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PREFACE 
 

The PhD research project was focused on the identification of new chemical entities capable to 

interfere with specific proteins or selected protein-protein interactions (PPIs), that constitute 

valuable targets for development of pharmacological tools for treatment of several human diseases. 

In particular, Parkinson’s disease and cancer progression are closely associated to specific proteins 

such as α-synuclein and MUC1-CIN85 involved in several physio pathological processes.  

The research activity aimed to identify small molecules targeting selected proteins is reported in 

this thesis paper, which is organized into four chapters as follows 

• Chapter 1 provides the main features of PPIs reported in the literature, thus furnishing an 

overview about the biological target selected for the PhD research project; here, it is 

described the mechanism of PPIs modulators as well as the biochemical and computational 

methods useful to investigate these interactions. Furthermore, a focus on protein 

aggregation analysis techniques is also included. 

• The first section of Chapter 2 reviews the PPI named MUC1-CIN85, that is involved in 

the formation of tumor metastases, as an innovative target for new anti-tumor agents. In 

particular, the two partner proteins and their structural features, activity and role in tumor 

cell invasiveness were introduced. Then, the Chapter 2 reports our investigation by 

applying different computational approaches to deeply investigate the MUC1/CIN85 

interaction. This PhD research activity was carried out during the internship at the italian 

pharmaceutical company Sterling SPA in collaboration with the RiMED Foundation 

(Palermo, Italy); in details the research activity was carried out under the supervision of 

Dr. Ugo Perricone; these computational studies were also developed during the abroad 

period at the Pharmaceutical Chemistry Department of the University of Vienna under the 

supervision of Prof. Thierry Langer.  

• Given the role of the neuronal protein α-synuclein (α-syn) in Parkinson disease, the 

Chapter 3 focuses on the identification of novel α-syn aggregation inhibitors as potential 

therapeutics for the treatment of this neurodegenerative disorder. An overview of the role 

of α-syn in the pathogenesis of PD and the growing interest in modulating its 

amyloidogenic aggregation to halt the neurodegenerative process was presented. 

Subsequently, there were described our research efforts in designing and synthesizing of a 

small set of α-syn aggregation inhibitors starting from a ligand-based pharmacophore 

model. The synthesized compounds were subjected to an in vitro biochemical screening in 
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collaboration with Prof. Salvador Ventura (Institute of Biotechnology and Biomedicine, 

University of Barcelona), whereas the in vivo studies were performed by the research group 

of Prof. Rosanna di Paola (University of Messina). In the same chapter, a ligand-based 

approach for the identification of new chemical entities was reported. The virtual screening 

procedure selected several small molecules, that were purchased and subjected to an in 

vitro biochemical screening in collaboration with Prof. Salvador Ventura. The binding 

mode of the best active compound was investigated through molecular docking studies 

performed in collaboration with Prof. Laura De Luca (University of Messina). 
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ABSTRACT  
Given the crucial role of several proteins in regulating pathophysiological processes, the research 

work carried out during the PhD was focused on the canonical MUC1/CIN85 protein-protein 

interaction as well as on the aberrant aggregation of the neuronal protein α-synuclein. The above-

mentioned targets might offer valuable tools for the developments of pharmacological treatments 

in cancer progression and neurological disorders.  

Moved by the purpose to identify new targets of pharmaceutical interest in cancer therapy, we 

focused our attention on the MUC1-CIN85 complex as a PPI implicated in the control of cancer 

progression and metastasis. For this reason, it was useful to start from the study of molecular 

contacts of MUC1 at CIN85 binding interface though a multi-computational approach, thus 

revealing new structural information relevant for the design of MUC1-CIN85 PPI inhibitors as 

potential anti-metastatic agents. 

In parallel, we investigated the role of amyloid aggregation of misfolded α-synuclein in the 

pathogenesis of Parkinson’s disease (PD). To date, inhibition of α-syn aggregation by small 

molecules has emerged as promising approach to block PD progression, thus providing new 

opportunities for drug discovery. Starting from previously identified α-syn aggregation inhibitors 

containing the chemotype 5-(4-pyridinyl)-1,2,4-triazole were optimized in terms of their in vivo 

efficacy. Our studies resulted in the identification of the ethyl 2-((4-amino-5-(pyridin-4-yl)-4H-

1,2,4-triazol-3-yl)thio)acetate, that showed the ability to prevent MPTP-induced bradykinesia and 

to influence PD marker levels after administration of the same neurotoxin. In addition, we 

evaluated the prevention of the fibrillation process using light scattering and a Th-T binding assay; 

these compounds demonstrated a slight reduction in α-syn aggregation. To expand our knowledge 

about the chemical structural requirements exerting a blockade in the formation pf α-syn 

aggregates, we used the structures of two active α-syn inhibitors, SynuClean-D and ZPD-2, as 

query compounds for a ligand-based virtual screening (LBVS) on commercially available 

compound libraries using SwissSimilarity web-based tool. The selected compounds were analyzed 

in the Th-T fluorescence assay. Among them, the best active compound MeSC-4 displayed a 

similar inhibition profile compared to SynuClean-D and was used as a prototype for novel α-syn 

aggregation inhibitors. In addition, molecular modelling studies were performed to investigate the 

binding mode of MESC-4 through a consensus docking methodology.  

