulation of dopamine biosynthesis  

αSyn as a down regulator of tyrosine hydroxylase (TH) activity can modulate the 

production of dopamine and control its cellular levels. Therefore, αSyn-reduced 

expression or αSyn aggregation leads to increased dopamine synthesis, leading to 

oxidative stress caused by dopamine metabolism. The inhibitory effect of αSyn on 

TH activity is not direct and is dependent on the interaction between αSyn and 

protein phosphatase 2A (PP2A). This αSyn PP2A interaction activates PP2A 

phosphatase function, leading to dephosphorylation of TH-Ser 40 residue, and 

therefore TH inhibition. Both αSyn overexpression and mutations have been shown 

to upregulate the inhibitory effect of αSyn on TH and dopamine levels, leading to 

the downregulation of dopamine synthesis and release.106 On the other hand, it has 

been shown that overexpression of αSyn increases activity of src, a member of the 

nonreceptor tyrosine kinases family, leading to hyperphosphorylation of proteins 
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and neurodegeneration. Scr can phosphorylate PP2A as a substrate at Tyr 307 and 

consequently inhibit its phosphates activity. 107 

Modulating vesicle trafficking 

 The synaptic vesicle formation pathway starts with the curvature of the membrane 

into a bud with the help of coat proteins such as clathrin which act as a spherical 

frame. This process is followed by the targeting of vesicles to a specific secretory 

point with the help of SNARE proteins. In this pathway, αSyn binds to the curved 

membrane selectively to modulate vesicle trafficking in synapses.108 αSyn possibly 

reduces both the amount and the speed of vesicle recycling from synapses to the 

presynaptic area. This reduction in vesicular dynamics is important for synaptic 

homeostasis as the absence of αSyn disturbs; this equilibrium by increased vesicle 

trafficking.109 This modulating role of αSyn is because of its specific structure. The 

11 residue repeats of αSyn in the presence of liposomes can fold to a membrane 

binding helix that is divided by a mid-unstructured fragment.110 αSyn can detect the 

vesicle pool as it has an affinity for lipid bilayers. This means that αSyn is more likely 

to be present at high levels in vesicle pools containing lots of small liposomes than 

in other parts of the cell since it can sense the membrane curvature of the 

vesicles.111 
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3.3 αSyn structure 
αSyn is a small acidic protein with three domains namely N-terminal lipid-binding 

α-helix, amyloid-binding central domain (NAC), and C-terminal acidic tail (Figure 5). 

 

 

αSyn can be present as an α-helix structure in association with phospholipids or an 

unfolded conformation in the cytosol, suggesting that it plays specific roles in 

different cellular locations based on its dynamic structure.112 The N-terminal 

domain of αSyn (residues 1–60) is a positively charged region, including seven series 

of 11-AA repeats. Each 11-AA repeat contains a highly conserved KTKEGV hexameric 

motif that is also present in the α-helical domain of apolipoproteins. Moreover, the 

ability of αSyn to disrupt lipid bilayers is related to these repeat sequences. These 

repeats, via their ability to induce αSyn helical structure and subsequently reduce 

the tendency of αSyn to form β-structures, are important in αSyn-lipid 

interactions.113 The core region of αSyn (residues 61–95), also known as NAC, is 

involved in fibril formation and aggregation114 as it can to form cross β-structures.115 

The C-terminal domain of αSyn (residues 96–140) is an acidic tail of 43-AA residues, 

containing 10 Glu and 5 Asp residues. Structurally, the C-terminal domain of αSyn is 

present in a random coil structure due to its low hydrophobicity and high net 

negative charge. In vitro studies have revealed that αSyn aggregation can be induced 

Figure 5. αSyn domains. The N-terminal domain is thought to bind to lipids and membranes and upon 
interaction it adopts an α-helical conformation. The NAC domain is the non-amyloid component.  
The C-terminal domain is rather not structured. 
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by reduction of pH which neutralizes these negative charges.116,117 An interaction 

between the C-terminal domain and the NAC region of αSyn is thought to be 

responsible for the inhibition of αSyn aggregation. Moreover, in the presence of Al3+, 

the C-terminal domain of αSyn binds to this metal ion and thus the disrupted 

inhibitory effect of the C-terminal on NAC leads to αSyn aggregation.118 The 

phosphorylation of residue serine 129 is important in the inhibitory property of the 

C-terminal region as dephosphorylation of serine 129 causes αSyn aggregation.119 

Moreover, the C-terminal of αSyn is homologous with a small heat shock 

proteins (HSPs), suggesting a protective role for αSyn in keeping proteins out of the 

degradation process.120  

Under normal conditions, native αSyn exists in a dynamic equilibrium between 

unfolded monomers and α-helically folded tetramers with a low propensity to 

aggregation.121 The decline of the tetramer: monomer ratio and the consequent 

increase in the level of αSyn unfolded monomers favour its aggregation.122 

3.4 Alpha-Synuclein and Parkinson’s Disease 

Parkinson's Disease (PD) is the second most common neurodegenerative disorder 

after Alzheimer's disease. Currently, PD affects 1%–2% of people over the age of 60 

years, rising to 4% at age 80 years. PD is mainly characterized by the progressive loss 

of dopaminergic neurons of the substantia nigra that project to the striatum. 123 The 

deficiency of dopamine in the striatum leads to the development of the classic 

motor symptoms of PD, including bradykinesia, resting tremor, muscular rigidity, 

and postural instability. In addition to motor symptomatology, nonmotor 

manifestations, such as autonomic dysfunction, olfactory impairment, mood 

disorders (i.e., depression and anxiety), cognitive deficits, or sleep disturbances are 

also frequently present in PD. Most of these symptoms appear even before the 

motor symptoms and have a serious impact on the quality of life of patients.124,125 
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Because the PD motor symptoms emerge when the striatal dopamine levels have 

decreased by 60%–80%,126 the study of PD non-motor symptoms is important to 

identify early biomarkers as well as targets to develop disease modifying therapies 

that slow or prevent the progression of neurodegeneration. 

The neuropathological hallmark of PD is the abnormal accumulation and 

aggregation of αSyn in the form of Lewy bodies and Lewy neurites.123 It is well 

established that pathological aggregation of αSyn is a common feature of several 

neurodegenerative diseases including PD, dementia with Lewy bodies (DLB) and 

multiple system atrophy (MSA), which are collectively referred to as 

synucleinopathies.127 

 αSyn is a protein with remarkable conformational plasticity since it can adopt a 

wide range of structural conformations.128,129 Each αSyn conformation displays 

distinct properties in terms of neurotoxicity, stability and seeding and propagation 

ability. It has been proposed that the existence of structurally distinct αSyn 

assemblies or αSyn “strains” may contribute to explaining the clinical-pathological 

heterogeneity among synucleinopathies and help to develop strain-specific 

medications.130–132 

Overexpressed monomeric WT-αSyn has been shown to inhibit vesicle endocytosis 

and impair neurotransmission. AS has been suggested to cause PD by disrupting the 

synthesis, storage, recycling, reuptake, and efflux of dopamine.133 Increased levels 

of αSyn have also been found to reduce theactive tyrosine hydroxylase (TH) enzyme 

that is involved in the production of dopamine by stabilizing TH in its inactive form. 

αSyn overexpression was found to attenuate vesicular monoamine transporter 2 

(VMAT2) activity. Thus, the dopamine is stored in synaptic vesicles via VMAT2 after 

its production to reduce the oxidative damage from its metabolites. Increased 

cytosol concentration of dopamine due to the reduction of VMAT2 activity by αSyn 
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has been proposed as a possible neurotoxic pathway in PD.134 Dopamine 

transporter (DAT) has been associated with dopamine trafficking, but whether it 

increases or decreases DAT levels is still a debate because of evidence supporting 

both sides.135 DAT knock-out mice showed high extracellular dopamine levels and 

low intraneuronal dopamine concentration; thus, DAT is important for 

neurotransmission and its activity (especially decreased dopamine uptake as well 

as increased dopamine clearance and efflux) upon disruption by αSyn can cause PD. 

Most of these proposed functions of αSyn rely on its membrane binding 

capacity.136–141 

3.5. α-Synuclein mutations and their effects? 
αSyn is a protein involved in PD, not only as the main component of Lewy bodies, 

but because of its several mutations observed in PD patients. It is well known that 

mutations can change the phenotype, having several effects on the structure of a 

protein. The most significant Parkinson’s Disease-linked mutation can be observed 

in Table 2. Understanding how PD mutations affect αSyn structure and its functions 

is thus essential for gaining a profound understanding of the protein itself and for 

developing more effective pharmacological strategies.  

Name Sequence 

A30P 22TKQGVAEAPGKTKEGVLYV42 

A53T 43KTKEGVVHGVTTVAEKTKEQV63 

E46K 43KTKKGVVHGVATVAEKTKEQV63 

H50Q 43KTKEGVVQGVATVAEKTKEQV63 

G51D 43KTKEGVVHDVATVAEKTKEQV63 

 

 

 

Table 2. Most significant Parkinson’s Disease-linked mutations. 
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A53T, A30P, and E46K Mutations  

In 1997, Polymeropoulos et al.142 identified the A53T mutation in the αSyn gene in 

Italian kindred and in three unrelated families of Greek origin with autosomal 

dominant inheritance for the PD phenotype.143 A year after, Krüger et al.144 reported 

the A30P mutation in the αSyn gene.144 A third mutation, namely E46K, was 

identified in 2004.145 During the years, it has been highlighted that mutations could 

impact both the free state of αSyn and its aggregated form. In this context, studies 

were performed using different techniques such as NMR spectroscopy, CD, and 

FTIR. Initial CD studies on WT αSyn and the first two identified mutations, A30P and 

A53T, showed that the three proteins lack a preferred conformation in solution.146–

148 However, in 2001, by conducting NMR studies, Bussell and Eliezer reported, that 

the mutation A30P strongly attenuates the helical propensity of the N-terminus. 

They observed indeed a positive Cα secondary shift, indicative of a significant 

preference for helical secondary structure in the WT 18–31 sequence, which was 

absent in mutant A30P. Conversely, A53T mutation leaves this region unperturbed, 

exerting a more modest and local influence on structural propensity. 149 In 

particular, the A53T mutant exhibited a slightly enhanced local preference for 

extended, β-sheet-like conformations around the site of the mutation. Other NMR 

studies on the WT, A30P and A53T, revealed a similar β-sheet-rich core region 

spanning residues 38–94 in the sequence of the two mutants, whereas the C-

terminus remained flexible and unfolded in both cases.150  McLean et al. 

investigated the αSyn long-range interactions by fluorescence resonance energy 

transfer (FRET). They reported, for both the WT and mutant A53T, a weak 

interaction between the N-terminal and C-terminal regions, whereas for mutant 

A30P they observed a statistical increase in the magnitude of FRET signal, indicating 

a closer vicinity between the N- and C- terminal regions.151 In 2007, Fredenburg et 

al. reported a similar random coil secondary structure for both E46K and WT αSyn 
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when free in solution, as highlighted by CD experiments. 152 In 2009, Rospigliosi et 

al. studied the effect of mutation E46K on the long-range interactions by 

paramagnetic relaxation NMR(PRE) and residual dipolar coupling (RDC) 

measurements. Surprisingly, no decrease in long-range contacts was detected in the 

mutant E46K with respect to the WT. Furthermore, an increased interaction 

between the C-terminal tail, the NAC and the N-terminal regions was observed. The 

same experiments on A30P and A53T did not indicate any changes in the long-range 

structure. In the same work, the authors observed a slight increase in local helix 

propensity in the area immediately adjacent to the mutation of mutant E46K, by 

calculating its Cα chemical shifts deviations in comparison to the deviations of the 

random coil ones. 153 Kumar et al. used Molecular Dynamics (MD) to analyse the 

mutations A30P, A53T and E46K in water under explicit solvent conditions. These 

mutants showed variations, more specifically their RMSD scores were 0.529, 0.534, 

and 0.486 respectively, in their secondary structure compared to WT micelle-bound 

αSyn (PDB ID 1XQ8) simulated in sodium dodecyl sulphate (SDS). The secondary 

structure of A53T recorded in this study was similar to that determined by quenched 

hydrogen/ deuterium exchange NMR spectroscopy which states that five β-strands 

appear in the amyloid state of αSyn.154,155 Passing from the last decade to the 

current one, computational techniques started being more intensively employed to 

shed light on the structures of the WT and the mutants. In 2011, Balesh et al.156  

performed classical MD and annealing MD (AMD) simulations and reported similar 

helical and β-sheet contents for the WT and A53T mutant-type αSyn proteins.156 At 

the same time, A53T presented a more compact structure. In 2013, Coskuner and 

Wise-Scira performed all-atom replica exchange molecular dynamics (REMD) 

simulations on the full-length monomeric WT and A53T mutant-type αSyn proteins 

in aqueous solution utilizing implicit and explicit water models.157 From these 

results, they observed that the helical content is minimally affected by the mutation 
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A53T except for a few residues in the N-terminal and C-terminal regions. 

Additionally, in contrast, to previous computational works155 they reported an 

increase in the β-sheet formation close to the mutation site in the N-terminal 

region.157 In the same year, a similar MD study was published on mutant A30P by 

Wise-Scira et al., reporting that the mutation has local as well as long-range effects 

on the protein structure. More specifically, the helical content of region 18–31 is 

less prominent in mutant A30P than in the WT protein. The β-sheet structure 

abundance decreases in the N-terminal region upon mutation A30P of the WT αSyn, 

whereas the NAC and C-terminal regions possess larger tendencies for β-sheet 

structure formation. Long-range intramolecular protein interactions are less 

abundant upon mutation A30P, especially between the NAC and C-terminal regions, 

leading to a less compact and less stable structure with respect to the WT.158 

Recently Discovered Mutations  

In 2013, a fourth mutation, namely H50Q, was identified.159,160 Far-UV CD studies 

demonstrated that also the H50Q variant is a primarily unfolded protein in aqueous 

buffers.161–163 Also, Chi et al. (2014), by using heteronuclear single quantum 

coherence (HSQC) NMR observed that the chemical shifts of most residues between 

the WT and H50Q were unperturbed, although the C-terminal region of H50Q is 

more flexible than that of the WT.161 On the contrary, Ghosh et al. noticed chemical 

shift perturbations between WT αSyn and H50Q, by conducting the same 

experiments. In fact, they observed quite significant chemical shift perturbations in 

the mutation area and in the C-terminal region.164 In 2014, a fifth mutation, G51D, 

was discovered.160,165 Fares et al. performed CD experiments where the WT and 

G51D proteins exhibited the same random coil secondary structure. The 1 H, 15N-

HSQC studies confirmed the lack of a preferred conformation for both proteins, 

while the analysis of the secondary structure propensity via Cα secondary shifts 
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deviations showed no significant loss or gain of secondary structure compared to 

the WT. Furthermore, it was observed that the mutation G51D also does not 

significantly perturb transient long-range contacts between N-and C-termini.166 In 

the same year, mutation A53E was identified in a Finnish family.167 Ghosh et al. 

performed NMR studies with the WT, A53T, and A53E αSyn. Their data showed 

approximately similar spectra of the WT, A53T, and A53E with relatively narrow 

dispersions in the proton dimension for all proteins, characteristic for unfolded 

structures. The chemical shift differences, however, suggest perturbation of 

chemical shifts for residues surrounding the A53E mutation site, as already 

observed for the other mutants. Significant chemical shift changes were also 

observed for the residues at the extreme C-terminus of αSyn. In contrast to chemical 

shift perturbation data, the secondary structural propensity did not show any major 

alteration due to mutation A53E or A53T.164 

3.6. α-Synuclein, microtubules and tubulin 

The first evidence of a link between αSyn and microtubule cytoskeleton dates to the 

beginning of this millennium, when αSyn was found to co-immunoprecipitate with 

α- and β-tubulin in zebra finch and murine forebrains.73 Even though there are some 

research groups that have tried to investigate in detail this finding168, there is still 

not enough information in order to produce a valid conclusion. 

 The key features regarding the MT organization and homeostasis in neurons are 

polarity, stability, and interaction with specific MAPs that make MTs unique for 

achieving the extraordinary morphological, mechanical, and functional complexity 

of the neuron. In addition, the stability of MTs marks out neuronal compartments 

as stabilized and dynamic MTs are differentially present in axons, dendrites, and 

synapses where they both shape MT arrays and control MT dependent 

functions.4,169 Pivotal role for regulation of MT polarity, stability, and their 
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dependent intraneuronal processes are both post-translational modifications of 

tubulin and the activity of a plethora of microtubule-associated proteins.170 In this 

context, understanding which is the role of αSyn as a partner of tubulin and how it 

impacts on neuronal microtubules is challenging. 

3.6.1. 1 α-Synuclein and tubulin: a controversial interaction 

Various investigators have detected an interaction of αSyn with tubulin171,172, but 

the effects reported on tubulin polymerization are conflicting, with others reporting 

enhanced173,174, and others reduced172,175tubulin polymerization as a result of αSyn 

overexpression. 