Keywords: Protein-Protein interactions; α-synuclein; MUC1-CIN85; computer aided drug discovery; Parkinson’s 

disease; cancer  
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CHAPTER 1 
 

1 Focus on protein-protein interactions and protein aggregation in 

the development of new therapeutics 
 

In the last decades, both physio-pathological protein-protein interactions and aberrant protein 

aggregation have earned an increasing interest in Medicinal Chemistry due to their role in 

modulating a huge number of cellular process.1  

Several proteins undergo misfolding and failures in post-translational modifications that lead to 

the establishment of incorrect interactions and intramolecular aggregations. These events are 

massively implicated in various diseases including cancer, neurodegenerative diseases, 

inflammation, viral and bacterial infections.2,3 The physical contacts involved in these 

dysfunctional events include specific and non-specific interactions: hydrogen bonding, van der 

Waals interactions and steric interactions, which have been hypothesised to play minor roles 

whereas electrostatic and hydrophobic interactions which possess an important role.4 Under 

physiological conditions protein interactions and aggregations can occur in the modulation of 

many cellular processes, such as cell growth, DNA replication, transcriptional activation, 

translation, and signal transduction.5  

It is well known that protein-protein interactions (PPIs) are often dysregulated in pathological 

conditions, thus offering a novel opportunity for the search for new drug therapies.6 It has been 

estimated that there are 130000-650000 PPIs in the human organism, but only a small portion of 

these (~2%) had been considered as drug target.7 The modulation of PPIs by molecules presents 

numerous challenges since the contact surfaces involved in PPIs are larger (1500-3000 Å2) than 

those of traditional molecular targets (300-500 Å2).8 Moreover, these surfaces are usually flat and 

with a few druggable pockets accommodating small molecules. Therefore, compared with other 

targets such as enzymes and cell-surface receptors, PPIs do not possess physiological ligands that 

could be used as a starting point for the design of new substrates.9 Another disadvantage of PPIs 

is related to their low druggability because some of them occur through phosphorylation. As a 

result, designing a small molecule that mimics the charged residue of a phosphorylated site is not 

an amenable strategy because it would display poor bioavailability.10 Looking at all the above-

mentioned aspects, PPIs have been treated as "undruggable" targets for decades.1 Despite this, 

small-molecule modulators of PPIs were approved for clinical use in the 1990s, and the interest in 
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the development of new modulators of PPIs has been growing over the years (As shown in Figure 

1).8 

 

Figure 1. Graphical representation of published papers on PPI inhibitors over the past 20 years according to PubMed 
(https://pubmed.ncbi.nlm.nih.gov/). 

 

Over the years, studies conducted on PPIs have led to some observations regarding the 

characteristics of the interface between the two protein partners. Despite the large binding surface 

area, mutational studies have shown that only one group of residues implicated in the interaction 

is responsible for the largest part of free energy of binding. These residues have been termed 

"hotspots" and account the best targets for small molecules.11 An amino acid residue is generally 

named ‘hotspot’ if when its mutation to alanine, through scanning alanine mutagenesis, leads to 

an increase in Gibbs free energy higher than 2 kcal/mol. Therefore, a small molecule capable of 

interacting with hotspot residues could exert a blockade in the interaction between the two protein 

partners (Figure 2).12 
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Figure 2. Representation of ‘hotspots’ used to target protein-protein interactions (PPIs). Image created with 

BioRender.com 

 

The hotspot region is generally composed of a rim region, which is highly accessible and a core 

region, which is deeper. The rim is characterized by an aminoacidic composition similar to the rest 

of the protein surface whereas the core possesses aromatic residues.13 The most frequently hotspot 

amino acids found in PPIs are Trp, Tyr and Arg. In particular, Tyr and Trp are involved in stacking 

and hydrophobic interactions with their aromatic side chain, moreover they could generate 

hydrogen bonds through the hydroxyl group and indole nitrogen atom. In contrast, the amino acid 

Arg, which is polar, can establish hydrogen bonds and salt bridges.11 The amino acid composition 

of hotspots reveals that PPIs are mainly constitute by hydrophobic interactions, whereas hydrogen 

bonds and electrostatic interactions play a pivotal role.5 Several studies revealed that hotspot 

residues are conserved and clustered in non-homogeneous regions on the surface.14,15 The 

relevance of ‘hotspots’ has led to the development of computational tools for their prediction and 

the development of new drugs. For example, the ROBETTA server allows hotspot prediction 

through computational alanine scanning of PPIs.16  

PPIs can generate obligate or nonobligate complexes. In details, obligate PPIs complexes are not 

stable on their own, whereas in the case of nonobligate PPIs, protein partners can exist in bound 

or dissociated form under various conditions.11,17 Obligated associations are generally narrower, 

larger and more hydrophobic than nonobligated interactions, which are characterized by a more 