The idea of possibly direct interaction between αSyn and tubulin/microtubules in 

neurons was first suggested by Payton et al.73, and then developed thanks to the 

work of other teams. The connection between αSyn and different isoforms of 

tubulins was additionally supported by quantitative proteomics in rat MES cells.176 

More experimental evidence coming from mouse and rat nervous system177,178and 

in post-mortem human brain.177 In detail, αSyn co-localizes and is in close proximity 

to α-tubulin in murine and human brain as revealed by confocal and electron 

microscopy analysis.177 Next, focusing on MTs, αSyn binding to in vitro assembled 

MTs has been revealed.178 However, although the above-described evidence 

strongly suggests the direct interaction of αSyn with tubulin, further data are 

required to consolidate the hypothesis that αSyn is a true MAP, namely a protein 

able to bind tubulin or MTs and regulate their behaviour. Certainly, at least the direct 

binding between αSyn and β-III tubulin has been demonstrated in vitro using two 

human proteins purified from E. coli, thus suggesting that indirect binding, from 

other proteins, could be excluded.179 However, it is important to consider that 

proteins purified from E. coli are completely undressed from all those post 
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translational modifications which are known to exert a fundamental role in the 

regulation of tubulin functions and interactions. 170 

For solving the open question and get an insight into the molecular basis of the 

potential direct interaction between αSyn and tubulin, it is crucial to further 

investigate such interaction with the aid of advanced analytical approaches and 

tubulin purified by mammalian cells or organs. With this knowledge, the formation 

of a complex between αSyn and soluble tubulin has been demonstrated by native 

mass spectrometer/nano-electrospray ionization and NMR diffusion measurements 

approaches75, and by surface plasmon resonance.178 On the other hand, crystal 

structures of the αSyn-tubulin complex have yet to be acquired due to the 

intrinsically unstructured nature of αSyn that makes the formation of a stable 

complex highly improbable. From the available literature, different groups propose 

distinct regions of αSyn to be involved in its interaction with tubulin/MTs mainly N-

terminal region75, NAC region172, or C-terminal region173. Vast differences in 

proposed regions of interest suggest that the αSyn α-synuclein sequence could be 

involved in such interactions.  

Trying to dissect whether and how αSyn interplay with tubulin/MTs contributes to 

neuronal dysfunction and, ultimately, to neurodegeneration, two major issues must 

be assessed: the maintenance/loss of their interaction, both direct and mediated 

by common partners, and the impact on microtubule system behaviour and related 

function.  

The first hypothesis could be that that alteration of the interaction between αSyn 

and tubulin could be directly linked to a pathogenic process. In vitro data obtained 

through different approaches indicate that mutations related to Parkinson’s disease 

compromise the ability of αSyn to interact with tubulin/MTs. In fact, A30P and E46K 

mutations completely suppressed the binding affinity of the protein to tubulin, as 
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well as affecting microtubule assembly.178 Also, A30P, A46K, and A53T αSyn variants 

exhibit changes in folding as they do not undergo tubulin-induced folding.75 

Furthermore, we pointed out that all the suggested putative microtubule binding 

domains on αSyn overlap with regions that are involved in its self-aggregation168 

being located as previously mentioned, in the central region able to acquire β-sheet 

structures75,172, or located in the C terminal region.173 Interestingly, C-terminal 

region seems to interact with the N-terminal region of αSyn in order to protect the 

aggregation-prone NAC domain, relevant towards the formation of compact 

aggregation-resistant monomeric structures.180,181 On the basis that αSyn binding 

to MTs leads to acquisition of α-helices structures in physiological condition75 and 

considering the high structural flexibility of αSyn and its predisposition to aggregate 

when the NAC domain is available, its proper interaction with its physiological 

partners, and therefore also with tubulins, can be required to avoid αSyn fold 

rearrangements that lead to self-aggregation. A second branch of evidence stems 

from studies on Tubulin Polymerization Promoting Protein (TPPP/p25), a brain-

specific protein involved in the regulation of dynamics and stability of the MT 

system and capable of inducing MT bundling.182 Pathologically, TPPP/p25α binds 

αSyn at its C-terminus region and forms αSyn oligomers/aggregates in neurons and 

oligodendrocytes in Parkinson’s disease and multiple system atrophy, 

respectively.183 The physiological role, if any, resulting from the interaction of 

TPPP/p25α with αSyn is still unknown as this complex has been detected exclusively 

at pathological conditions where defects in regulating MTs are also observed. Thus, 

the role played by TPPP/p25α could be attributable to it being a common partner 

for both αSyn and MTs. A third branch of evidence links the interplay between αSyn 

and tubulin with neurodegeneration. This has been suggested following studies on 

neuronal functions that rely on a healthy microtubule system. The physiological 

outcome of the αSyn interplay with tubulin/MTs includes the regulation of 



47 

microtubule behaviour in terms of assembly kinetics and dynamics, as well as axonal 

transport. 

3.6.1.2. Impact on microtubule dynamics 
Right from the beginning, it has been demonstrated that αSyn influences tubulin 

assembly kinetics both promoting171,173,178 and inhibiting microtubule formation.172 

Subsequently, a more detailed view of such behaviour suggests that αSyn i) acts as 

a dynamase, due to its ability to regulate both MT nucleation and catastrophe in cell 

free systems; ii) increases MT growth rate in cells; and iii) colocalizes with 

tyrosinated α-tubulin, which is associated with the most dynamic MTs, in human 

neurons derived from embryonic stem cells expressing endogenous levels of αSyn 

itself.75 Moving to the context of synucleinopathies, the interference of αSyn with 

tubulin assembly kinetics and dynamics has the potential to be a key player in the 

pathogenesis. MT assembly is reduced by A30P, A53T or E46K variants when 

compared to wild-type protein in cell free systems,173,178 and in cells.184 
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4. Results and Discussion 

The main goal of this work was to obtain insight into the questionable interaction 

between αSyn and tubulin/microtubules. Hence, a number of peptides, that were 

native and mutated sequences of αSyn, were synthesized and were used as 

molecular ‘tools’ for the conduction of in vitro experiments. The secondary 

structure of the peptides was characterized in order to have a better idea of their 

possible activities during the in vitro experiments. Microscale Thermophoresis 

(MST) and the tubulin polymerization assay were employed using these peptides, 

in conditions which were approximate to the physiological ones. Finally, a library of 

conformationally stable peptides was synthesized to obtain α-helically stable 

peptides. 

4.1 Microwave-assisted Peptide Synthesis of αSyn domains 

αSyn displays striking structural and functional similarities with the tubulin-

interacting protein stathmin. Both of them are intrinsically disordered proteins of 

about 14-15 kDa, capable of adopting α-helix conformation upon interaction with 

binding partners.185,186 Furthermore, αSyn, stathmin and RB3-SLD, interact all with 

the tubulin α2β2 tetramer and promote MT catastrophes. Thus, we got inspired by 

the exploration of sequence similarities between αSyn and the members of the 

stathmin family to identify putative MTs binding domains that Cartelli et al. 

performed.75 Pairwise alignment of WT-αSyn to stathmin showed about 20% 

identical residues and over 50% conservative substitutions. Two possible tubulin-

interacting domains have been proposed for αSyn but the pathological point 

mutations, which impair the tubulin binding, are outside the suggested 

regions.172,173 Therefore, searching for a tubulin-related physiological relevance for 

the region including the mutations, we decided to align two 21-residue stretches 

surrounding the residues 30 or 53 in the αSyn polypeptide chain. Interestingly, the 

fragment centered around αSyn residue 53, in which four of the five PD-linked point 
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mutations are clustered187, aligned to one of the functionally relevant regions of the 

stathmin family (Figure 6, blue lines), namely the tubulin-binding domains.188

 

This region displays multiple invariant residues (Figure 6 asterisks), including the 

sites of the αSyn pathological mutations A53T and E46K (Figure 6, red arrows), 

besides several other conservative or semi-conservative substitutions (Figure 6, 

colons and dots, respectively). As the two domains reported in Figure 6, showed 

good conservation, they were anchored and aligned the other stretches of αSyn to 

the remaining regions of the stathmin-family. These regions display a very poor 

conservation and, thus, this result reinforces the idea that the region around the 

pathological mutations might be important for binding to tubulin and that its point 

mutations likely compromise αSyn/tubulin interaction. αSyn and stathmin share 

physicochemical and functional properties, and the good alignment of the fragment 

43–63 of αSyn with a functionally relevant region of stathmins strongly indicates 

that αSyn and proteins belonging to the stathmin-family may be involved in some 

biological processes, such as the regulation of MT cytoskeleton. Therefore, we 

selected five regions in total to synthesize: 

 

  

Figure 6. αSyn displays sequence similarities with stathmin. Multiple alignment of αSyn with four members 
of stathmin family was performed by ClustalW. Blue lines delimitate the domains of stathmin family involved 
in tubulin binding. Arrows mark the sites of αSyn pathological mutations: Ala30 (green arrow), the conserved 
Glu46 and Ala53 (red arrows), His50 and Gly51 (blue arrows). Asterisks mark invariant positions, while dots 
and colons highlight semi-conservative and conservative substitutions, respectively. 
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Region Sequence 

WT1 22TKQGVAEAAGKTKEGVLYV42 

WT2 43KTKEGVVHGVATVAEKTKEQV63 

NAC 60KEQVTNVGGAVVTGVTAVAQKTVEGAGSI88 

C1 96KKDQLGK102 

C2 131EGYQDYEPEA140 

 

In order to define the length of these sequences, we got inspired by the recent work 

of Cartelli et al.189 

All the peptides synthesized can be observed in Table 4. 

 

 

 

 

Figure 7. αSyn amino acid sequence.  

Table 3. αSyn regions selected to by synthesized. 
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Name of peptide Sequence Mass Purity 

WT1(22-40) TKQGVAEAAGKTKEGVLYV 28 mg 98% 

Scrambled WT1(22-40) AYKEVTVKVLGEAGAKQGT 30.7 mg 98% 

A30P TKQGVAEAPGKTKEGVLYV 30 mg 99% 

Scrambled A30P VLKETEKQAYVTGVPGAKG 10.2 mg 98% 

WT2 (43-63) KTKEGVVHGVATVAEKTKEQV 18 mg 91% 

Scrambled WT2(43-63) TQTVKKAAEVVEKVVTHKGEG 8 mg 98% 

A53T KTKEGVVHGVTTVAEKTKEQV 10 mg 92% 

Scrambled A53T VTTKVKQKKVETEVGAGHEVT 7 mg 90% 

E46K KTKKGVVHGVATVAEKTKEQV 3 mg 99% 

Scrambled E46K AKTKEKVKEGTGTVAVQKVHV 10 mg 99% 

H50Q KTKEGVVQGVATVAEKTKEQV 5.3 mg 95% 

Scrambled H50Q TAEVTKVGEVKKQKTQVAGVE 30.5 mg 95% 

G51D KTKEGVVHDVATVAEKTKEQV 6.5 mg 92% 

Scrambled G51D VEVEQKKQAKVVETTKAGTVG 7.3 mg 98% 

NAC (60-88) KEQVTNVGGAVVTGVTAVAQKTVEGAGSI 65 mg 90% 

Scrambled NAC (60-88) AAQNQVTSVKGVGEEVKITGGVAVAGTV 80 mg 90% 

C1 (96-102) KKDQLGK 17.3 mg 98% 

Scrambled C1(96-102) DKLKGKQ 13 mg 95% 

C2 (131-140) EGYQDYEPEA 34.3 mg 98% 

Scrambled C2 (131-140) QEEPGAYYDE 7.3 mg 95% 

In order to identify the “hot spot” of αSyn and tubulin interaction, we selected 

different domains to be synthesized by microwave assisted SPPS originating from 

the native αSyn sequence (Figure 7). 

We also decided to employ the synthesis of the scrambled version for each peptide. 

Scrambled libraries are constructed through permutation of the original peptide 

sequence. They are typically used as: 

Table 3. αSyn peptides synthesized Table 4. αSyn peptides synthesized 
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1. Negative controls to show that a specific sequence rather than the amino 

acid composition is critical for activity; or 

2. A tool for finding new leads by creating a random screening library. 

We used them as negative controls on the assays that we performed. 

All the peptides were synthesized by microwave-assisted solid phase peptide 

synthesis. 

4.1.1 A brief overview of solid phase peptide synthesis SPPS 
Bruce Merrifield developed solid phase peptide synthesis (SPPS) in 1963; this 

involves a solid support where the peptide is elongated, and excess reagents and 

by-products are removed through simple filtration after every reaction step 

(incorporating α-amino acid and deprotection).190,191 

 

Figure 8. Solid-phase peptide synthesis. A repeated cycle of deprotection/coupling is followed. 
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SPPS involves the successive addition of protected amino acid derivatives to a 

growing peptide chain immobilized on a solid phase, including deprotection and 

washing steps to remove unreacted groups and also side products. The N-protected 

C-terminal amino-acid residue is anchored via its carboxyl group to a hydroxyl (or 

chloro) or amino resin to yield respectively an ester- or amide- linked peptide that 

will ultimately produce a C-terminal acid or a C-terminal amide peptide. After 

loading the first amino acid, the desired peptide sequence is assembled in a linear 

fashion from the C-terminus to the N-terminus (the C→N strategy) (Figure 8). Since 

its invention, SPPS has been a well-established and utilized method for convenient 

and rapid preparation of various peptides.192 Although SPPS is typically used to 

synthesize peptides of approximately 30 amino acids in length, the peptide yield 

gradually decreases with repeated condensation reactions. As a result, the synthesis 

of longer peptides by SPPS is difficult. Furthermore, quite often intramolecular 

aggregations occur during the synthesis resulting in inaccessibility of the reagents 

to the reactive terminal of the elongating peptide. These problems can be only 

partially addressed with the use of more reactive coupling reagents, double 

coupling, excessive amount of reagents, and low-loading or highly distensible solid 

supports.  

Microwave irradiation was reported to have several advantages over conventional 

SPPS, including a reduction in the reaction time, improved reaction efficiency, and 

Figure 9. Liberty Blue automated synthesizer 



54 

suppression of inter- and intramolecular aggregations.193 Microwave-assisted 

peptide synthesis has, hence, become one of the most useful tools for peptide 

chemists for the synthesis of difficult, as well as routine peptide sequences. In the 

early 1990s, Yu and co-workers194 first reported the synthesis of short 

heptapeptides by using microwave-assisted SPPS in a kitchen microwave oven. At 

the conclusion of their communication letter, they envisioned that “the 

development of a convenient method for preparation of peptide fragment will be 

very useful for the synthesis of big peptides.” When exposed to microwave 

irradiation, polar molecules or ions in a liquid solution will rotate in an attempt to 

follow the electric or magnetic field. The polar molecules have time to align with 

the field but not to follow exactly the oscillating field. During the peptide synthesis 

there are many polar molecules and ions present that can rapidly be heated by 

microwave energy including polar solvents (i.e., DMF or NMP or even water), the 

peptide backbone which contains the highly polar peptide bond, the N-terminal 

amine group, bases for the coupling and deprotection reactions, polar/ionic 

activators, and cleavage acids. All of them are amenable to microwave heating, 

accelerating reaction kinetics. Furthermore, the resulting raised temperature 

disrupts on-resin chain aggregation due to intra- and interchain association and 

allows for easier access to the growing end of the peptide chain, making efficient 

the synthesis of “difficult” and long peptidic sequences.195 

4.1.2 Synthetical overview of αSyn domains 
The peptide synthesis was carried out on a polymeric, swellable but insoluble 

support material (resin) of divinylbenzene cross-linked polystyrene, modified with 

Fmoc-Rink amide aminomethyl for the anchoring of the first amino acid (Fmoc-Rink 

amide AM resin, 100-200 mesh, 0.7 mmol/g) was used. 

The automated synthesis was carried out using the Liberty BlueTM Automated 

Microwave Peptide Synthesizer (CEM) according to the Fmoc/tBu strategy. All amino 
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acids (aa) were N-terminally Fmoc-protected, while the side chains of trifunctional 

aa were protected with orthogonal, acid labile groups. Even with the auxilium of the 

microwaves, we faced some difficulties with the synthesis, in particular for N-

terminal peptides. The coupling of all the amino acids that are part of the 

amphipathic repeated motif of αSyn KTKEQV was quite challenging. A double 

coupling cycle was equipped to certify the adequate coupling of Val to Gln, Gln to 

Glu, Glu to Lys, Lys to Thr and Thr to Lys (Figure 9). However, even after following 

this strategy, at least one deletion was present at all crudes synthesized. Hence, for 

peptides WT2, H50Q, G51D, E46K and A53T a very efficient purification method had 

to be employed.  

We first analysed via HPLC the crude peptides to obtain the initial % purity. The 

initial purities for peptides WT2, E46K, H50Q, G51D and A53T can be seen in  

Table 5. 

Name Sequence Gradient Crude purity 

WT2 KTKEGVVHGVATVAEKTKEQV 15-85% solvent B 45% 

E46K KTKKGVVHGVATVAEKTKEQV 15-85% solvent B 40% 

A53T KTKEGVVHGVTTVAEKTKEQV 15-85% solvent B 50% 

H50Q KTKEGVVQGVATVAEKTKEQV 15-85% solvent B 55% 

G51D KTKEGVVHDVATVAEKTKEQV 15-85% solvent B 35% 

Consequently, we run various trials of aliquots of the peptides in different eluents 

to verify which one is the most effective for the most efficient separation of the 

peaks. The crude peptides have a medium to good water solubility, so the starting 

gradient was always 15% ACN. We, then, tried four different methods that can be 

observed in Table 6: 

 

Table 5. Purities of crude peptides WT2, E46K, A53T, H50Q and G51D from analytical chromatograms. 
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Eluents Duration Flow rate 

15-80% solvent B 30 minutes 10mL/min 

15-70% solvent B 30 minutes 10mL/min 

15-60% solvent B 30 minutes 10mL/min 

15-50% solvent B 30 minutes 10mL/min 

Finally, the best separation of the peaks, to obtain the pure peptide with a purity of 

90%, was the fourth method, which was also employed for their final purification. 

In the case of the NAC peptide that is quite hydrophobic, small batches of the 

peptide, 15mg at a time, were dissolved in DMSO and the peptide was obtained 

pure after purification using a 35-75% solvent B (solvent A: water/trifluoroacetic 

acid 100: 0.1; solvent B: acetonitrile/trifluoroacetic acid 100 :0.1) over 40 min at a 

flow rate of 10 mL/min.  

 

Figure 10. Amphipathic sequence KTKEQV synthetic strategy. 

Table 6. Different purification methods tried to obtain the pure peptides. The eluents were composed as solvent 
A: water/trifluoroacetic acid 100: 0.1 and solvent B: acetonitrile/trifluoroacetic acid 100 :0.1.  
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4.2 Conformational characterization of α-Synuclein domains 

The fundamental structural features of αSyn have not yet been elucidated. The main 

hurdle to thoroughly understanding its behaviour is its intrinsically disordered 

nature and high susceptibility to the environment. αSyn, indeed, tends to acquire 

diverse transient and dynamic conformations depending on the presence of 

different biological and physico-chemical factors. As a consequence, we decided to 

analyse the synthesized domains in solution using circular dichroism and on solid 

state by ATR FT-IR.  

4.2.1. Circular Dichroism experiments 

Circular dichroism (CD) spectroscopy is a powerful method in structural biology that 

has been used to examine proteins, polypeptides, and peptide structures since the 

1960s. CD signals only arise where absorption of radiation occurs, and thus spectral 

bands are easily assigned to distinct structural features of a molecule. An advantage 

of the CD technique in studies of proteins is that complementary structural 

information can be obtained from a number of spectral regions. In proteins, the 

chromophores of interest include the peptide bond (absorption below 240 nm), 

aromatic amino acid side chains (absorption in the range 260 to 320 nm) and 

disulphide bonds (weak broad absorption bands centred around 260 nm). When the 

chromophores of the amides of the polypeptide backbone of proteins are aligned 

in arrays, their optical transitions are shifted or split into multiple transitions as a 

result of ‘exciton’ interactions. The result is that different structural elements have 

characteristic CD spectra (Figure 10 B). For example, α-helical proteins have 

negative bands at 222 nm and 208 nm and a positive band at 193 nm (R). Proteins 

with well-defined antiparallel b-pleated sheets (β-helices) have negative bands at 

218 nm and positive bands at 195 196nm, whereas disordered proteins have very 

low ellipticity above 210 nm and negative bands near 195 nm. The collagens are a 

unique class of proteins, which have three chains that wrap together in a triple helix. 
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Each strand has a conformation resembling that of poly-L-proline in an extended 

helical conformation in which all of the bonds are trans to each other (poly-L-proline 

II). Charged polypeptides, such as poly-L-glutamate or poly-L-lysine at neutral pH 

(originally thought to be in random coil conformation), have a similar extended poly-

L-proline II-like conformation. The spectra of some representative proteins, with 

widely varying conformations, are shown in Figure 11 B.  

Consequently, analyses have been developed to deconvolute the various 

contributions arising from the different types of secondary structures present in a 

single molecule, thereby providing information on the overall structure of that 

protein. 

 

Figure 11. Sample is analysed using circularly polarized light (A). Light interacts with peptide bond and is 
refracted based on associated structure (B) Typical CD graphs for α-helix, antiparallel β-sheet, extended, 
collagen (triple helix) and collagen (denatured). 
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Results from CD thermal experiments are usually presented by plotting the molar 

or the mean residue ellipticities at corresponding wavelengths versus the 

temperature. 

The CD experiments on αSyn domains were performed in four different conditions: 

a) In 100% Trifluoroethanol 

b) In 100% NaH2PO4 - Na2HPO4 buffer at pH=7 

c) In 100% MES Buffer at pH=6 

d) In 100% NaH2PO4 -Na2HPO4 buffer at pH=8.  

 

A variety of conditions was chosen in order to ascertain the effect of the 

environment and of the pH on αSyn conformation.  For most of the peptides, in

Figure 12. CD data from all αSyn peptides in various pH conditions. A) All peptides at C=100 μM in 
100% TFE. B) All peptides at C=100 μM in NaH2PO4 - Na2HPO4 buffer at pH=7. C) All peptides at C=100 
μM in MES Buffer at pH=6. D) All peptides at C=100 μM in NaH2PO4 -Na2HPO4 buffer at pH=8. 
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various pH conditions, no preferred structure could be observed but when the 

peptides were measured in trifluoroethanol, a very intense alpha helical 

tendency was present (Figure 12). Analyses have been developed to 

deconvolute the various contributions arising from the different types of 

secondary structures present in a single molecule, thereby providing 

information on the overall structure of the peptide. The analyses were 

performed on the Dichroweb website using the CONTIN algorithm197 for 

peptides in 100% TFE and 100% in NaH2PO4 -Na2HPO4 buffer at pH=7. The 

results of these analyses can be observed in Table 6 and 7. 

Table 6. Percentages of secondary structure for each peptide at a concentration of 100 μM and in  
100% TFE calculated on Dichroweb with the CONTIN algorithm. 

y. 
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4.2.2. Effects of the point mutations on the WT sequences in 100% TFE 

αSyn is, as mentioned earlier, involved in PD, not only as the main component of 

Lewy bodies, but because of its several mutations observed in PD patients. It is well 

known that mutations can change the phenotype, having several effects on the 

structure of a protein. Understanding which are the effects of the point mutations 

on the secondary structure of αSyn are important for various reasons. The mutants 

A30P, E46K, H50Q, G51D, and A53T are considered some of the most potent of 

known mutations leading to PD and all of them are located in N-terminal domain of 

αSyn (Figure 13). Interestingly, despite all of these single amino acid changes leading 

to an early onset of PD, each provides very different effects on the αSyn aggregation 

rate and the oligomers that become populated. All mutations must therefore lead 

to either an increase in the aggregation rate, or a change in the oligomeric state or 

conformation that is populated upon aggregation, as well as a decrease in the 

normal tetramer: monomer ratios that facilitates these changes. Hence, the 

importance of the consolidation of how the structure and function of αSyn are 

influenced by these mutations is straightforward. 

Table 7. Percentages of secondary structure for each peptide at a concentration of 100 uM and in 100% NaH2PO4 
- Na2HPO4 buffer at pH=7 calculated on Dichroweb with the CONTIN algorithm. 
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Having studied how much the secondary structure of the WT and PD-linked 

mutations is affected by different buffers, we then decided to investigate whether 

the mutated sequences having just one amino acid substituted would maintain their 

conformation or not. We could observe that in 100% TFE the A30P mutant in 

comparison to WT1 undergoes a transition, that according to our calculations 

equals to a total of 6,3% loss of α-helical conformation and an 8,3% increase of 

random coil conformation. 

 

 

 

Figure 13. αSyn structure. Most of PD-linked mutants are located in the N-terminal. 
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Figure 14. CD data from WT1 and A30P at a concentration of C=100 μM in 100% TFE (above) and CD data from 
WT2, A53T, E46K, H50Q and G51D at a concentration of C=100 μM in 100% TFE (bottom).  
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As for WT2 and the mutated sequences A53T, E46K, H50Q and G51D the results 

can be seen in Table 8. 

 

We conducted the calculation of the percentages of secondary structure for each 

peptide at a concentration of 100 μM and in 100% TFE calculated on Dichroweb 

with the CONTIN algorithm197 and therefore we obtained insight into the various 

differences regarding secondary structure due to the mutations. The general trend 

is the increase in anti-parallel β-sheet content and the loss of random coil content.  

4.2.3. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-

FTIR) spectroscopy of αSyn peptides 

A large number of studies that included theoretical calculations and spectral 

methods have found that amides have some resonance structures,4 for example, 

the form of enol. The absorption spectrum bands of amide infrared radiation (IR), 

amide I (1600−1800 cm−1), amide II (1470−1570 cm−1), amide III (1250−1350 cm−1), 

and amide A (3300−3500 cm−1), are peaks of infrared characterization of amide. A 

protein peptide bond is an amide group. The amide A band (about 3500 cm-1) and 

Mutation 3-10helix α-helix anti-
parallel 
β-sheet 

parallel 
β-sheet 

β-turn random 

WT2→A53T 19,6% 
increase 

11,7% 
increase 

0% 2,2% loss 3,9% loss 25,3% loss 

WT2→E46K 6% loss 1,7% loss 15,4% 
increase 

0,6% 
increase 

8,2% 
increase 

2,2% loss 

WT2→H50Q 0,9% 
increase 

6,9% loss 20% 
increase 

0,9% loss 9,5% 
increase 

22,8% loss 

WT2→G51D 5% loss 10% loss 38,4% 
increase 

1% increase 10,5% 
increase 

39% loss 

Table 8. Percentual transition of secondary structure for mutants A53T, E46K, H50Q and G51D compared to 
WT2 at a concentration of 100 μM and in 100% TFE calculated from data obtained on Dichroweb with the 
CONTIN algorithm. 

 



65 

amide B (about 3100 cm-1) originate from a Fermi resonance between the first 

overtone of amide II and the N-H stretching vibration. Amide I and amide II bands 

are two major bands of the protein infrared spectrum. The amide I band (between 

1600 and 1700 cm-1) is mainly associated with the C=O stretching vibration (70-85%)  

and is directly related to the backbone conformation. Amide II results from the N-H 

bending vibration (40-60%) and from the C-N stretching vibration (18-40%). This 

band is conformationally sensitive. Amides III and IV are very complex bands 

resulting from a mixture of several coordinate displacements. The out-of-plane 

motions are found in amide V, VI and VIII. A protein structure is determined by using 

amide I, II, III, and A IR absorption peaks (Figure 16). 198 IR spectroscopy remains 

extremely useful as a tool to assess the structure of the large majority of the 

proteins that cannot be studied by X-ray crystallography and NMR. 

 

 

 

Figure 15. A IR typical graph that plot % Transmittance and wavenumber B The instrument where 
few mg of the product is placed. 
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Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is 

one of the most powerful methods for recording IR spectra of biological materials 

in general, and for biological membranes in particular.  Nowadays, the ATR-FTIR 

measurement is extremely convenient and easy as the sample is placed onto the 

ATR crystal and pressed down using the swivel press to ensure optimal contact 

between the sample and the crystal (Figure 9 B). After the measurement, the 

sample can then be recollected, ideal for peptides synthesized with low yields. The 

software on the computer plots the % Transmittance and the wavelength (Figure 9 

A).199  

ATR-FTIR spectroscopy is increasingly becoming an important method to determine 

the secondary structure of peptides and proteins. Among the spectral regions 

arising out of coupled and uncoupled stretching and bending modes of amide 

bonds, amide I and amide III spectral bands have been found to be the most 

Figure 16. Characteristic peaks of amide I, amide II, amide III and amide A. 
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sensitive to variations in secondary structure folding. Amide I spectral region (1700–

1600 cm−1), although most commonly used primarily because of its strong signal, 

suffers from several limitations. 

To further characterize the secondary structure of the peptides, we performed the 

ATR-FTIR analysis on the solid state. In Table 9, the most common secondary 

structures are reported along with their corresponding band assignment in water. 

Secondary structure Band Assignment in H2O 

α-helix 1648-1654cm-1 

β-sheet 

(high frequency component) 

1623-1641cm-1 

1674-1695cm-1 

Random 1642-1657cm-1 

Coils 1662-1686cm-1 

 

All the peptides revealed the typical bands of the amide bond (see Sup) and, the 

deconvolution of the amide I band highlighted that they adopt a mixture of 

conformations. In Table 10, we have reported the different conformations found 

after the deconvolution and their percentages for each peptide.  

Table 10. Percentages of secondary structure for each peptide at the solid state calculated with OriginPro. 

 

Table 9. Band assignments in water for secondary structures of proteins/peptides. 
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Hence, we compared these results with CD data to have a more complete idea of 

the secondary structure of the peptides. All of the peptides with a concentration of 

C=100 μM and in 100% NaH2PO4 - Na2HPO4 buffer at pH=7, adopted basically a 

random coil structure, which means they were unstructured. Diversly, in the solid 

state that the ATR-FTIR was conducted, from our deconvolution calculations, it can 

be deduced that they are a mix of conformations with a prevalence of the β-sheet 

structure in most of them. The two C-terminal peptides were an exception to this 

trend, mainly because of their short length and as it can be seen in Table 6, they 

were either α-helical or unstructured. 

Finally, after having conducted a thorough characterization of the αSyn peptides’ 

secondary structure using CD and AFT-IR, we could observe their disordered nature, 

being sequences that derive from αSyn, which is known as being an intrinsically 

disordered protein. In 100% TFE, the peptides showed a variability of 

conformations, which also included a good percentage of α-helical portion. When 

measured in 100% NaH2PO4 - Na2HPO4 buffer at pH=7, they all presented a 

complete loss of their α-helical tendency and were shown to obtain a mixture of β-

sheet richer structures and random coil conformation. The increase in β-sheet 

content is also understandable because αSyn is an aggregation-prone protein. On 

the other hand, in the solid state, most of them presented high percentages of β-

sheet content. 
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5.Investigation on the effects of α-Synuclein domains on Tubulin 

polymerization and binding 

Peptides selected from 5 regions of αSyn were synthesized successfully using 

microwave-Assisted SPPS. The peptides were selected and synthesized as probes for 

studying, initially, whether there really is an interaction between them and tubulin. 

Secondly, the peptides were supposed to also provide information on the ‘hot spot’ 

of the interaction, since we hoped to receive valuable insight if one of them seemed 

to interact better. For these reasons, we chose two kinds of experiments. The first 

experiment conducted, was MicroScale Thermophoresis and it was supposed to 

provide thermodynamical information for the interaction, also measuring the 

dissociation constant KD. The second experiment was the so-called ‘Tubulin 

polymerization assay’, which is based on the fact that light is scattered by 

microtubules to an extent that is proportional to the concentration of microtubule 

polymer. The tubulin polymerization assay provided information on the kinetics on 

the tubulin. Both of these experiments were conducted with the full-length αSyn 

and the mutants available in our collaborator’s laboratory (Prof. Graziella Cappelletti 

laboratory in Biosciences, Unimi) and the peptides.  

5.1 MicroScale Thermophoresis  

Microscale thermophoresis is an immobilization-free technique for quantifying 

biomolecular interactions.200 It measures the movement of molecules within a 

temperature gradient which induces changes in molecular properties of the studied 

molecules in terms of charge, size, hydration shell or conformation.201 The MST 

technique is based on the directional movement of molecules along a temperature 

gradient. From a theoretical point of view, the directed movement of particles was 

originally described in 1856.202 Thermophoresis equations and mathematical 

background have been previously described in princeps publications. 201,203From a 

practical point of view, the MST instrument records fluorescence of the sample with 
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a focal infrared (IR) laser during and after the laser is turned on. Since the 

phenomenon of thermophoresis is diffusion limited, measurements are made 

within 30 s. The fluorescence traces contain different information on the binding 

event. The initial fluorescence has to be constant for every sample. Turning the IR-

laser on results in a change in fluorescence intensity, called T-jump. This event 

relates to the temperature-dependent variation of fluorescence. The motion 

induces a concentration gradient of the fluorescent molecules. In the end, 

fluorescence intensity reaches a steady state where thermal diffusion is countered 

by mass diffusion.201 When the laser is turned off, back diffusion occurs, led by mass 

diffusion.201 Affinity is quantified by monitoring the change in normalized 

fluorescence called Fnorm as a function of the concentration of the binding partner. 

201 The KD model used by MST describes a 1:1 stoichiometry interaction according 

to the law of mass action and allows to derive a formula for the fraction bound in 

case of a binding event.201 The fraction bound is defined by the Kd and the 

concentration of the target molecule and depends on the ligand concentration.203 

The technique is extremely sensitive to any change in molecular properties, allowing 

precise analysis of binding events within a few microliters of solution for almost any 

molecule, such as protein-binding small molecules or ligands binding to liposomes 

or enzyme substrates. Since MST is a solution-based method, it avoids surface 

artifacts and immobilization protocols. MST is not restricted by the molecular 

weight ratio of partners involved in the binding like DLS and does not require a size 

change like SPR.204 Besides the phenomenon of thermophoresis, the shape of the 

MST response is also influenced by the temperature-related intensity change 

(TRIC).204TRIC is detected just after the IR laser is turned on, whereas 

thermophoresis is most noticeable at the later stage of signal collection. 
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MST relies on the two effects, which are closely linked together.205 An illustration of 

the technology is presented in Figure 17. 