polar/charged interactions.18 Moreover, PPIs can be classified into transient or permanent 

according on their half-life.12 Indeed, in the first case the two partner proteins are associated and 

dissociated in vivo, whereas in the latter case the interactions are very stable, and the subunits 

generally exist in their complexed form.19 The stability of a PPI is strongly dependent on 
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physiological conditions, shifts in protein expression and localization, or on the presence of 

molecules like GTP.17 Furthermore, an interaction may be primarily transient in vivo, but become 

permanent under specific cellular conditions. Selecting a permanent PPI as a biological target is 

very difficult due to the matter that the successful approach to hinder this kind of interaction is to 

develop molecules capable to interfere during protein synthesis and the folding process.12 Despite 

the above-mentioned obstacles that present PPIs as a challenging goal, progresses in structural 

biology, mutational studies, biophysical methods, and new computational techniques, as well as 

the development of high-throughput screening (HTS) methods for PPI inhibitors, have led to 

positive results with the identification of PPI modulators approved or included in clinical trials. 

 

1.1 Mechanism of PPIs modulators  
 

Inhibitors of PPIs can act by disrupting or stabilizing the binding between protein partners. The 

binding disruptors operate by blocking the interaction, while the stabilizers bind to the protein-

protein complex, forming a ternary structure that represents an inactive conformation.20,21 These 

two classes of PPI modulators can be also divided into orthosteric and allosteric inhibitors (Figure 

3). In more details, orthosteric inhibitors link to PPI interfaces in a competitive manner. Allosteric 

inhibitors, on the other hand, interact with distinct sites to respect to the protein interface; inducing 

the target protein conformational changing that hinder the formation of the PPI.22  

 

 

Figure 3.  Orthosteric and allosteric mechanism of action of PPIs modulators. Image retrieved from Lu et al. 2020. 
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Most PPI modulators reported in the literature, belong to the class of orthosteric disruptors.23A 

successful example of this class of PPI inhibitors is ABT-199 (Venetoclax, 1), approved by the 

FDA in 2016 for the treatment of chronic lymphatic leukaemia.24,25 This small molecule binds the 

anti-apoptotic protein Bcl2, thus avoiding its interaction with its pro-apoptotic partner protein, 

facilitating tumor cell apoptosis. Allosteric inhibitors targeting PPIs possess several advantages, 

such as higher receptor subtype selectivity and a saturable effect. Amongst the allosteric 

modulators, BIO8898 (2), the synthetic small molecule fills an allosteric site of CD40L by 

blocking its binding to CD40 and thus inhibiting CD40L-dependent cell apoptosis in vitro assays. 

In fact, CD40 and CD40L are a complementary protein pair and belong to the tumor necrosis factor 

receptor superfamily. Moreover, CD40 and CD40L are largely expressed in T and B cells and 

blocking this interaction may has huge potential to treat the associated diseases (Figure 4).26 In 

this case, the biggest challenge with this class of inhibitors is linked to the identification of suitable 

allosteric sites. To this end, various approaches have been used, such as HTS followed by 

crystallography, phage display always combined with crystallography and the study of interactions 

through different computational methods.27 

 

 

Figure 4. Structure of the orthosteric inhibitor ABT-199 (1) and allosteric inhibitor BIO8898 (2). 
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Furthermore, orthosteric and allosteric inhibitors display different pharmacological features; in 

general, allosteric modulators are more hydrophobic as they must bind allosteric sites that have a 

more hydrophobic character than the PPI interface, moreover, they possess a lower molecular 

weight and a structural rigidity. When the protein interfaces are small and possess simple 

conformations, the development of orthosteric modulators might be a useful strategy, whereas in 

the case of PPIs characterized by a large interface and more complex conformations, it is better to 

design small molecules as allosteric ligands.23 

 

1.1.1 Type of PPIs modulators 
 

PPIs modulators include various chemical species such as monoclonal antibodies, peptides and 

peptidomimetics, and small molecules. Monoclonal antibodies are usually competitive inhibitors 

binding an orthosteric site of the protein. The advantages of developing monoclonal antibodies for 

PPI modulation is related to their selectivity and affinity for the target.3 Notwithstanding their 

higher specificity compared to traditional drugs, antibodies have different limitations, such as high 

production cost, and low oral bioavailability.5 Peptides and peptidomimetics constitute another 

large group of substances studied as potential modulators of PPIs. Generally, peptides are designed 

based on amino acid residues present at the PPI interface, to mimic the natural interactions with 

the protein partner.8 Some of these peptides have been designed as molecular probes with the 

purpose of studying PPIs or identifying and validating newer potential drug targets. From a 

pharmacological perspective, peptides also possess weak cell permeability and limited stability in 

vivo, being susceptible to the action of proteases.28 To further optimize the pharmacokinetic 

properties of peptides, several chemical strategies have been applied, such as backbone 

modification, substitution of amino acids with non-standard residues and macrocyclization. In 

addition, macrocyclization restricts the peptide in its binding conformation, increasing proteolytic 