 

 

MST was performed to measure the binding affinity between tubulin and αSyn and 

the mutated isoforms A53T and E46K. Tubulin was labelled with Red-NHS second 

generation kit at the lysines and during the assay it was used at a final concentration 

of 50nM. Lyophilized αSyn was resuspended using MST buffer and was used in the 

assay in serial dilutions, starting from 242 μM up to 15.6 μM. Higher concentration 

of αSyn weren’t tested since it could lead to aggregation of both proteins. The 

parameters of the experiment can be observed in Table 11. 

 

Figure 17.  A. Schematic representation of the optical system. Fluorescent molecules in the 16 
capillaries are excited and the fluorescence detected by the same objective. An IR laser heats up 
locally, and thermophoresis of the fluorescent molecules across the temperature gradient is 
detected. B. The intensity of fluorescence changes due to the movement of molecules away from the 
heated area differs when the ligand is bound. A binding curve can be established from difference of 
thermophoresis between the fluorescent molecules of both unbound and bound states against the 
ligand concentration. Binding constants Kd can be derived from binding curves. Graphs are 
represented as fraction bound against ligand concentration. Data represent three independent 
experiments and were fitted to a Kd binding model assuming a 1:1 binding stoichiometry. 



72 

 

 

Protein Buffer Concentration 

Tubulin MST 50nM 

WT-αSyn MST 242 μM up to 15.6 μM 

E46K MST 242 μM up to 15.6 μM 

A53T MST 242 μM up to 15.6 μM 

αSyn WT kD was found to be 20 μM, A53T instead was observed to increase the 

affinity for tubulin, and the E46K reduced the affinity. A30P showed no affinity at all 

(not shown here). 

 

 

 

 

 

 

 

 

MST was also performed with peptides using a different approach to evaluate the 

possibility of later conducting the experiment with serial dilutions mainly because 

of the small molecular weight of the peptides compared to that of the long proteins. 

 In this experiment, peptides were dissolved using MST buffer at a final 

concentration equal to 500 μM during the assay. The assay conducted to investigate 

Graph 1.  Binding of WT αsyn, E46K and A53T against tubulin using MST. Binding of all three proteins to 
labelled tubulin resulted in a clear response in fluorescence signal, dependent on the concentration of the 
αSyn proteins. Graphs are represented as ΔFnorm [‰] against ligand concentration. Data represent three 
independent experiments and were fitted to a Kd binding model assuming a 1:1 binding stoichiometry. 

TUB_αSyn WT Kd = 2.016 E
-05 

TUB_αSyn E46K Kd = 1.938 E
-04

  

TUB_αSyn A53T Kd = 4.179 E
-06

  

Table 11.  MST experiment performed with tubulin and WT αSyn, E46K and A53T with specific concentrations all 
in MST buffer. 
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whether there in an interaction between tubulin and the αSyn peptides was 

conducted on the ‘Screening Mode’ which allowed us to have a rough idea of 

whether there is not an interaction. If there was an interaction, we would then also 

conduct the ‘Binding Affinity’ experiment. The procedure of an Binding Affinity 

experiment can be observed in Figure 18. 

 

 

 

Figure 18.  A schematic overview how to prepare a MST-Experiment. 
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Unfortunately, from our experiments we did not detect an interaction between 

tubulin and the peptides. However, we did face a number of difficulties during the 

experiment. 

 

Tubulin is a quite difficult protein to work with, as after only a few hours in any buffer 

that doesn’t contain Mg+2 it tends to aggregate. Its aggregation then caused a 

phenomenon known as ‘Aggregation-Caused Quenching’, which practically means 

that tubulin was not fluorescent anymore, and hence, we were not able to use it 

anymore for the experiment. In addition, some of the αSyn peptides, in the 

concentration that we wanted to use them during the assay, tended to aggregate, 

as can also be seen in graph 2. However, the peptides compared to tubulin are quite 

smaller in molecular weight and this could also have influenced the fact that we did 

not see any binding. 

Finally, taking into consideration all the difficulties faced during these experiments 

and the results we had for the peptides we concluded that MST is not an 

appropriate technique to be used in order to study the interaction of αSyn protein 

domains with tubulin. 

SYN-WT with 

Tubulin 
➢ WT1 
➢ A30P 
➢ WT2 
➢ A53T 
➢ E46K 
➢ H50Q 
➢ G51D 

NAC 

aggregated. 

➢ NAC 
➢ C1 
➢ C2 

 

Graph 2.  Graphs are represented as Relative F [‰] against time. Data represent three independent 
experiments and were fitted to a Kd binding model assuming a 1:1 binding stoichiometry. 
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Peptide Buffer Concentration 

WT1 MST 500 μM 

A30P MST 500 μM 

WT2 MST 500 μM 

A53T MST 500 μM 

E46K MST 500 μM 

H50Q MST 500 μM 

G51D MST 500 μM 

NAC MST 500 μM 

C1 MST 500 μM 

C2 MST 500 μM 

5.2 Tubulin Polymerization Assay 

The analysis of MT dynamics in cells has been elucidated thanks to in vitro studies 

on MT polymerization. Purified tubulin deriving from porcine or bovine brains, 

indeed is able to polymerize in vitro into MTs when incubated in the presence of an 

appropriate buffer containing glycerol, GTP and Mg2+.206 In such conditions, it is 

possible to follow the increase in absorbance over time of a solution in which 

tubulin is incubated at 37 °C in this kind of buffer, thus obtaining quantitative data 

regarding the kinetics of the reaction assembling MTs. These assays are particularly 

useful in order to demonstrate the effects of MT-stabilizing or de-stabilizing 

additives.207 Tubulin polymerization assay data are plotted in characteristic 

sigmoidal curves representing the different phases of in vitro MT assembly, which 

can be resumed in three main points: nucleation phase, elongation phase and a 

steady phase (Figure 19).  

Table 12.  MST experiment performed with tubulin and αSyn peptides with specific concentrations all in MST buffer. 
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The nucleation phase is a highly cooperative process, in which several 

thermodynamically unfavoured tubulin assembly intermediates have to be assessed 

in order to obtain the so called “critical nucleus”, defined as: “the first stable 

oligomer whose growth is thermodynamically more favourable than its 

disassembly”.208 In summary, the critical nucleus represents the rate limiting step of 

in vitro MT nucleation. Once a certain size, in terms of tubulin monomers, of this 

polymerization-competent nucleus is reached, the elongation phase can take place, 

since the thermodynamic barrier has been surpassed. During this phase, tubulin 

Figure 19. Tubulin polymerization can be monitored in vitro at 37 °C as absorbance increase over time (x axis) 
as an indication of MT polymer concentration in solution (y axis). The 3 main phases involved in MT 
polymerization are represented: nucleation phase (lag phase), in which a stable and polymerization-competent 
nucleus is formed by the gathering of tubulin dimers; elongation phase, in which tubulin dimers rapidly add onto 
MT ends and steady state phase (plateau), in which MT polymers are in equilibrium with a fixed critical 
concentration of tubulin dimers are represented: nucleation phase (lag phase), in which a stable and 
polymerization-competent nucleus is formed by the gathering of tubulin dimers; elongation phase, in which 
tubulin dimers rapidly add onto MT ends and steady state phase (plateau), in which MT polymers are in 
equilibrium with a fixed critical concentration of tubulin dimers.  
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monomers rapidly polymerize by consecutive addition of tubulin subunits onto MT’s 

ends. This phase continues until it is compensated by the release of monomers at 

MT ends, and, at that point, the steady state phase is reached, when the addition 

and the release of monomers at MT ends are in a sort of equilibrium.209 An 

important point at the basis of this kind of studies, is that there is a linear 

relationship between absorbance increment and MTs mass concentration. 

210Therefore, all the data coming from in vitro tubulin polymerization assays can be 

analysed in terms of kinetic parameters, representative of each of the mentioned 

phases. 

 

To study the interplay between αSyn peptides and MTs, we investigated the impact 

of αSyn peptides on tubulin polymerization. We evaluated the effects of WT1 and 

WT2, being the native sequences of αSyn, and E46K, A53T, A30P, H50Q and G51D, 

which are their Parkinson’s disease linked counterparts, on MT polymerization. To 

do this, we performed tubulin polymerization kinetics, an in vitro assay that allows 

to follow spectrophotometrically the formation of MTs from tubulin, since this 

Figure 20. Graphical representation of the three main kinetic parameters relative to tubulin polymerization. 
On the right, the parameters associated to the elongation phase (Vi) and to the absorbance plateau reached 
during tubulin polymerization (DA) are shown. On the left, the P value is shown on a logarithmic scale. 
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polymerization causes an increase in absorbance over time. To verify if the peptides 

affect tubulin polymerization, we performed tubulin kinetics in presence of tubulin 

alone (control) or in presence of tubulin together with the peptides (ratio 4:1), and 

we compared the obtained results. Importantly, before inducing MT polymerization, 

we pre-incubated each sample 10 minutes at 20 °C in the thermomixer: this is a very 

important step in order to observe the effect exerted by WT-αSyn on MT 

polymerization, since this window of time is required to allow the folding of αSyn 

and its concomitant interaction with tubulin189. After pre-incubation, kinetic tubulin 

assembly buffer containing GTP was added in order to begin MT polymerization and 

the reaction was monitored for 2 hours through a microplate reader. Then, we 

analysed in detail the three parameters that allow to better understand a-Synuclein 

effects on tubulin polymerization: i) ΔA, a parameter used to indicate MT mass 

(Figure 20), ii) Vi, a parameter describing the elongation rate of tubulin 

polymerization (Figure 20), and iii) the P value, a parameter describing the 

nucleation phase (Figure 20). 
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Figure 21. Effect of peptides WT2, A53T, WT1 and E46K on the polymerization of tubulin with tubulin on its own. 
G51D seems to have a clear effect on the polymerization. 



79 

  Tub+ 
DMSO1

% 

Tub+ 
WT1 

Tub+ 
A30P 

Tub
+W
T2 

Tub+ 
A53T 

Tub+ 
E46K 

Tub+ 
H50Q 

Tub+ 
G51D 

ΔA 0.3113 0.1678 0.197
6 

0.3
158 

0.2843 0.3138 0.2139 0.102 

Vi 
(ΔA/min) 

0.0121 0.0091 0.010
8 

0.0
115 

0.0094 0.0101 0.0038 0.0006 

P value 1.0542 1.0879 1.163
8 

1.1
239 

1.0711 1.0823 2.5029 2.4975 

From these preliminary results, we could observe that peptide WT1 was shown to 

the affect Vi parameter (Figure 21), meaning that it is able to decrease the 

elongation rate of tubulin polymerization. We found no significant changes in the P 

value (Table 13), an important parameter evaluating the nucleation rate of tubulin, 

which was shown to significantly decrease in presence of WT αSyn. 75The decrease 

in the P value indicates a boost in the nucleation phase, whereas an increase 

means a worsening in obtaining a stable and competent nucleus for beginning the 

polymerization of MTs. We observe a slight but not significant reduction of this 

parameter. While WT2, that is also native αSyn sequence, was not shown to affect 

the parameters of interest. Parkinson’s disease linked mutations were also shown 

to induce MT polymerization but to a different extent compared to control (Figure 

21). The A30P mutant was found to decrease slight the ΔA compared to control, 

but no significant data were obtained for Vi nor for P value, thus our data pointed 

towards a tendency in decreasing microtubular mass by A30P mutant (Figure 21 

and Table 13). The A53T mutant, instead, was found to not alter most kinetic 

parameters considered. The E46K mutant impacted tubulin assembly decreasing 

slight the Vi parameter. The H50Q mutant peptide seemed to affect both ΔΑ and 

Vi, thus decreasing the polymerization of tubulin. The most significant effect, 

however, was observed for G51D mutant, which decreased both ΔΑ and Vi values, 

showing a very important decrease in the polymerization of tubulin. These data 

Table 13. ΔΑ, Vi and P value calculated for peptides WT1, A30P, WT2, A53T, E46K, H50Q and G51D. 
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indicate that pathological mutations in as well as the WT form are related to 

specific effects on tubulin polymerization. Almost all αSyn peptides decrease the 

total MT mass but they have different effects on the elongation rate and on the 

nucleation of in vitro assembled MTs. Interestingly, the G51D mutant peptide has 

been shown to affect especially the Vi and ΔΑ in contrast with the other forms of 

αSyn investigated. 

 

 

5.3 In vivo studies of the αSyn peptides to study their interaction with 

tubulin. 

Based on the promising results showing that αSyn peptides G51D and H50Q 

impacts on the polymerization on tubulin, we decided to investigate the effect of 

these peptides in a human neuroblastoma cell model. 
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Figure 22 Effect of peptides WT2, A53T, WT1, H50Q and E46K on the polymerization of tubulin with tubulin on 
its own. G51D has a clear effect on the polymerization. 
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5.3.1 MW SPPS of αSyn peptides capped with carboxyfluorescein 

To study the cellular effects of the peptides, an additional modification was 

introduced at the peptides: labeling with 5(6)-carboxyfluorescein (CF) (Figure 23). 

 

 

 

 

The peptides were synthesized with good yields using MW-SPPS. The peptides 

obtained can be seen in Table 14. 

 

5.3.2 Analysis of the impact of αSyn labelled peptides on microtubule 

network in human neuroblastoma cells. 

First, viability assay was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay in undifferentiated naïve cells cultured 

for 24 h and then exposed to peptides or vehicle for 24 h. As shown in Figure 24, 

the viability of SK-N-SH cells significantly decreases upon treatment with 10 and 100 

M of peptides when compared to vehicle. Thus, we decided to investigate the 

Name of peptide Sequence Mass Purity 

WT 2-CF CF-KTKEGVVHGVATVAEKTKEQV-NH 2 5 mg 98% 

H50Q-CF CF-KTKEGVVHDVATVAEKTKEQV-NH2 6 mg 98% 

G51D-CF CF-KTKEGVVQGVATVAEKTKEQV-NH2 4 mg 99% 

Figure 23. CF structure used to label a peptide. 

Table 14. Peptides labelled with CF. 
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impact on microtubule network of peptides at the concentration of 1 M, which 

does not affect cell viability. 

 

 

 

We checked for the effect of peptides on microtubule network in terms of 

distribution and level of total α-tubulin and tyrosinated tubulin in undifferentiated 

naïve cells (Figure 25).  

The staining for total tubulin reveals that the network of microtubules changes in 

cells incubated with the peptides suggesting that their effect mimics that induced 

by overexpression of Syn. In addition, the staining for tyrosinated tubulin is 

remarkably affected by the peptides and its redistribution is evident inside the 

cytoplasm. Our results indicate these peptides as potential tools for interfering with 

the arrangement of microtubules and mimicking the effect of αSyn on microtubule 

system. 

Figure 24. The effect of wild type (WT2), H50Q and G51D peptide on cell viability by MTT assay. Naïve SKN-

SH neuroblastoma cells were treated with peptides ranging from 1 to 100 M for 24h. Data are the mean ± 
SD of triplicate measurements. ** p <0.01. 
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Figure 25. Confocal images of undifferentiated naïve SK-N-SH cells incubated with 1 M WT2, G51D, and H50Q 
peptides for 24 h. Staining for total tubulin (green), tyrosinated tubulin (red), and nuclei (blue) is shown.  

Scale bar, 10 m 
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6. Synthesis of α-Synuclein peptidomimetics 

Based on the structural analysis that we conducted for the peptides, more 

specifically from our CD experiments, we found that the WT2 sequence in aqueous 

buffer pH 7 is unstructured, so we hypothesized that probably a more stable 

conformation would help us to decipher better the interaction of the peptides with 

tubulin. Moreover, WT2 mutants, H50Q and G51D, were shown to influence the 

polymerization of tubulin. Therefore, we decided to focus on the WT2 sequence of 

the αSyn peptides synthesized and attempt to stabilize a stable conformation by 

various strategies. One of the most employed strategies to stabilize the secondary 

structures of peptides is the synthesis of stapled peptides. 

Taking into consideration numerous works published already on peptide stapling 

and a recently published review on stapling strategies78 we decided to employ a 

conventional strategy of stapling, the lactam bond formation, since our WT2 

sequence is equipped natively with lysines and glutamic acids. On the other hand, 

we thought of trying a rather forgotten stapling pattern, the glutamic acid to 

glutamic acid one, since again our sequence is rich in glutamic acids. First, we 

synthesized a shorter sequence of the WT2 from T54 to V63 on resin.  

T 54V55A56EKT59KE61QV63 

 

 

 

 

  



85 

6.1 Stapled Peptides 

 Stapled peptides primarily refer to olefin/alkene-braced peptides. More generally, 

peptide stapling refers to the concept of cross-linking either side chain to side chain 

or side chain to terminus of the anchoring amino acids, thereby forming 

preorganized stable conformations with a reduced entropic penalty. There are 3.6 

residues per turn in α-helices, or 3.613-helices, and the residues are aligned on the 

same face of the helix at positions i, i+4, i+7, and i+11 (one, two, and three turns, 

respectively). Among these positions, i, i +4 and i, i+7 are the most common stapling 

positions for crosslinking one and two helical turns, respectively; i, i+3 is also 

available in some special cases for a single turn (Figure 26). Both natural and 

nonnatural amino acids have been successfully used as anchoring residues for 

peptide stapling. One of the most established peptide stapling strategies, 

“hydrocarbon stapling”, which uses Grubbs metathesis catalysts8 to tether the side 

chains of two nonnatural amino acids in the solid phase at the i, i+4 or i, i+7 

positions, was first described by Verdine and coworkers.78 Early stapling strategies 

entailed the use of natural amino acids for side chain-to-side chain cross-linking, 

such as lactam formation between Lys and Glu/Asp residues,10 and various bis-

thioether tethers between two Cys residues.78  

 
Figure 26. Most common stapling positions. Example of i, i + 4 (A), i, i + 7 (B) and double i, i + 4 (C) stapling. 
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6.2 Lys-Glu Stapling via Lactamization 

6.2.1 A brief overview of the Lys-Asp/Glu Stapling via Lactamization 

The first peptide stapling strategy was based on the formation of a lactam bridge 

between the endogenous residues Lys (bearing an amino group) and either Asp or 

Glu (each bearing a carboxyl group). It has been shown from extended research 

work78 that Lys (7.2%), Glu (5.8%), and Asp (5.9%) have high frequency, but the 

multiple selective amine and carboxylic protection and deprotection steps in 

peptide synthesis enable the preparation of site-specific lactam cyclization and even 

multiple lactam-stapled peptides. The solid-phase cyclization approach to lactam 

stapled peptides is preferred over in-solution stapling because the target stapled 

peptides can be obtained via one-step cleavage with global deprotection followed 

by a single purification.78 For lactam formation in Fmoc/t-butyl SPPS, at least three 

commercially available amino acids paired with selective side chain protecting 

groups are available. The Lys(Alloc)/Glu (OAll)/Asp(OAll) protecting groups can be 

subjected to standard TFA cleavage or low TFA cleavage from resins with good yield, 

and the only disadvantage is that the alloc and allyl ester protecting groups must be 

removed by restrictive Pd0-catalyzed hydrolysis. 

6.2.2 Synthesis of stapled αSyn peptides using the Lys-Glu Stapling via 

Lactamization 

To begin with, we tried one stapling by substituting V55 and T59    with Fmoc-Glu 

(Oallyl)- OH and Fmoc- Lys(Alloc)- OH. 

    

 We then tried one stapling by replacing E57 and E61 with Fmoc-Glu(Oallyl)- OH and 

Fmoc- Lys(Alloc)- OH to try the formation of a lactam and also with the Glu-Glu 

stapling. T
 54
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In order to compare the stapled peptides with their linear counterparts, we also 

synthesized KPM6. 

Hence, we have synthesized the peptides summarized in Table 15.  

Name of peptide Sequence Mass Purity 

KPM1 H-TEAEKKKEQV-NH2 18mg 98% 

KPM2 H- KTKEGVVHGVATVAEKTKKQV-NH2 5 mg 98% 

KPM3 H-KTKEGEVHGKATVAEKTKEQV-NH2 10 

mg 

99% 

KPM6 H-TEAEKKKEQV-NH2 40 

mg 

98% 

KPM8 H-TVAEKTKKQV-NH2 7mg 98% 

The synthesis of KPM1, KPM2, KPM3 and KPM8 can be seen in Scheme 1.  

The overall synthesis of the stapled peptides was developed readily since 

microwave-assisted synthesis was employed. The substitution of V55 and T59 which 

are both part of the amphipathic repeated motif of αSyn, KTKEQV, which as 

reported in 4.2.1 was very difficult, decreased the synthetic difficulty. Even though, 

valine was substituted by a glutamic acid and threonine by a lysine, which both are 

quite bulky amino acids, no coupling had to be performed twice. 

The selective deprotection of the orthogonal protecting group, -allyl and -

allyloxycarbonyl was performed successfully by employing Pd(PPh3)4 and PhSiH3 in 

Table 15.  Stapled αSyn peptides synthesized 
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a palladium-catalysed reaction. Moreover, the lactam bond was formed using a 

mixture of HoBt and HBTU and DIPEA as a base overnight. After the cleavage and 

precipitation which was performed with standard protocols, the peptides were to 

be purified. 

The crude lactam peptides presented an overall mediocre initial purity (Table 16).  

Name Sequence Initial purity 

KPM1 H-TEAEKKKEQV-NH2 63% 

KPM2 H- KTKEGVVHGVATVAEKTKKQV-NH2 68% 

KPM3 H-KTKEGEVHGKATVAEKTKEQV-NH2 52% 

KPM8 H-TVAEKTKKQV-NH2 59% 

Table 16.  Initial purity of stapled αSyn peptides 

Scheme 1. Summary of the synthetical strategy of KPM1, KPM2, KPM3 and KPM8 
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6.2.3 Conformational characterization of lactam-bond containing 

peptides 

6.2.3.1 Circular Dichroism of lactam-bond containing peptides 

Once the synthesis was completed, in order to investigate if the stapling of the linear 

peptides had been successful, we conducted CD experiments.  

 

As mentioned before, analyses have been developed to deconvolute the various 

contributions arising from the different types of secondary structures present in a 

single molecule, thereby providing information on the overall structure of the 

peptide. The analyses were performed on the Dichroweb website using the CONTIN 

algorithm for peptides in 100% in NaH2PO4 -Na2HPO4 buffer at pH=7. The results of 

these analyses can be observed in Table 17. 

Figure 27. CD data from all stapled αSyn peptides at C=100 μM in NaH2PO4 - Na2HPO4 buffer at pH=7.  
A) KPM1 peptide B) KPM2 peptide C) KPM3 peptide D) KPM8 peptide 
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In order to understand how sufficient, the stapling was, we calculated the 

percentual difference of every conformation for each peptide with the results we 

obtained from the CONTIN algorithm. The results of these calculations can be 

observed in the Table 18. 

The stapling of the short WT2 sequence and the full-length WT2 sequence seemed 

to have partially worked. Indeed, peptides KPM1 and KPM3 seem to have a changed 

secondary structure compared to their linear counterparts KPM6 and WT2. For 

KPM1 there is an 30% increase in 3-10helix content and a 29% increase in α-helix 

content, which both result in a 47,6% total loss of random structure. As for KPM3, 

good results were obtained as well. An increase of 34,9% of 3-10helix content was 

observed for KPM3 compared to WT2. However, when a stapling is really successful 

Stapling 3-10helix α-helix anti-
parallel 
β-sheet 

parallel 
β-sheet 

β-turn random 

KPM6 →KPM1 30,1% 
increase 

29,1% 
increase 

22,4% 
loss 

24% 
 loss 

13,2% 
increase 

47,6% 
 loss 

KPM6 →KPM8 16,6% 
increase 

0,7% increase 1,4% 
loss 

1,2% 
 loss 

1,8% 
loss 

3,4% 
 increase 

WT2 →KPM2 5,5% 
increase 

1,4% loss 5,5% 
loss 

3,3% 
 loss 

8,3% 
loss 

2,2% 
 loss 

WT2 →KPM3 34,9% 
increase 

0,9% loss 8,3% 
loss 

2,8% 
 loss 

14,3% 
loss 

3% 
 loss 

Table 17. Percentages of secondary structure for each peptide at a concentration of 100uM and in 100% 
NaH2PO4 - Na2HPO4 buffer at pH=7 calculated on Dichroweb with the CONTIN algorithm. 

 

Table 18. Percentual transition of secondary structure for stapled peptides KPM1 and KPM8 compared to KPM6 
and KPM2 and KPM3 compared to WT2 at a concentration of 100 μM and in 100% % NaH2PO4 - Na2HPO4 buffer 
at pH=7 calculated from data obtained on Dichroweb with the CONTIN algorithm. 
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the overall yield of the change in the secondary structure should be about 60-70%. 

In conclusion, the Lys-Glu stapling via lactamization that we afforded was not totally 

successful. 

6.2.3.2 ATR-FTIR spectroscopy of lactam-bond containing peptides 

To further characterize the secondary structure of the peptides, we performed the 

ATR-FTIR analysis. All the peptides in the solid state revealed the typical bands of 

the amide bond (see attachment) and, the deconvolution of the amide I band 

highlighted that they adopt a mixture of conformations. In Table 19, we have 

reported the different conformations found after the deconvolution and their 

percentages for each peptide.  

 

6.3 αSyn stapled peptides: Glu-Glu stapling 

This part of my PhD started in Paris, during my secondment, and was interrupted 

due to health issues at the end of April 2022. Then, I took a break from the PhD 

for one month and went back to Milan where I started working in June 2022. 

During the period spent at Universitè Paris Saclay, the main focus of the work was 

to obtain a novel linker in order to attempt a stapling strategy. 

 

Table 19. Percentages of secondary structure for each peptide at the solid state calculated with OriginPro. 
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6.3.1 Glu-Glu via Lactamization or bis-Hydrazidation: a general overview 

Similar to Lys-Lys anchoring paired residues, Glu-Glu partners also served as the 

initializing residues for yielding bis-lactam staples through double amide formation. 

An early experiment was performed by Phelan and co-workers211 using Boc-SPPS, 

Ally and Fm ester-protected Glu residues were sequentially assembled at i, i+7 

position on resin, and the Fm group was then easily removed by 20% piperidine in 

DMF and amidated with an appropriate diaminoalkane. In the next cycle, Allyl 

deprotection and amide coupling afforded the resin-bound stapled peptide, which 

was released by HF cleavage and underwent HPLC purification.211 (Phelan et al 

1997) In this case, α,ω-diaminoalkane was used as the functional cross-linker to 

react with the side chain carboxylates of i, i+7 Glu-Glu residues in solid phase. The 

resulting stapled peptide showed increased helicity compared to the linear 

counterpart and thiolysine cross-linked peptide. 

6.3.2 Synthesis of the novel diaza linker 

It is clear that from recent works published on glutamic acid to glutamic acid 

stapling, a functional linker is necessary in order to unite the two carboxylates. 

Moreover, in the laboratory of Prof. Ongeri, that is the co-supervisor of the present 

work, aza amino acids are used quite often. Aza amino acids are natural amino acids 

in which the Cα is replaced by nitrogen. The introduction of one aza-amino acid in 

peptides, in order to afford the so-called aza-peptides, has shown significant success 

in providing biologically active peptides.212 They also have been demonstrated to 

induce turn conformations in peptides by spectroscopic, crystallographic, as well as 

computational studies.212  

Therefore, a diaza linker was chose to be synthesized and the overall synthesis can 

be observed in Scheme 2.  
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To obtain final compound KPM14, we started with the synthesis of KPM5 by 

protecting with the -alloc group tert-butyl carbazate using 1.1 eq of allyl 

chloroformate and 1.2 eq of dry pyridine in dry DCM. Then, to obtain KPM7 we 

cleaved the tert-butoxycarbonyl protecting group using 10 eq of 4.0 M HCl in 

dioxane. After, for the synthesis of KPM11 we activated tert-butyl carbazate using 

1.1 eq of nitrophenyl chloroformate and 3 eq of dry pyridine in dry DCM. Later, for 

product KPM12 we performed the coupling between KPM7 and KPM11 using 1 eq 

of DMAP in dry DCM. Finally, we afforded compound KPM14 by cleaving the tert-

butoxycarbonyl group using 10 eq of 4.0 M HCl in dioxane. 

The next step was to couple KPM14 with the Fmoc- Glu- OtBu (Scheme 3) in order 

to obtain our modified amino acid to attach on resin and test the new coupling 

strategy. We attempted various couplings using different coupling reagents that are 

summarized in Table 20. We obtained the best results by using HCTU and DIPEA.  

Scheme 2. Overall synthesis to afford final diaza linker. 
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Reagents Procedure Equivalents Yield 

HCTU 

HoBt 

DIPEA 

Left overnight in DCM with the 

addition of 0.25 eq next morning 

1.1 

1.1 

3 

31% 

HCTU 

HoBt 

DIPEA 

Left over weekend in DCM 1.1 

1.1 

3 

25% 

DEPBT 

DIPEA 

Left for 5h 1.2 

2 

25% 

COMU 

Oxyma  

DIPEA 

Left overnight in DCM 1.1 

1.1 

3 

29% 

EDC 

Oxyma 

Collidine 

Left overnight in DCM 1.2 

1.2 

5 

24% 

BTC 

DIPEA 

Left for 5 h 0.4 

2 

29% 

 

Table 20 Coupling reaction attempts of Fmoc-Glu-OtBu with the Alloc-NH-NH-CO-NH-NH2 moiety 

 

Scheme 3. Coupling reaction of Fmoc-Glu-OtBu with the Alloc-NH-NH-CO-NH-NH2 moiety 
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After obtaining the Fmoc-Glu (CONH-NH-CO-NH-NH-Alloc)-OtBu we performed the 

final reaction which was the deprotection of the tertbutyl group from the carboxylic 

acid. The reaction can be seen in the Scheme 4.  

 

6.2.3 Synthesis of stapled αSyn peptide using the Glu-Glu Stapling - 

KPM30 

As soon as compound KPM16 was successfully purified, it was coupled on resin in 

the correct position. 

The synthetical strategy that was decided can be in Scheme 5.  

 

Scheme 4. Deprotection reaction of Fmoc-Glu(CONH-NH-CO-NH-NH-Alloc)-OtBu using TFA. 

 

Scheme 5. Synthetical strategy of stapled peptide KPM30 containing the Fmoc-Glu (CONH-NH-CO-NH-NH-
Alloc)-OH 
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First, we performed the manual SPPS of KPM30 by coupling the first two amino acids 

of the sequence. Then, the coupling of the Fmoc-Glu(CONH-NH-CO-NH-NH-Alloc)-

OH with glutamine was attempted. A mini cleavage was performed to assess the 

coupling. Via LC-MS, we could detect a very small percentage of the amino acid 

coupled. Various couplings were attempted later but our final conclusion was that 

our linker is probably cleaved during the mini cleavage since we have to use a high 

percentage of TFA. 

For future experiments, different cleaving conditions could be employed, such as 

cleavage cocktails containing a minimum quantity of TFA. 

 

 

Chapter II 

7. Tau protein 

7.1. Structure of Normal Brain Tau 
A single gene, MAPT, which lies on human chromosome 17, encodes Tau. The 

microtubule-associated protein Tau is held inside the axons of the nerve cells that 

bind tubulin and help in its polymerization and adjustment into microtubules. The 

Tau primary transcript is over 100 kb long and located at band location 17q21 on 

the long arm of chromosome 17. The Tau protein can be subdivided into an amino-

terminal (N-terminal) domain that projects from the surface of the microtubule and 

the microtubule-binding carboxy-terminal (C-terminal). Tau binds to microtubules 

through repetitive regions in the C-terminus (Figure 28). The N-terminal domain, 

which is also referred to as the projection domain, may interact with other 

cytoskeletal components and plasma membranes. Between the projection domain 

and the microtubule-binding domain lies a basic proline-rich region. A single Tau 
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gene contains 16 exons, which are transcribed into nuclear RNA and produce 

multiple Tau messenger RNAs (mRNAs) after alternative splicing. The translation of 

these mRNAs generates different Tau isoforms. Since exons 4A, 6, and 8 are not 

transcribed in humans, the Tau primary transcript has 13 exons. Exon 1 is 

transcribed but not translated and is part of the promoter. Apart from these, exons 

1, 4, 5, 7, 9, 11, 12, and 13 are referred to as constitutive exons, while exons 2, 3, 

and 10 are spliced. Exon 14 can be present on mRNA, but it does not undergo 

translation while exon 3 is never found without the presence of exon 2. 