stability and enhancing cell permeability.29 Regarding cyclization methods, the use of peptides 

with a hydrocarbon skeleton has emerged for the design of PPI inhibitors. Considering that helical 

motifs are common at most protein-protein interfaces, with this approach, it is possible to stabilize 

the α-helical secondary structure of a peptide by introducing an olefinic side chain at the α-carbon 

of a non-natural amino acid.30 Hydrocarbon-stabilized peptides have demonstrated to be more 

stable and to have an improved membrane permeability.31,32 This strategy has been successfully 

used in the development of PPI inhibitors for therapeutical applications.33 
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An exciting result was the identification of the double-selective peptide ALRN-6924 that block 

p53-Mdm2/Mdm4 interactions; it is currently being clinically evaluated for the treatment of 

hematology and solid tumors.34 

Finally, PPI inhibitors include also small molecules. The development of PPI inhibitors with low 

molecular weight entities has been considered for years a difficult objective due to the large and 

flat protein-protein interface. However, if the hotspot residues that are usually concentrated in the 

middle of the binding interface and cover an area of 250-900 Å are considered, the interaction with 

a small molecule becomes possible.9 In addition, proteins are dynamic systems with several 

conformational changes that could result in the formation of cavities or pockets capable of 

accommodating a small ligand. Different approaches such as nuclear magnetic resonance (NMR) 

and molecular dynamics (MD) simulation are useful to study protein structures in solution and 

their dynamic behavior.11 As an example, a computational protocol was reported to identify 

transient pockets on the surface of three systems: BCL-XL, MDM2 and IL-2 in their apo-

conformations. Since the native inhibitor binding site was not displayed in the unbound state, these 

crystal structures were subjected to MD simulation. Indeed, it was seen that the transient pockets 

opened up within 2.5 ps, and pockets with similar dimensions to those of known inhibitors were 

also revealed on the native binding site.35 Small molecules possess many advantages, such as 

metabolic stability, low production cost, high bioavailability, and cell permeability.8 Small 

molecules may be able to modulate PPI interactions by competing with the protein partner, either 

by occupying an allosteric site or by stabilizing the interaction mechanism.21 An emerging 

procedure to inhibit PPIs has produced high-affinity inhibitors. This approach implicated that 

small molecules are resulting from the covalent modification of a nucleophilic residue, such as 

cysteine, methionine and lysine situated near the interface. Furthermore, inhibitors that covalently 

bind non-conserved residues exhibited a better selectivity than other similar members of the same 

protein family.36 Small molecule modulators of PPIs have been identified by HTS of synthetic and 

natural compound libraries or by using in silico methods. They are generally distinguished by a 

higher molecular weight (>400 Da) and a stronger hydrophobicity than typical drugs, owing to the 

large and hydrophobic protein-protein interface.37 Although some of them do not conform to 

Lipinski's rule of five, they have demonstrated good oral bioavailability. Of course, these small 

modulators of PPIs displayed more complex structures than the traditional compounds used as 

drugs. These considerations have pointed out the necessity to build databases of PPI modulators 

for screening characterized by greater complexity and chemical diversity than those used for 

traditional drug design. In this perspective, natural products offer an abundant resource of different 

chemotypes that constitute a good starting point for the construction, through chemical 
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modifications, of compound libraries for the identification of novel PPI modulators.38 Although 

barriers to targeting PPIs with small molecules have been hurdled, several successful modulators 

have been developed, culminating with FDA approved small molecules for the treatment of cancer, 

dry eye syndrome, autoimmune diseases, and as immune suppressing agents.39,40 

 

1.2 Methods for analysis of PPIs and aberrant protein aggregation 
 

1.2.1 Classification of PPI detection methods 
 

As seen above, PPIs are becoming a prominent topic for the discovery of new pharmacological 

targets and development of new therapeutic agents.  Non-covalent contacts between the sidechains 

of protein amino acid residues are responsible for the possible misfolding, their assembly and the 

establishment of new PPIs. Several studies reported in the literature have revealed that proteins 

involved in the same cellular pathway are repeatedly found interacting with each other. 

Consequently, the role of PPIs is also important for deducing the function of proteins within the 

cell. Indeed, the functions of unidentified proteins can be predicted based on their interaction with 

another protein whose function is known.  The detailed study of PPIs has brought additional 

knowledge about the molecular mechanisms of cellular processes.41  

Methodologies for studying these interactions are divided into two broad categories: 1) in vitro or 

in vivo biochemical studies; 2) in silico methods. Biochemical assays for investigating protein 

interactions include affinity chromatography, co-immunoprecipitation, protein fragment 

complementation, phage display, X-ray crystallography, nuclear magnetic resonance (NMR) 

spectroscopy. In silico approaches include structure-based approaches, molecular dynamics 

simulations (MD) and mutagenesis studies such as computational alanine scanning (CAS), detailed 

below. The diagrammatic classification is shown in Table 1. 
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Approach Method Summary 

Biochemical 
studies 

Affinity chromatography Highly responsive, able to detect weakest 
interactions in proteins 

Co-immunoprecipitation Confirms interactions using a whole cell extract 
where proteins are present in their native form 
in a complex mixture of cellular components 

Protein fragment complementation 
(PCAs) 

Used to detect PPIs between proteins of any 
molecular weight and expressed at their 

endogenous levels 
Phage display Incorporation of the protein and genetic 

components into a single phage particle 
X-ray crystallography Visualization of protein structures at the atomic 

level for the understanding of protein 
interaction and function 

NMR spectroscopy Able to detect weak protein-protein interactions 

Computational 
studies 

Sequence-based approaches Identification of PPI binding sites by employing 
information derived from conservation or 

sequence similarity of homologous proteins. 
Structure-based approaches Predict protein-protein interaction if two 

proteins have a similar structure (primary, 
secondary, or tertiary) 

Molecular dynamics simulations Characterization of binding site otherwise not 
detectable from the crystal structure 

Mutagenesis studies Identification of hotspot residues through 
computational alanine scanning 

 

Table 1. Summary of PPIs detection methods 

 

• Structure-based methods 

Structure-based methods use the 3D structural coordinates of the target to identify potential ligand 

binding sites. The main limitation of this approach is that it requires the 3D structure of the protein. 

Structure-based procedures can be further classified into three types: geometry-based, energy-

based, and pattern-based. Geometry-based approaches use geometric parameters, such as surface 

area, to identify cavities on the protein. Energy-based methods search for energetically favorable 

hotspots on the structure.  Finally, model-based methods predict the putative binding site of the 

ligand from known protein models, based on the assumption that structurally similar proteins share 

similar activity. These approaches also include structure-based pharmacophore model, allowing to 

discover the necessary steric and electronic properties for molecular recognition in the ligand-

receptor complex. Through the experimental structure of the complex, atomic coordinates and 

interactions with the ligand can be exploited to find so-called pharmacophoric features and to 

obtain information on the shape of the binding site.42 
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• Molecular dynamics simulation (MD) 

The process of ligand binding to a target macromolecule is dynamic, involving conformational 

changes in the protein structure. This overcomes the initial model of the 'lock and key' theory 

where a rigid receptor can accommodate a small molecule without undergoing any structural 

modification.43 The molecular dynamic simulation (MD) is a computational method applied to 

calculate the time-dependent motion of molecules when interacting with a target. In fact, during 

MD simulation, consecutive configurations of the evolving system are generated, resulting in 

trajectories in which the positions and velocities of the particles are specified over time.44 

• Computational alanine scanning (CAS) 

Computational alanine scanning (CAS) can be applied to a huge variety of protein complexes to 

understand their structural and energetic characteristics. This mutagenesis procedure consists of in 

silico site-directed mutation of a specific residue used to determine its contribution to the stability 

or function of the protein. Alanine is used for its methyl functional group, which is non-binding 

and chemically inert. The contribution of the single amino acid is calculated as the difference in 

free binding energy between wildtype and ALA mutant proteins for the formation of a protein-

protein complex.45 

 

1.2.2 Analysis of protein aggregation and its inhibition by small molecules 
 

Pathological aggregation of proteins and peptides is a key event in several chronic and devastating 

neurodegenerative conditions. Analytical methods for investigating protein aggregation are 

important for mapping physio-pathological events and for the development of new therapies and 

better diagnostic tools. The assembly of aggregates occurs as a result of intermolecular interactions 

between proteins.46 This aggregation can be regarded as non-canonical PPI which can also be 

analyzed using computational and biochemical methods. Furthermore, several mechanisms have 

been reported in literature whereby aberrant and misfolded forms of proteins, which generally 

undergoes aggregation, can interact directly with different protein partners thus generating new 

PPIs.47 

Common methods used to study the formation and structural features of protein aggregates are 

classified according to their assembly state. Among these methods are NMR spectroscopy and X-

ray crystallography techniques that are also used to resolve protein structure at the atomic level for 

conventional PPIs.48 However, most methods used to explore protein aggregation characterize the 
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secondary structure. In fact, fibrils formed by protein aggregates, although have a different 

structure and appearance, are rich in β-sheets and are suitable for high-throughput screening assays 

offering the opportunity to identify, small aggregation-inhibiting molecules acting on these phases. 

A widely used approach is the dye Thioflavin T (ThT) which verifies the presence of fibrils as 

well as the examination fibrillation kinetics in situ. Moreover, protein aggregates can also be 

detected by light scattering, which simply monitors the increase in size of a protein when it 

undergoes aggregation and then fibrillation.49 In detail, these two techniques are used for the 

evaluation of misfolded protein aggregates known as amyloid plaques, a characteristic feature of 

neurodegenerative diseases, both in vitro and in vivo.  