Subsequently, six different combinations are possible when these three exons (2, 3, 

10) are spliced differently. The Tau primary transcript produces six mRNAs in the 

human brain, each of which is translated into one of the six CNS Tau isoforms. The 

repeat domains (R1–R4) encoded by exons 9–12 are the repetitive regions. Six 

molecular isoforms ranging from 352 to 441 amino acids are produced in adult 

human brains. The six isoforms in human Tau are dependent on the presence or 

absence of 29 or 58 amino acid N-terminal insertions and a C-terminal region with 

three (3R) or four (4R) microtubule-binding repeats of 31 or 32 amino acids. 2N4R 

is the longest isoform of human Tau, composed of 441 amino acids. All six Tau 

isoforms are extremely hydrophilic and heat-stable. During the foetal stages, only 

one Tau isoform is present, with no N-terminal inserts and three C-terminal repeats, 

while six isoforms (with one or two N-terminal inserts and three or four C-terminal 

repeats) are expressed during adulthood. Except for 2N3R, calculated isoelectric 

points (pI) (8.2–9.4) suggest that Tau isoforms are mostly basic proteins. The 

presence of three or four repeats (3R or 4R, respectively) in the Tau microtubule-

binding domain is the distinguishing factor among tauopathies in biochemical 

protein isoform profiles. Tau tangles in AD are comprised of an equimolar amount 

of 3R and 4R isoforms. 4R tau pathology is seen in CDB, PSP, and a few variants of 

FTDP-17 (and related MAPT mutations). Pick’s disease is characterized by 3R Tau 
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pathology, and changes in normal Tau isoform levels contribute to the disease’s 

pathogenesis. Tau is an intrinsically disordered protein and thus exhibits little 

tendency to aggregate structurally. Various post-translational modifications are 

known to affect Tau aggregation, for instance, phosphorylation, a common feature 

of AD, leads to Tau aggregation. Experiments have proven that Tau aggregation is 

critical for toxicity induced by Tau. Tau aggregation not only reduces functional 

soluble Tau levels but also interferes with axonal transport and ultimately leading 

to neurodegeneration. Overexpression of Tau protein leads to the disappearance of 

neurites mitochondria in differentiated N2a cells. It affects mitochondrial 

distribution to peripheral cell compartments, the endoplasmic reticulum thins out 

and stops encircling the cell periphery, retards cell development and dramatically 

alters the distribution of various organelles which are known to be transported by 

microtubule-dependent motor proteins. In order to study Tau-Tau interaction in 

cells, a variety of fluorescent protein methods, including fluorescence resonance 

energy transfer (FRET) and bimolecular fluorescence complementation (BiFC) have 

been developed. FRET includes energy transfer from a donor fluorophore (CFP) to 

an acceptor fluorophore (YFP). In the study conducted by Wanjoo and Gail, full-

length Tau and caspase-cleaved Tau were labelled, respectively, with CFP and YFP 

and then co-expressed in HEK293 cells. This study demonstrates for the first time 

by measuring FRET intensity, the levels of Tau aggregation can be quantified in living 

cells. Further, to reduce the size of fluorescence protein tagging, BiFC was applied 

to detect and quantitate Tau aggregation in living cells. This technique includes the 

formation of a fluorescent complex when two proteins fused to non-fluorescent 

constituents of fluorescent protein interact with each other. To measure Tau 

aggregation in mammalian cells, split green fluorescent protein (GFP), 

complementation assay was developed. GFP is separated into two soluble and 

spontaneously associating fragments, GFP11 and GFP1–10; both together result in 
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GFP folding and the formation of fluorescently active GFP. Full-length Tau protein is 

directly fused to GFP11, which results in a decrease in accessibility of this part of 

GFP and shows a loss of fluorescence in cells. Even though phosphorylation is 

essential for the physiological functioning of Tau, but hyperphosphorylation 

decreases its biological activity. Tau hyperphosphorylation might weaken the 

affinity of tau for microtubules, leading to instability and disassembly of 

microtubules and promoting self-aggregation of Tau into oligomers and other 

aggregates. 213 

 

 

Figure 28. Tau protein. 
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7.1.1. Tau in Neurodegenerative Diseases 
The chances of developing neurodegenerative diseases such as AD and Parkinson’s 

disease (PD) increase dramatically with age. In numerous other neurodegenerative 

disorders, irregular filamentous Tau deposits have been identified as pathological 

characteristic features, including AD, FTDP-17, Pick’s disease, PSP, CBD, and AGD. 

The expression and aggregation of Tau in the human brain depend on many cellular 

factors ranging from post-translational modifications like phosphorylation, 

nitrosylation, glycosylation, glycation, and acetylation, proteolytic cleavage, and 

chaperones as binding partners which induce indirect modifications. Key factors 

controlling the expression of Tau at DNA and RNA levels are repeated motifs, DNA 

haplotypes, CpG islands and their methylation, untranslated regions (UTR) in the 

mRNA, and splicing patterns.  

 

Though Tau is the protein, which is primarily found in the nervous tissue, but with 

the use of more sensitive techniques, its location has also been traced to the kidney, 

Figure 29. a In healthy neuron, tau binds and stabilizes microtubules promoting axonal stability and synaptic 
vesicles transport. Tau proteins bind to microtubules through repetitive regions of C-terminus. The N-terminal 
part refers to as the projection domain since it projects from the microtubule surface where it may interact 
with other cytoskeletal elements and plasma membrane. b Tau dissociates from microtubules, leading to their 
destabilization. Abnormally phosphorylated tau lesion causes death of neuron cells, resulting in irreversible 
and progressive neurodegeneration 
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muscles, and testis, and there are some reports which state the presence of Tau in 

pathological peripheral tissues also. In mouse models, Tau overexpression leads to 

resemblance to early-stage AD and other neurodegenerative diseases. There are 

several reports, which have described the antibody presence for 

hyperphosphorylated Tau in AD. Two such antibodies include CBTAU-7.1 and CBTAU-

22.1 with the capability to bind to proline-rich region and C-terminal region of Tau, 

respectively, and are able to detect pathological form of Tau in brain tissues in post-

mortem condition. CBTAU-22.1 even has the capability to detect neurofibrillary 

changes. 

Phosphorylation has also been associated with the spread of AD. Further, 

hyperphosphorylation hinders the degradation of Tau by ubiquitin–proteasome 

system. Abnormal Tau phosphorylation reduces the chances of interaction of Tau 

with its partners, thus altering Tau properties. Abnormally hyperphosphorylated 

Tau loses its biological activity and disassociates from microtubules, further 

polymerize into neurofibrillary tangles and paired helical filaments, which are 

apparently inert and restrict its binding to tubulin, causing cell death. AD P-Tau 

sequesters microtubule-associated Tau proteins MAP1 and MAP2, which further 

facilitate the disruption of microtubules. Hyperphosphorylation is also responsible 

for the redistribution of Tau from axons to somatodendritic compartments and 

results in impaired synaptic functions. Affinity purification-mass spectrometry 

confirmed 75 proteins in NFTs specifically bound to phosphorylated Tau; most of 

these were involved in protein ubiquitination pathway and phagosome maturation. 

There are 85 potential phosphorylation sites on the longest Tau isoform (441 amino 

acids long) characterized using phospho-dependent Tau antibodies, phospho-

peptide mapping, mass spectrometry (MS), or nuclear magnetic resonance (NMR). 

Several phosphorylation sites have been found to regulate microtubule (MT)-
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binding and assembly activity of Tau and are also involved in the development, 

morphogenesis, and maintenance of axons in neurons213. 

7.1.2. Tau as a MAP 

Tau binds to the C-terminal tail of tubulin, a structure that is on the MT exterior, 

although it seems likely that there are also additional binding sites, perhaps 

including inside the MT. This exterior binding is required for Tau's roles in MT 

spacing and motor regulation. Recent biochemical data have shown that Tau also 

binds to unpolymerized tubulin, which creates an additional complication in 

understanding the mechanism of how Tau regulates MT dynamics. Other aspects of 

Tau–MT interactions are less certain. For example, there is still a debate about the 

geometry of Tau–MT interactions: do the MT-binding repeats of Tau bind laterally 

across or longitudinally along MT protofilaments, or can both types of binding 

occur? In addition, it is clear that Tau binding occurs along the length of MTs (i.e., it 

is not end-specific), but it is unclear why this occurs. One explanation for this 

binding behaviour is that Tau is insensitive to the nucleotide state of the polymer. 

Alternatively, Tau might prefer to bind to the guanosine diphosphate (GDP) lattice, 

which is present everywhere except at the MT tip. Finally, it is not clear how Tau 

might interact with, cooperate with, or antagonize the elements of the MT plus-end 

tracking protein (+TIP) network, a set of proteins that is generally believed to be the 

“master regulator” of MT dynamics. To establish the mechanism by which Tau 

stabilizes MTs, we need to understand Tau's binding geometry, but resolving this 

question has been challenging because Tau is largely “invisible” by standard 

electron microscopy methods [24]. Cryo-EM combined with helical image analysis 

led Al-Bassam et al. to conclude that Tau binds primarily along the MT protofilament 

ridges, that is, longitudinally. In contrast, Santarella et al. showed that Tau can 

stabilize tubulin sheets; these data, together with other data, led them to suggest 

that Tau can bind both longitudinally (along) and laterally (across) protofilaments. 
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However, Schaap et al. used atomic-force-microscopy-based imaging and 

measurements of radial elasticity of Tau–MT complexes to again conclude that Tau 

binds mainly along protofilaments. In addition, recent isothermal titration 

calorimetry studies by Tsvetkov and colleagues also led the authors to conclude that 

Tau binds primarily along protofilaments. However, the interpretation of their data 

is complicated by the recent demonstration that Tau binds to unpolymerized 

tubulin.214 

 

7.2. Results and Discussion 

7.2.1. Synthesis of Tau deriving peptides 
The mechanistic details of the interaction of full-length Tau with tubulin and MTs 

have remained elusive for many years, and several controversial models have been 

proposed. Early studies identified both, the four repeating peptides in the C-

terminal half of the protein Tau, known as the microtubule binding repeats R1-R4, 

and intramolecular interactions with their flanking proline rich regions to promote 

the interaction with stabilized MTs.215–218 The location of the Tau binding site along 

and across protofilaments was first revealed by cryo-EM studies at low 

resolution.219,220 However, co-assembly experiments with Tau and tubulin dimers 

also suggested the existence of an interaction site at the lumen of MTs, comprising 

a Tau binding site close to the taxane site. 221 It was further shown by NMR 

spectroscopy that functional fragments of Tau remain highly dynamic upon binding 

with high affinity to tubulin dimers.222 Recently, single-particle cryo-EM models of 

synthetic Tau-repeats bound to MTs revealed for the first time a detailed picture of 

Tau-tubulin interactions along the crest of protofilaments.223Subsequently, Inaba 

and co-workers described the binding of a Tau-derived peptide (2N) to or near to 

the taxane-site at the luminal surface of MTs, which recently attracted our 

attention.224 
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The sequence of 2N only partially overlaps with the seven C-terminal residues of 

the synthetic R2x4 Tau repeats described by Kellogg and co-workers, of which the 

last four residues were not visible in the cryo-EM maps. The Tau-derived peptide 2N 

was employed in a series of soaking and co-crystallization experiments by X-ray 

crystallography by our co-workers in PSI, Switzerland. To date, they did not detect 

binding of the peptide to tubulin, which might have been hampered by crystal 

contacts in our crystal systems. Hence, more experiments are needed.  

Confirmation of binding to or close to the taxane site would open a new playground 

to design new tools to study the mechanism of action of Tau and to perturb MTs in 

neurons. 

Figure 30. Tau protein with its various domains. The sequence of the 2N peptide is highlighted in yellow. 
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We, therefore, synthesized two Tau-deriving peptides to use them as molecular 

tools to detect their binding site on tubulin (Table 21).  Microwave-assisted 

automated peptide synthesis was exploited using the Fmoc/tBu protection group 

strategy at a Rink amide resin with a loading capacity of 0.7 mmol/g on a Liberty 

Blue synthesizer using a scale of 0.1 mmol per peptide. The amino acids 

concentration was equal to 0.2M in DMF.  

DIC and Oxyma were used as coupling reagents (0.5 in DMF and 1M in DMF) while 

for the deprotection 20% Piperidine in DMF was used. For Lys, Thr, Glu, Gly, Val, Ala, 

Gln and Asp couplings were performed at 75 °C using 170 W for 15 seconds and 

then at 90 °C using 40 W for 110 seconds. While for His, since it is susceptible to 

epimerization at elevated temperatures, couplings are performed at 25 °C at 0W for 

120 seconds and then at 50 °C using 50W for 480 seconds.  Deprotection was 

performed at 75 °C using 155 W for 15 seconds and then at 90 °C using 50 W for 50 

seconds. 

The peptides Tau1 and Tau2 were successfully synthesized and purified. Finally, they 

were sent at the PSI in Switzerland, where our co-workers will conduct further 

experiments to investigate whether there is an interaction with tubulin. 

Name of 

peptide 

Sequence MW Mass Purity 

Tau1 H-QSKCGSKDNIK-NH2 1206.38 

g/mol 

21,3mg >98% 

Tau2 H-QSKCGSKDNIKHVPGGGSVQIVYKPVDLSK-NH2  
3168.63 
g/mol 

 

12mg >98% 

Table 21. Tau deriving peptides 
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9. Conclusions 

A number of αSyn peptides were synthesized as investigative tools over αSyn/Tub-

Microtubules interaction. MW-SPPS was used to afford a library of 20 peptides, 

containing WT, mutated and scrambled sequences (Table 4). Their conformation 

was characterized by CD and AFT-IR. The peptides were unstructured, so we were 

interested in exploring whether it was possible to try to stabilize a secondary 

conformation to obtain our ‘molecular tools’ with an enhanced feature. Hence, a 

library of stapled peptides was prepared and characterized conformationally. 

Additionally, as a complementary synthesis, we inspected two Tau-deriving 

peptides, which are both undergoing in vitro experiments to study their possible 

interaction tubulin in the laboratory of our collaborator Andrea Prota in PSI, 

Switzerland. Moreover, in vitro experiments were set up to obtain information 

about the interaction between the full-length proteins and the peptides. MST was 

employed to obtain thermodynamic details and the polymerization of tubulin was 

monitored in the presence of the peptides to obtain a kinetic information and see 

if the peptides influence the polymerization. The study of the effects of the peptides 

on the polymerization of tubulin was fruitful since two mutants were able to 

decrease the polymerization. Finally, we studied the effect of the peptides also in 

cells, where a different distribution of the microtubules network was observed in 

presence of the peptides. 

In the future, a more accurate technique should be exploited for the study of the 

interaction of αSyn and tubulin. NMR studies could provide deeper understanding 

of the two proteins in solution. However, αSyn is, as stated earlier, an intrinsically 

disorder protein, thus physiological conditions should be maintained in order to 

obtain a clear indication of their interaction. 
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Material and Methods 

 10.Materials  

10.1 Chemicals and consumables 

All reagents, solvents and consumables were purchased from the companies IRIS 

Biotech GmbH, 

Sigma-Aldrich, VWR BDH, Fluorochem, and their purity fulfilled at least the 

specifications for synthesis quality. 

 

10.2 Methods  

10.2.1 Synthesis of linear MW-SPPS 

Using MW-SPPS the following peptides were synthesized: WT1, A30, WT2, A53T, 

E46K, H50Q, G51D, NAC, C1, C2, WT1_scr, A30P_scr, WT2_scr, A53T_scr, E46K_scr, 

H50Q_scr, G51D_scr, NAC_scr, C1_scr, C2_scr, KPM6, Tau1, Tau2, WT2_CF, G51D_CF 

and H50Q_CF. After the synthesis, the peptides were transferred into a reactor. Each 

peptide was cleaved off the resin and precipitated.  

10.2.1.1 Automated Solid Phase Peptide Synthesis 

The peptide synthesis was carried out on a polymeric, swellable but insoluble 

support material (resin) of divinylbenzene cross-linked polystyrene, modified with 

Fmoc-Rink amide aminomethyl for the anchoring of the first amino acid (Fmoc-Rink 

amide AM resin, 100-200 mesh, 0.7 mmol/g) was used. The automated synthesis 

was carried out on a 0.1mmol scale using the Liberty BlueTM Automated Microwave 

Peptide Synthesizer (CEM) according to the Fmoc/tBu strategy. All amino acids (aa) 

were N-terminally Fmoc-protected, while the side chains of trifunctional aa were 

protected with orthogonal, acid labile groups. The following side chain protecting 

groups were used: Trityl (Trt) for Asn, His, and Gln; tert-Butyl (tBu) for Asp and Glu 

and tert-butyloxycarbonyl (Boc) for Lys. For the selective protection of side chains 

also the allyl group was used for Fmoc-Glu(OAllyl)-OH and the allyloxycarbonyl 
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group was used for Fmoc-Lys(Alloc)-OH.  During the automated synthesis, the resin 

was first pre-swollen for 30 min in 1 mL of DMF, the solvent was the filtered off and 

afterwards the Fmoc-protecting group on the resin was cleaved with a 20% (v/v) 

piperidine solution in DMF in 2 steps: 80 oC, 200W, 30s, ΔΤ=2 oC; 90 oC, 50W, 70s, 

ΔΤ=1 oC. After the deprotection, the resin was washed 4 times with 5 mL DMF each. 

The aa were dissolved to 0.2 M in DMF. For the coupling the dissolved aa, DIC (0.25 

M) and Oxyma Pure (0.5 M) were transferred into the reaction vessel and the 

coupling was performed in 2 steps: : 75 oC, 170W, 15s, ΔΤ=2 oC; 90 oC, 30W, 70s, ΔΤ=1 

oC. For some aa the coupling was pre-set from the method to be conducted twice 

to improve the yield. The deprotection/coupling cycle is repeated until the last aa 

of the sequences is coupled. 

The final Fmoc protecting group is cleaved as previously described. Once the 

syntheses were finished, the resin was transferred into a syringe equipped with a 

filter, washed 5 times with DMF, 5 times with DCM and 3 times with Et2O. Finally, 

the resin was dried under compressed air. 

10.2.1.2 Full cleavage 

To obtain the deprotected crude peptide cleaved off the resin, initially scavengers 

(250 μL H2O, 250 μL TIPS) and after 2.5 mL of TFA were added to the dry resin in the 

reactor. The reaction was left shaking for 3 h and then the reaction solution was 

filtered through the Teflon frit from the syringe into a 50 mL centrifuge tube 

containing 30 mL of ice-cold Et2O. Subsequently, the solution was centrifuged off (4 

oC, 6500rpm, 20 min), the supernatant was discarded, and the peptide was washed 

3 times with ice-cold Et2O. The peptide was dried under compressed air. For ESI-MS 

analysis, 1 mg of the peptide was dissolved in MeOH. For analytical HPLC, 0.5 mg of 

the peptide was dissolved with 400 μL of H2O/A. 
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10.2.2 Synthesis of stapled peptides 

10.2.2.1 MW-Assisted SPPS 

First peptides KPM1, KPM2, KPM3 and KPM8 were synthesized using MW-Assisted 

SPPS as described before. Then the resin was transferred in a reactor to perform 

the two reactions of orthogonal protecting groups cleavage and lactamization. 

The final Fmoc protecting group was cleaved. Finally, the peptides were cleaved 

off the resin and precipitated. 

10.2.2.2 Allyl and allyloxycarbonyl cleavage 

The resin was initially swollen in dry DCM under nitrogen for at least 1 h. The 

solvent was removed and Pd(PPh3)4 (0.5 eq) and PhH3Si (24 eq) dissolved in 2 mL 

of dry DCM were added to the reactor and left shaking for 45 minutes . The 

deprotection reaction was repeated twice. A Kaiser test was performed to ensure 

the completeness of the reaction. 

10.2.2.3 Lactam-bond formation reaction 

The resin was initially swollen in DMF for 30 minutes. HBTU (6 eq), HOBT (6 eq) and 

DIPEA (12 eq) were added to the reactor dissolved in the maximum amount of DMF 

to avoid intermolecular coupling and to ensure intramolecular cyclization of the 

peptide. 

10.2.2.4 Fmoc-cleavage 

The resin was initially pre-swollen for at least 30 minutes in 5 mL of DMF. After 

removing the solvent, 4 mL of 20% piperidine were added and left 5 minutes shaking 

at rt; the solution was filtered and additional 4 mL of 20% piperidine were added 

and left 20 minutes shaking. The resin was either washed 5 times with DMF to 
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continue the manual synthesis or washed 5 times with DMF, 5 times with DCM, 3 

times with Et2O and dried under compressed air. 

10.2.2.5 Full cleavage 

To obtain the deprotected crude stapled peptide cleaved off the resin, initially 

scavengers (250 μL H2O, 250 μL TIPS) and after 2.5 mL of TFA were added to the dry 

resin in the reactor. The reaction was left shaking for 3 h and then the reaction 

solution was filtered through the Teflon frit from the syringe into a 50 mL centrifuge 

tube containing 30 mL of ice-cold Et2O. Subsequently, the solution was centrifuged 

off (4 oC, 6500 rpm, 20 min), the supernatant was discarded, and the peptide was 

washed 3 times with ice-cold Et2O. The peptide was dried under compressed air. 

For ESI-MS analysis, 1 mg of the peptide was dissolved in MeOH. For analytical 

HPLC, 0.5 mg of the peptide was dissolved with 400 μL of H2O/ACN. 

10.2.3.1 Manual coupling  

The resin was initially pre-swollen for at least 30 minutes in 5 mL of DMF. 

Afterwards, the solvent was filtered off and the Fmoc-protected aa (5 eq) and 

Oxyma Pure (5 eq) were dissolved in 2 mL of DMF. DIC (5 eq) was added to the 

mixture which was subsequently loaded to the resin and left shaking for 2 h at rt. 

Alternatively, the coupling was carried out with HATU (2 eq) and DIPEA (2 eq) for 1 

h at rt. The resin was then washed 5 times with DMF, 5 times with DCM, 3 times 

with Et2O and dried under compressed air. To check the completeness of the 

coupling a Kaiser test was performed.  
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10.2.3.2 Kaiser Test  

The Kaiser Test is used to detect any primary or secondary amine by a colorimetric 

reaction with ninhydrin. In peptide synthesis, it is useful as we can understand if a 

coupling or deprotection reaction is completed. Few dry resin beads were 

transferred in an 1.5 mL tube and 2 drops of each of the following reagents were 

added in this order: 

- Reagent A: 1 g of ninhydrin in 20 mL of ethanol; 

- Reagent B: 20 g of phenol in 5 mL of ethanol; 

- Reagent C: 0.4mL of 1mM aqueous KCN colution in 20 mL in pyridine. 

The reaction mixture was incubated for 5 minutes at 95 oC in a thermomixer. When 

the color of the solution or the resin beads was blue a presence of free amines was 

indicated, suggesting the incompleteness of the coupling reaction. On the contrary, 

a yellow color indicated the absence of free amino groups. 

10.2.3.3 Sample cleavage 

In order to ensure that the on-going manual synthesis is proceeding well, the 

peptide was cleaved from a small amount of resin and the all the acid-labile 

protective group were also removed. Few dry resin beads were transferred into a 

1.5 mL tube. Initially, scavengers (2.5 μL H2O, 2.5 μL TIPS) were added to the tube 

and then 95 μL of TFA were added. The reaction was left shaking for 3 h and the 1 

mL of ice-cold Et2O was added. The tube was stored for at least 15 minutes at -20oC 

and subsequently centrifuged (4 oC, 15000 rpm, 20 min). The supernatant was 

discarded, and the precipitated peptide was washed at least 3 times with ice-cold 

Et2O. The peptide was dried under compressed air and dissolved in 400 μl of 

H2O/ACN. The in-solution peptide was transferred to a vial and further analysed. 
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10.2.4 Synthesis of novel linker 

The synthetical strategy can be observed in Scheme 6. 

 

10.2.4.1. Synthesis of compound KPM5 

tert-butyl carbazate (2 g, 15.15 mmol, 1 eq) and dry pyridine (1.46 mL, 18.18 

mmol, 1.2 eq) were dissolved in dry diethyl ether. The reaction was brought at 0oC 

and after 15 minutes, allyl chloroformate (1.17 mL, 16.66 mmol, 1.1 eq) was 

added dropwise. After the addition, the reaction was left stirring for 2 h. The 

completion of the reaction was followed by TLC (8:2/Hexane:EtOAc). 

The reaction was then washed with 10% citric acid, distilled water, 10% K2CO3 and 

brine. The combined organics were dried over Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography and 

eluted with 6:4/Hexane:EtOAc. The pure product, a white solid, was obtained with 

65% yield.  

1H-NMR (CDCl3): δ 1.47 (s, 9H), 4.62-4.63 (m, 1H), 4.64-4.65 (m, 1H), 5.21-5.26 (m, 

1H), 5.29-5.36 (m, 1H), 5.84-5.97 (m, 1H), 6.31 (br s, 1H), 6.47 (br s, 1H). 

Scheme 6. Overall synthesis to afford final diaza linker. 
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10.2.4.2. Synthesis of compound KPM7 

KPM5 (2g, 15.15 mmol, 1 eq) was directly dissolved in HCl 4M (37.875 mL, 151.5 

mmol, 10 eq) and the reaction was left under stirring for 3 h. The reaction was 

followed by TLC (8:2/Hexane:EtOAc). The solution was concentrated under reduced 

pressure. The crude product was pure enough to continue the synthesis and was 

obtained with a quantitative yield.  

1H-NMR (MeOH-d4): δ 4.60 (overlapped, 2H), 5.22 (d, J = 10 Hz, 1H), 5.33 (d, J = 17 

Hz, 1H), 5.89-5.93 (m, 1H), 7.57 (s, 1H). 

10.2.4.3. Synthesis of compound KPM11 

tert-butyl carbazate(2 g, 15.15 mmol, 1 eq) and dry pyridine (4.8 mL, 45.45 mmol, 

3 eq) were dissolved in dry DCM. The reaction was brought at 0oC and after 15 

minutes, p-nitro phenyl chloroformate (3.34 g, 16.66 mmol, 1.1 eq) dissolved in dry 

DCM was added dropwise to the reaction. The reaction was left stirring at 0 oC for 

45 minutes and was, then, brought to rt and left under stirring overnight. The next 

morning the reaction was controlled by TLC (7:3/Hexane:EtOAc) and it was washed 

with 10% citric acid, distilled water, 10% K2CO3 and brine, being careful to be very 

fast and not adding a lot of solution due to the sensibility of the product to aqueous 

solutions. The organics were dried over Na2SO4 and concentrated under reduced 

pressure. The crude was used as it was for the next reaction. The crude obtained 

was a yellow oil and was afforded with a 96% yield.  

1H-NMR (CDCl3): δ 1.90 (s, 9H), 6.47 (br s, 1H), 6.91 (br s, 1H), 7.35 (d, J = 9 Hz, 2H), 

8.26 (d, J = 9 Hz, 2H). 

10.2.4.4. Synthesis of compound KPM12 

KPM7, KPM11 and dimethylaminopyridine were combined and dissolved in dry 

DCM in a round bottom flush and the reaction was left stirring overnight. The next 
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day, the completion of the reaction was verifired by TLC (7:3/Hexane:EtOAc). The 

reaction was washed with 10% citric acid, distilled water, 10% K2CO3 and brine. The 

organics were dried over Na2SO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography and eluted with 

(1:1/Hexane:EtOAc). The pure product is a shining solid and was afforded with 36% 

yield.  

1H-NMR (D2O): δ 1.48 (s, 9H), 4.61 (d, J = 5 HZ, 2H), 5.21 (d, J = 10 Hz, 1H), 5.35 (d, J 

= 17 Hz, 1H), 5.92-6.01 (m, 1H). 

 

10.2.4.5. Synthesis of compound KPM14 

KPM12 (2g, 15.15 mmol, 1 eq) was directly dissolved in HCl 4M (37.875 mL, 1515 

mmol, 10 eq) and the reaction was left under stirring for 3 h. The reaction was 

followed by TLC (8:2/Hexane:EtOAc). The solution was concentrated under reduced 

pressure. The crude product was pure enough to continue the synthesis and was 

obtained with a quantitative yield.  

1H-NMR (DMSO-d6): δ 4.54-4.64 (m, 2H), 5.22 (d, J = 10 Hz, 1H), 5.33 (d, J = 17 

Hz,1H), 5.87-5.97 (m, 1H), 8.91 (s, 1H), 9.19 (br s, 1H), 9.44 (br s, 1H). 

10.2.4.6. Synthesis of compound KPM15 

KPM14(1g, 5.71 mmol, 1 eq) was dissolved in DCM and reagents were added (See 

Table 22). The pH was controlled carefully reassuring it did not become more than 

8. The reaction mixture was usually left under stirring for different time periods (See 

Table 22). After, the completion of the reaction was verified by TLC 

(7:3/Hexane:EtOAc). The reaction was washed with 10% citric acid, distilled water, 

10% K2CO3 and brine. The organics were dried over Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography and 
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eluted with (1:9/Hexane:EtOAc). The pure product is a white solid and was afforded 

with yields varying for 24% to 31%.  

1H-NMR (DMSO-d6): δ 1.40 (s, 9H), 1.72-1.84 (m, 1H), 1.89-2.00 (m, 1H), 2.20 (t, J = 

7 Hz, 2H), 3.87-3.96 (m, 1H), 4.19-4.32 (overlapped, m, 3H), 4.50-4.51 (m, 2H), 5.19 

(d, J = 10 Hz, 1H), 5.32 (d, J = 17 Hz, 1H), 5.81-5.95 (m, 1H), 7.31-7.36 (m, 2H), 7.40-

7.45 (m, 2H), 7.69-7.74 (m, 2H), 7.89-7.91 (m, 2H), 8.18 (br s, 1H), 8.25 (br s, 1H), 

8.93 (br s, 1H), 9.51 (s, 1H). 

Reagents Procedure Equivalents Yield 

HCTU 

HoBt 

DIPEA 

Left overnight in DCM with the 

addition of 0.25 eq next morning 

1.1 

1.1 

3 

31% 

HCTU 

HoBt 

DIPEA 

Left over weekend in DCM 1.1 

1.1 

3 

25% 

DEPBT 

DIPEA 

Left for 5h 1.2 

2 

25% 

COMU 

Oxyma  

DIPEA 

Left overnight in DCM 1.1 

1.1 

3 

29% 

EDC 

Oxyma 

Collidine 

Left overnight in DCM 1.2 

1.2 

5 

24% 

BTC 

DIPEA 

Left for 5 h 0.4 

2 

29% 

Table 22 Coupling reaction attempts of Fmoc-Glu-OtBu with the Alloc-NH-NH-CO-NH-NH2 moiety 
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10.2.4.6. Synthesis of compound KPM16 

 

KPM15 (2g, 1.9mmol, 1 eq) was directly dissolved in HCl 4M (37.875 mL, 19 mmol, 

10 eq) and the reaction was left under stirring for 3 h. The reaction was followed by 

TLC (8:2/Hexane:EtOAc). The solution was concentrated under reduced pressure. 

The crude product was pure enough to continue the synthesis and was obtained 

with a quantitative yield.  

1H-NMR (DMSO-d6): δ 1.76-1.87 (m, 1H), 1.94-2.07 (m, 1H), 2.21 (t, J = 7 Hz, 2H), 

3.92-4.01 (m, 1H),  4.17-4.34 (overlapped, m, 3H), 4.50 (d, J = 5 Hz, 2H), 5.18 (d, J = 

10 Hz, 1H), 5.31 (d, J = 17 Hz, 1H), 5.80-5.96 (m, 1H), 7.32-7.36 (m, 2H), 7.40-7.45 

(m, 2H), 7.67-7.75 (m, 2H), 7.89-7.91 (m, 2H), 8.18 (br s, 1H), 8.26 (br s, 1H), 8.92 

(br s, 1H),9.51 (s, 1H), 12.61 (br s, 1H). 

 

10.2.4.7 Synthesis of peptide containing the diaza linker 

KPM30 peptide was synthesized manually, and all the reactions attempted were 

performed at room temperature. After each coupling, the Kaiser Test was 

performed and a sample cleavage to verify the coupling or deprotection success. 

10.2.5. Peptide analysis 

All solvents and eluents used for the HPLC fulfilled the required purity with the 

specification “HPLC Gradient quality”. 

 

Scheme 7. Deprotection of KPM15 with TFA to obtain compound KPM16 
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10.2.5.1. Analytical HPLC 

Each peptide was controlled during and at the end of the synthesis using reverse 

phase high-performance liquid chromatography. Samples of the peptides were 

prepared as described before.  The linear gradient used was typically 10-70% B in A 

in 20 min with a flow rate of 0.8 mL / min (A: 0.1% TFA in water, B: 0.1% TFA in ACN). 

Samples were, thus, injected into a C18 analytical column and that then passed from 

the UV detector for the measurement of the absorbance at 205 and 220 nm. 

Chromatograms were obtained and further analysed. 

10.2.5.2 Electrospray Ionization Mass Spectrometry 

Samples of the peptides were prepared as described previously and a 10 uL of the 

peptide solution were diluted in MeOH and ionized in the mass spectrometer and 

the m/z values of the ions were detected. 

10.2.6 Preparative HPLC  

Crude peptides had to be purified after the cleavage, to remove any scavengers or 

to separate from other impurities. All the peptides were purified by semi-

preparative reverse phase HPLC. Usually, 35 mg of each peptide were dissolved in 

(maximum) 5 mL of the starting gradient solution, that varied based on the 

hydrophobicity of the peptide. The dissolved peptide was then injected in the 

column manually and the elution was performed with a linear gradient, for most 

cases 10-50% B in A (A: 0.1% TFA in water, B: 0.1% TFA in ACN) in 20 or 30 minutes 

at a flow rate of 20 mL/min. The absorbance was detected at 220 nm and the various 

peaks were separated into plastic tubes. After the analysis by analytical HPLC and 

ESI-MS, the fractions of interest were concentrated and lyophilized. 
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10.2.7 Secondary structural characterization of peptides 

10.2.7.1 Circular dichroism spectroscopy 

CD spectra were recorder from 260 nm to 180 nm at 25 oC using a Jasco J 

spectropolarimeter purged with N2 gas. The peptides were measured in a 

concentration of 100 μM in 7 different conditions: 

1) 100 % Trifluoroethanol (TFE) that is known to enhance the alpha-helical 

propensities of peptides-proteins.  

2) 100% Phosphate Buffer (NaH2PO4 - Na2HPO4) at pH = 7. 

3) 100% MES Buffer at pH = 6. 

4) 100% Phosphate Buffer (NaH2PO4 - Na2HPO4) at pH = 8. 

5) 50% TFE- 50% Buffer pH=7 

6) 50% TFE- 50% Buffer pH= 6. 

7) 50% TFE- 50% Buffer pH=8. 