 

• Thioflavin T fluorescence assay 

Thioflavin-T (ThT) is a benzothiazole salt obtained by methylation of dehydrothioluidine with 

methanol in the presence of hydrochloric acid. The dye is used to visualize and quantify the 

presence of misfolded protein aggregates called amyloids. When it binds to 𝛽-sheet-rich structures, 

it produces an increased fluorescence and a characteristic red shift in its emission spectrum.50 

Before binding to an amyloid fibril, ThT emits weakly around 427 nm. When excited, it emits a 

strong fluorescence signal at around 482 nm upon binding to amyloids. The benzylamine and 

benzothiazole rings are connected by a carbon-carbon bond. These two rings can freely rotate 

when the molecule is in solution. However, when it binds to amyloid fibrils, the rotation planes of 

the two rings become immobilized and thus the molecule can maintain its excited state.51 

• Light scattering measurement 

Light scattering measurement concerns the study of the interaction between light and matter. Due 

to this interaction, light striking a set of particles (molecules, atom etc.) is partially 'deflected' in 

different directions than the incident light. In this process of scattering, in addition to the change 

in direction, there is also a change in frequency. The evaluation of scattered light in relation to 

intensity and wavelength often provides valuable information about the studied substance. Protein 

aggregation causes increased light scattering, while a reduction is observed in the presence of a 

ligand that blocks aggregation.52 
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CHAPTER 2 
 

2 Multi-computational approach to explore MUC1-CIN85 

interaction as promising biological target for anticancer therapy 
 

The design of PPI modulators is a difficult challenge due to the structure of protein interface that 

lack well-defined binding sites for small molecules. However, it is possible to observe the opening 

of transient ligand binding sites by means of the dynamic nature of these interfaces, offering new 

opportunities for drug discovery. In this scenario, my research conducted on the modulation of the 

MUC1-CIN85 PPI is placed. As discussed below, this complex plays a key role in tumor invasion 

and metastasis formation and constitutes a valuable target for the development of novel agents to 

be used in cancer therapy. 

 

2.1 MUC1 peptide 
 

MUC1 is a transmembrane glycoprotein (molecular weight 300 to 600 kDA), it is physiologically 

expressed on the apical surface of epithelial cells of a wide range of tissue, including mammary 

gland, lung, stomach, esophagus, duodenum, pancreas, uterus, prostate, and hematopoietic cells, 

involved in both signal transduction and the formation of a protective barrier.53 The MUC1 gene 

codifies for a single polypeptide chain which, after translation, is autoproteolytically cleaved at 

the GVSVV motif located in the SEA domain  (sea urchin sperm protein enterokinase and agrin) 

thus generating the N-terminal domain (MUC1-N) and the C-terminal domain (MUC1-C) linked 

by stable H-bonds (Figure 5).54  
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Figure 5. Schematic illustration of the N-terminal and C-terminal subunits of MUC1. The N-terminal domain 

comprises a variable tandem repeat number region (VNTR) that is largely glycosylated under physiological 

conditions. The C-terminal domain contains an extracellular domain, a transmembrane domain, and a cytoplasmic 

tail. The two subunits, N- and C-terminal, are connected by non-covalent interactions to the SEA domain.54 

 

From a structural point of view, the N-domain is located on the membrane surface and is 

characterized by a variable number of tandem repeat regions (VNTRs), composed of a 20 amino 

acid sequence (PDTRPAPGSTAPPAHGVTSA) and being rich in proline, threonine, and serine 

residues.55 These residues provide glycosylation sites which are highly glycosylated under 

physiological conditions, through O-glycosylation and N-glycosylation. O-glycosylation happens 

at hydroxylic residues Thr and Ser present in VNTRs and plays a pivotal role in the biological 

activity of MUC1. Indeed, the hyperglycosylation on the branches led to an oligomerization, that 

form a mucinous gel for the protection of epithelia from pathological agents, pH changes and 

dehydration. O-glycosylation occurs upon the addition of N-acetylglucosamine (GalNAc) to 

residues Thr and Ser by GalNAc transferases, which results in the formation of GalNAcαSer/Thr 

structures also known as Tn antigens. Thereafter, the GalNAc residues are subjected to further 

modifications carried out by different glycosyltransferases leading to the construction of different 

glycan substructure such as i) core 1 consisting of the addition of galactose (T or TF antigen), ii) 

glycan core 3 formed by the addition of GlcNAcβ1-3GalNAcα and iii) the Sialyl-Tn (STn) antigen 

obtained with the addition of sialic acid. Glycosylation proceeds by extension and chain 

termination occurs through the addition of carbohydrates such as sialic acid. N-glycosylation, on 

the other hand, happens at the level of Asn residues located in the degenerate sequence and is 

essential for folding, sorting, apical expression, and secretion of MUC1. The glycosylation process 
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thus protects the peptide structure from cleavage by proteolytic enzymes and clathrin-mediated 

endocytosis.53 In contrast, the MUC1-C subunit is composed of an extracellular domain (ECD) 

with 58 amino acids, a transmembrane domain (TMD) containing 28 amino acids, and a 

cytoplasmic tail (CT) of 72 amino acids. This latter region contains seven Tyr residues, including 

4 residues that can be phosphorylated by kinases, promoting signal transduction cascades.56 

Among the physiological functions of MUC1, the main relevant are lubrication and hydration of 

the cell surface and protection from microorganisms and proteolytic enzymes. 55In addition, 

MUC1 plays an important role in the regulation of inflammatory responses by its CT domain. It 

has been reported that the CT domain acts as a negative modulator of Toll-like receptor (TLR) 

signaling. TLRs are receptors implicated in the response of the innate immune system, as they are 

responsible for the early recognition of pathogens, which then triggers the host's defensive 

responses.  For example, infections caused by pathogens such as P. aeruginosa and respiratory 

syncytial virus generally result in the activation of TLRs, triggering the production of 

inflammatory mediators. Subsequently, upregulation of MUC1 follows and TLR signaling is 

inhibited in order to reduce inflammation. Furthermore, MUC1 is implicated in the regulation of 

the NLRP3 inflammasome complex, whose activation provokes the production of inflammatory 

cytokines and subsequently the recruitment of effector cells. Induction of the inflammasome 

complex requires activation of TLRs and the NF-kB pathway leading to upregulation of pro-IL-

1β, pro-IL-18, pro-caspase-1 and inflammasome components.  Consequently, MUC1 works as an 

inhibitor of the inflammasome pathway, decreasing the activation of TLRs and blocking the 

upregulation of inflammasome components. Recently, it was discovered that the expression of 

MUC1 during Helicobacter pylori infection in mice and in vitro suppresses the production of 

gastric IL-1 β and, as a result, it was observed a reduction of H. pylori-induced inflammation.56 

 

2.1.1 The tumor associated MUC1 
  

Tumor associated MUC1 (TA-MUC1) displays different biochemical features and cellular 

distribution than the protein under physiological conditions. In tumors, MUC1 is overexpressed 

and is found both on the surface and in the cytoplasm of epithelial cells, as they lose their cellular 

polarity.57 In addition, the VNTRs of TA-MUC1 are hypo-glycosylated with truncated long-

branched glycans that are often capped by sialic acid following the overexpression of α2,6- and 

α2,3-sialyl transferases; the above-mentioned transferases are responsible for the premature 

termination of the chain elongation process.58 Several studies have shown that TA-MUC1 plays a 
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key role in the transcription of genes associated with tumor invasion, angiogenesis, cell 

proliferation, apoptosis, inflammation and drug resistance. In fact, the CT domain binds to the 

epidermal growth factor receptor (EGFR) and translocases into the nucleus initiating a cascade of 

signals that stimulate cell proliferation. In preclinical models, TA-MUC1 enhances metastasis 

formation by disrupting normal cell-cell and cell-matrix adhesion and activating cell-endothelium 

adhesion. In this regard, TA-MUC1 has been demonstrated to interact with the cell adhesion 

molecules such as ICAM-1 and E-selectin, promoting cell migration and vascular invasion.53 

Overexpression of TA-MUC1 has been related to a poor prognosis in colon, pancreatic, bladder 

and breast cancer.59,60 Consequently, TA-MUC1 represents an attractive target for antitumor 

therapy owing to its expression on the surface of cancer cells. In particular, truncated glycans 

located in the VNTR act as antigens and can be recognized by antibodies, thus becoming an 

interesting immunotherapeutic-based strategy for cancer treatment. Various antibodies targeting 

different domains of MUC1 have been designed and some of them are the subject of clinical 

studies.53,61 One of the antibodies studied is human milk fat globule 1 (HMFG1) which is a murine 

IgG1 antibody with light chain k that recognizes the PDTR epitope present in the VNTR of the 

extracellular domain of MUC1.61 The radiolabeled form of HMFG1 with 90Y was developed for 

the treatment of ovarian cancer. The humanized version of this antibody, AS1402, exhibited a 

good tolerability and safety profile in the Phase I study. In the Phase II study, it was co-tested with 

endocrine therapy; however, this co-treatment did not lead to positive results, despite observing 

no safety problems.62 Among the antibodies we also mention TAB004 which is a humanized IgG1 

mAB that has detected the STPPVHNV sequence located in the VNTR region of TA-MUC1. This 

immunoglobulin has been shown to be effective in targeting pancreatic cancer cells, but not normal 

cells. In addition, TAB004 has been shown to stop the anti-apoptotic activity of MUC1 and 

increase the antitumor effect of chemotherapeutic drugs.63,64 Another anti-MUC1 monoclonal 

antibody is MUC1-014E, which targets a 19 amino acid intracellular sequence 

(RYVPPSSTDRSPYEKVSAG) of the MUC1-CT domain.  This monoclonal antibody has been 

shown to detect isolated tumor cells of the signet-ring cell carcinoma and the non-solid type poorly 

differentiated gastric adenocarcinoma, suggesting that this antibody can be utilized for the 

detection of these cells, which are frequently present in a type of gastric cancer called gastric 

scirrhosis.65 Moreover, monoclonal antibodies that interact with glycopeptide epitopes of TA-