10.2.7.2. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

spectroscopy of peptides 

FTIR spectroscopy measurements were made on a Perkin Elmer Spotlight 400 FT-IR 

spectrophotometer equipped with a diamond crystal attenuated total reflectance 

(ATR) accessory. All the sample were analysed at room temperature in the solid 

state. A total of 32 scans were performed for all measurements with a resolution of 

4 cm-1 in the 4000-650 cm-1 spectral region. Data processing was performed using 

OriginPro software. The deconvolution of the spectra was done in the spectral 

region between 1550-1750 cm-1, using the Fit Peaks (Pro) function. 
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10.2.8 Experiments to investigate the interaction between αSyn and Tubulin 

10.2.8.1 Tubulin Polymerization Assay 

Tubulin tends to spontaneously form microtubules in vitro when incubated in a 

solution in presence of GTP at 37 °C.  Based on this, we performed tubulin 

polymerization kinetics taking advantages of a specific kinetic tubulin assembly 

buffer (composed by 0.1 M PIPES, 1 mM EGTA, 0.2 mM Tris,3 mM MgCl2 pH=6.9, 0.1 

mM GTP + 10% glycerol). The buffers used to prepare the samples were degassed 

to avoid bubbles formation. Importantly, in order to remove cold-stable fractions 

and eventual aggregates formed during their storage at -80 °C, tubulin aliquots were 

first ultra-centrifuged for 30 minutes at 158000 x g (Beckman + TLA, 100.3 rotor: 

54000 rpm). Once centrifuged, the supernatant was retrieved, the protein 

concentration was determined with the Nanodrop (e = 115x103 M-1 cm-1, 

MW=100 kDa, l = 280 nm) and then, once the concentration of the batch was 

verified, kinetic samples were prepared.  

To investigate peptides effects, we assembled:  

• Samples: 25 µM tubulin + 100 µM α-Synuclein peptide in degassed assembly 

buffer+1% DMSO. 

 Each experiment consisted of 3 replicates of each sample. 

Once assembled, samples were incubated for 10 minutes at room temperature in 

the thermomixer (Cartelli et al., 2016). After a gently mix, samples were transferred 

into the multiwell plate and polymerization reaction was initiated by placing the 

plate at 37 °C into the microplate reader. Polymerization kinetics were followed for 

2 hours, checking the absorbance at 340 nm and maintaining a stable temperature 

of 37 °C during the entire run. 
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10.2.8.2 MicroScale Thermophoresis (MST) 

MST was performed to measure the binding affinity between tubulin and αSyn and 

the mutated isoforms (A53T, E46K and A30P). Tubulin was labelled with Red-NHS 

second generation kit at the lysines which was purchased by NanoTemper and 

during the assay it was used at a final concentration of 50 nM. Lyophilized alpha 

synuclein was resuspended using MST buffer purchased by Nanotemper and was 

used in the assay in serial dilutions, starting from 242 μM up to 15.6 μM. Higher 

concentrations of α-Synuclein weren’t tested since it could lead to aggregation of 

both proteins. 

The peptides were tested using the “Binding check” assay. To conduct it, peptides 

were dissolved in MST buffer and used at 500 μM and labelled tubulin at 50 nM.  

10.2.8.3 MTT assay in undifferentiated naïve cells 

Human neuroblastoma SK-N-SH cells were grown in complete medium composed 

of DMEM low glucose, supplemented with 10% fetal bovine serum, 1% penicillin/ 

streptomycin, 1% L-glutamine, and 1% non-essential amino acids. Cells were 

maintained at 37 °C under a humidified atmosphere of 5% CO2. The cell viability was 

tested by MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyl tetrazolium bromide) assay. 

Neuroblastoma cells were seeded into a 48-well plate (15000 cells/well) in complete 

medium. After 24 h, cells were treated with different concentrations (0.001–100 

μM) of the compound of interest or with vehicle (1% DMSO). Treated and untreated 

cells were incubated for 24 h at 37° C under a humidified atmosphere of 5% CO2. 

Next, 30 μL of MTT (5 mg/mL) was added to the cells and incubated for 3 h at 37° C 

under a humidified atmosphere of 5% CO2. Afterward, formazan crystals were 

solubilized with acidified (0.1 M HCl) isopropanol containing 10% Triton X100. The 

optical density (OD) was determined at a wavelength of 570 nm using an Infinite 

200Pro Tecan plate reader (Tecan Group Ltd.). Compounds were tested in triplicate. 
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The cell viability was expressed as the percentage (%) of viable cells relative to the 

vehicle (100%). All experimental data were shown as mean ± SD. Data were analyzed 

by a one-way nonparametric ANOVA Kruskal–Wallis test with Dunnett’s correction 

for multiple comparison using Prism Software. The statistical significance was set at 

p < 0.05. 
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11. Abbreviations 
αSyn: alpha-Synuclein 

Ala: alanine 

Alloc: allyloxycarbonyl 

ATR-FTIR: attenuated total reflectance Fourier Transform infrared 

CAMSAPs: calmodulin-regulated spectrin-associated proteins 

CD: circular dichroism 

DCM: dichloromethane 

DIC: N,N-diisopropylcarbodiimide 

DIPEA: N,N,N-diisopropylethylamine 

DMAP: 4-dimethylaminopyridine 

DMF: N,N-dimethylformamide 

ESI-MS: electrospray ionization mass spectrometry 

Gln: glutamine 

Glu: glutamic acid 

Gly: glycine 

HBTU: 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HOBt: hydroxybenzotriazole 

Lys: lysine 

MAP: microtubules associated protein 

MST: microscale thermophoresis 

MTs: microtubules 

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MW: microwave 

NMR: nuclear magnetic resonance 
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o.n.: over-night 

Pd: palladium 

RP-HPLC: reversed-phase high performance liquid chromatography 

rt: room temperature 

SPPS: solid phase peptide synthesis 

TFA: trifluoroacetic acid 

TFE: trifluoroethanol 

TIPS: triisopropylsilane 

Val: valine 
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13. Supplementary data 

13.1. Supplementary data: RP-HPLC chromatograms and MS-ESI analyses 

•  WT1  

Figure 31. UV chromatogram and ESI-MS spectrum of WT1. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (947.32 m/z) and [M+3H]3+ (659.54 m/z). 
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• A30P  

Figure 32. UV chromatogram and ESI-MS spectrum of A30P. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (987.32 m/z), [M+3H]3+ (658.23 m/z) and [2M+3H]3+ (1312.22 

m/z) 
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• WT2 

 

 

 

 

 

 

 

 

 

Figure 33. chromatogram and ESI-MS spectrum of WT2. Gradient: 15-60% of B in A in 20 

min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1119,43 m/z) and [M+3H]3+ (747.33 m/z) 
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• WT2_scr 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. UV chromatogram and ESI-MS spectrum of WT2_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1119,43 m/z) and [M+3H]3+ (747.33 m/z) 
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• A53T 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. UV chromatogram and ESI-MS spectrum of A53T. Gradient: 05-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1134,68 m/z) and [M+3H]3+ (756.34 m/z) 
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• A53T_scr 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. UV chromatogram and ESI-MS spectrum of A53T_scr. Gradient: 15-60% of B in 

A in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 

signed correspond to: [M+2H]2+ (1134,14 m/z) and [M+3H]3+ (756.11 m/z) 

 

500 1000 1500 2000

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

In
te

n
si

ty

Mass(m/z)

[M+2H]2+

1134,14

[M+3H]3+

756,11

9.2 



151 

• G51D 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. UV chromatogram and ESI-MS spectrum of G51D. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1148,28 m/z) and [M+3H]3+ (765.33 m/z) 
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• G51D_scr  

 

 

 

 

 

 

 

 

 

 

 

Figure 38. UV chromatogram and ESI-MS spectrum of G51D_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1148,28 m/z) and [M+3H]3+ (765.33 m/z) 

 

 

500 1000 1500 2000

0

5000

10000

15000

20000

25000

30000

In
te

n
si

ty

Mass (m/z)

[M+2H]2+

1148.28

[M+3H]3+

765.33

11,6 

10.7 



153 

• H50Q 

 

 

 

 

 

 

 

 

 

 

Figure 39. UV chromatogram and ESI-MS spectrum of H50Q. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1114,52 m/z) and [M+3H]3+ (743.12 m/z) 
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• H50Q_scr 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. UV chromatogram and ESI-MS spectrum of H50Q_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1114,52 m/z) and [M+3H]3+ (743.12 m/z) 
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•  NAC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. UV chromatogram and ESI-MS spectrum of NAC. Gradient: 15-60% of B in A in 20 

min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1385,93 m/z) and [M+3H]3+ (724.45 m/z) 
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• NAC_scr 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 42. UV chromatogram and ESI-MS spectrum of NAC_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+3H]3+ (890.76 m/z) 
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• E46K_scr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 43. UV chromatogram and ESI-MS spectrum of E46K_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1119,73 m/z) and [M+3H]3+ (747.04 m/z) 
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• A30P_scr 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. UV chromatogram and ESI-MS spectrum of A30P_scr. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (988,31 m/z) and [M+3H]3+ (659.10 m/z) 
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• C1 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. UV chromatogram and ESI-MS spectrum of C1. Gradient: 05-60% of B in A in 20 

min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+1H]+ (815,72 m/z) and [M+2H]2+ (408.75 m/z) 

 

 

[M+2H]2H 

[M+1H]+ 

8.8 



160 

• C1_scr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. UV chromatogram and ESI-MS spectrum of C1_scr. Gradient: 05-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+1H]+ (815,70 m/z) and [M+2H]2+ (408.76 m/z) 
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• C2 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. UV chromatogram and ESI-MS spectrum of C2. Gradient: 05-60% of B in A in 20 

min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+1H]+ (1199,28 m/z)  
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• C2_scr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48. UV chromatogram and ESI-MS spectrum of C2_scr. Gradient: 05-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+1H]+ (1199,39 m/z) 
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• KPM1 

 

 

 

 

 

 

 

 

 

 

 

Figure 49. UV chromatogram and ESI-MS spectrum of KPM1. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (695,35 m/z), [M+H]+ (1392,54 m/z) and [2M+3H]3+ (928.12 m/z)  
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• KPM3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. UV chromatogram and ESI-MS spectrum of KPM3. Gradient: 20-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1140,65 m/z), [M+3H]3+ (760,93 m/z)   
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• KPM2 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 51. UV chromatogram and ESI-MS spectrum of KPM2. Gradient: 20-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1181,69 m/z), [M+3H]3+ (788,34 m/z) 
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• KPM6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52. UV chromatogram and ESI-MS spectrum of KPM6. Gradient: 2-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+H]+ (1131,79 m/z), [M+2H]2+ (566,82 m/z)  

[M+2H]2H+ 

[M+H]H+ 

9,7 



167 

• KPM8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53. UV chromatogram and ESI-MS spectrum of KPM8. Gradient: 5-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1113,53 m/z) 

[M+2H]2H+ 

11.1 
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• WT2_CF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54. UV chromatogram and ESI-MS spectrum of WT2_CF. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1299,06 m/z), [M+3H]3+ (866,68 m/z)  

[M+2H]2H+ 

[M+3H]3H+ 

11,9 
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• H50Q_CF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55. UV chromatogram and ESI-MS spectrum of WT2_CF. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1294,92 m/z), [M+3H]3+ (863,77 m/z) 

[M+2H]2H+ 

[M+3H]3H+ 

11.8 
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• G51D_CF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. UV chromatogram and ESI-MS spectrum of G51D_CF. Gradient: 15-60% of B in A 

in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (1327,76 m/z), [M+3H]3+ (886,07 m/z)  

[M+2H]2H+ 

[M+3H]3H+ 

12,3 
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• Tau1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. UV chromatogram and ESI-MS spectrum of Tau1. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+2H]2+ (604,38 m/z), [M+3H]3+ (403,60 m/z) 

[M+2H]2H+ [M+3H]3H+ 

10.7 
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• Tau2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58. UV chromatogram and ESI-MS spectrum of Tau2. Gradient: 15-60% of B in A in 

20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 

correspond to: [M+3H]3+ (1057,92 m/z), [M+4H]4+ (793,73 m/z) 

[M+3H]3H+ 

[M+4H]4H+ 

16.2 
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13.2. Supplementary data: NMR spectra of compounds 

The NMR spectroscopic experiments were carried out on a 300 MHz 

spectrometer 

 

 

 

 

Figure 59. 1H-NMR spectrum of KPM5 (300 MHz, CDCl3) 

 

1H-NMR (CDCl3):  1.47 (s, 9H), 4.62-4.63 (m, 1H), 4.64-4.65 (m, 1H), 5.21-5.26 (m, 1H), 

5.29-5.36 (m, 1H), 5.84-5.97 (m, 1H), 6.31 (br s, 1H), 6.47 (br s, 1H). 
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Figure 60. 1H-NMR spectrum of KPM7 (300 MHz, MeOH-d4,) 

 

1H-NMR (MeOH-d4):  4.60 (overlapped, 2H), 5.22 (d, J = 10 Hz, 1H), 5.33 (d, J = 17 Hz, 1H), 

5.89-5.93 (m, 1H), 7.57 (s, 1H). 
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Figure 61. 1H-NMR spectrum of KPM11 (300 MHz, CDCl3,) 

 

1H-NMR (CDCl3):  1.90 (s, 9H), 6.47 (br s, 1H), 6.91 (br s, 1H), 7.35 (d, J = 9 Hz, 2H),  

8.26 (d, J = 9 Hz, 2H). 
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Figure 62. 1H-NMR spectrum of KPM12 (300 MHz, D2O) 

 

1H-NMR (D2O):  1.48 (s, 9H), 4.61 (d, J = 5 HZ, 2H), 5.21 (d, J = 10 Hz, 1H),  

5.35 (d, J = 17 Hz, 1H), 5.92-6.01 (m, 1H). 
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Figure 63. 1H-NMR spectrum of KPM14 (300 MHz, DMSO-d6) 

 

1H-NMR (DMSO-d6):  4.54-4.64 (m, 2H), 5.22 (d, J = 10 Hz, 1H), 5.33 (d, J = 17 Hz, 1H),  

5.87-5.97 (m, 1H), 8.91 (s, 1H), 9.19 (br s, 1H), 9.44 (br s, 1H). 
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Figure 64. 1H-NMR spectrum of KPM15 (300 MHz, DMSO-d6) 

 

1H-NMR (DMSO-d6):  1.40 (s, 9H), 1.72-1.84 (m, 1H), 1.89-2.00 (m, 1H), 2.20 (t, J = 7 Hz, 

2H), 3.87-3.96 (m, 1H), 4.19-4.32 (overlapped, m, 3H), 4.50-4.51 (m, 

2H), 5.19 (d, J = 10 Hz, 1H), 5.32 (d, J = 17 Hz, 1H), 5.81-5.95 (m, 

1H),7.31-7.36 (m, 2H), 7.40-7.45 (m, 2H), 7.69-7.74 (m, 2H), 7.89-

7.91 (m, 2H), 8.18 (br s, 1H), 8.25 (br s, 1H), 8.93 (br s, 1H), 9.51 (s, 

1H). 
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Figure 65. 1H-NMR spectrum of KPM16 (300 MHz, DMSO-d6) 

 

1H-NMR (DMSO-d6):  1.76-1.87 (m, 1H), 1.94-2.07 (m, 1H), 2.21 (t, J = 7 Hz, 2H), 3.92-4.01 

(m, 1H), 4.17-4.34 (overlapped, m, 3H), 4.50 (d, J = 5 Hz, 2H), 5.18 (d, 

J = 10 Hz, 1H), 5.31 (d, J = 17 Hz, 1H), 5.80-5.96 (m, 1H), 7.32-7.36 

(m, 2H), 7.40-7.45 (m, 2H), 7.67-7.75 (m, 2H), 7.89-7.91 (m, 2H), 8.18 

(br s, 1H), 8.26 (br s, 1H), 8.92 (br s, 1H),9.51 (s, 1H), 12.61 (br s, 1H). 
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13.3. Supplementary data: ATR-FTIR spectra 
 

Figure 66. ATR-FTIR spectra of (A) WT1, (B) A30P, (C) WT2 and (D) A53T, acquired in the 

solid state. 
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Figure 67. ATR-FTIR spectra of (A) E46K, (B) G51D, (C) H50Q and (D) NAC, acquired in the 

solid state. 
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Figure 68. ATR-FTIR spectra of C1 (left) and C2 (right), acquired in the solid state. 

 

Figure 69. ATR-FTIR spectra of (A) WT1_scr, (B) A30P_scr, (C) WT2_scr and (D) A53T_scr, 

acquired in the solid state. 
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Figure 70. ATR-FTIR spectra of (A) H50Q_scr, (B) G51D_scr, (C) E46K_scr and (D) NAC_scr, 

acquired in the solid state. 

 

 

Figure 71. ATR-FTIR spectra of C1_scr (left) and C2_scr (right), acquired in the solid state. 
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Figure 72. ATR-FTIR spectra of KPM1 (upper left), KPM2 (upper right) and KPM3(lower), 

acquired in the solid state. 

 

 

Figure 73. ATR-FTIR spectra of KPM6 (left) and KPM8 (right), acquired in the solid state. 
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