MUC1 have been reported, such as PankoMab. This is a murine IgG1 antibody, which targets the 

glycopeptide TA-MUC1. It showed high antibody-dependent cellular cytotoxicity (ADCC) 

activity and rapid internalization, thus emerging as a potential anti-cancer agent. Several chimeric 

and humanized forms of PankoMab have also been designed and are under clinical trials as 
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potential therapeutic and diagnostic tools.66,67 Several cancer diseases can be induced by microbial 

infections; microbes interact with the host through glycosylated mucin proteins, inducing its 

alteration by glycosylation, and it has been seen that a prolonged period of interaction with the 

microbe can alter the glycosylation of MUC1 resulting in a rupture of epithelial barrier, then 

switches from anti to pro-inflammatory (Figure 6).68 

 

 

Figure 6.  Schematic representation of pro-inflammatory role of MUC1. (A) During Helicobacter pylori infection, the 

cytoplasmic tail of MUC1 (orange) in gastric epithelial cells activates NF-kB (green) and suppresses proinflammatory 

signals. (B) In gastric cancer cells, the p65 subunit of NF-kB binds (green) to MUC1-CT (orange) and the complex 

localizes in the nucleus increasing the expression of proinflammatory cytokines. The MUC1 extracellular domain 

(MUC1-ED) in normal cells is hyperglycosylated (pink branches), but in cancer cells it is aberrantly glycosylated 

(yellow) and loses some residues. Image retrieved from Bose et al. 2020. 

 

2.2 CIN85 
 

CIN85 is the Cbl-interacting protein of 85 kDa and consists in a multifunctional adaptor protein 

involved in several biological functions. Adaptor protein is defined as non-catalytic peptides with 

one or more structural domain capable to bind other proteins or peptide thus generating multimeric 

complexes involved in signal transduction processes.69 CIN85 is structurally constituted in the N-

terminal portion of 3 Src Homology 3 (SH3), usually called SH3A, SH3B and SH3C, a central 

proline-rich region and a C-terminal coiled-coil (Cc) domain (Figure 7). 
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 Figure 7. Schematic representation of CIN85 structure 

 

The three SH3 domains bear a high similarity to each other compared to any other SH3 domain 

and establish their PPI by interacting with proline rich motifs. In addition, there is a region rich in 

Ser and Thr residues between the second and third SH3 domains that could be susceptible to 

phosphorylation. On the other hand, in the N-terminal domain, there are three FXDXF sequences 

that could provide a binding site for the AP2 adaptor protein of clathrin. As above-mentioned, the 

central Pro-rich region acts as a potential binding site for the other SH3 domains and is situated 

near the third SH3 domain. Finally, the C-terminal domain possesses a high propensity to produce 

coiled-coil structures that are implicated in the oligomerization of CIN85 leading to the formation 

of CIN85-associated multiprotein complexes.70 These domains consist of approximately 60 amino 

acids, comprise of five β-strands arranged in two antiparallel β-sheets connected by three loops 

called RT, distal and n-Src and a short 310 helix.71 SH3 domains are well-known for binding 

proline-rich sequences containing the consensus motif PXXP, where X can be any amino acid. 

Due to the relatively small size of the detected sequence, the specificity of binding is achieved by 

the neighbouring residues.72 Over the years, an increasing number of peptides have been 

discovered that bind SH3 domains with unusual binding motifs.71 
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Figure 8.  Crystal structure of CIN85 SH3A domain in complex with  Cbl-b peptide. The SH3 domain is represented 

as blue cartoon and Cbl-b as pink-stick. The basic residue in the N-terminal part of peptide assumes the type I 

orientation on the hydrophobic pocket od SH3 domain and interact with Asp16 and Glu17. On the other hand, the 

basic residue in the C-terminal part of peptide interact with the same hydrophobic residues with a type II orientation.73 

(The image was created with PyMOL software). 

 

The binding area of SH3 domains is largely conserved and contains hydrophobic residues such as 

Tyr, Phe, Pro and Trp, which are largely implicated in the binding of  proline-rich sequences, as 

well as an acidic pocket that can create ionic interactions with basic residues adjacent to the PXXP 

motif.74 These domains usually bind the protein partner with a stoichiometric ratio of 1:1, and 

those proteins with multiple SH3 domains can establish contacts with different ligands and thus 

enhance the affinity and specificity of the interaction.73 However, several cases have been reported 

in the literature where the proline-rich motif simultaneously links two SH3 domains, forming 

heterotrimeric complexes.75,76 After the ligand binds to the SH3 domains, it generally changes its 

conformation and adopts an extended, left-handed helix called the polyproline-2 helix (PPII).77 

Pro-rich sequences are able to interact in two orientations, type I and type II, depending on the 

position of the basic residues linked to the PXXP motif. In the type I orientation, basic residues 

from the N-terminal part to the binding motif can occupy the hydrophilic pocket, while in type II 

the same pocket can contains basic residues from the C-terminal part to the motif.78 Specifically, 

the SH3 domains of CIN85 recognize an atypical PXXXPR motif present in the ubiquitin ligases 

c-Cbl and Cbl-b.79 Through crystallographic studies of the interaction between the N-terminal SH3 
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domain (SH3A) of CIN85 and the Cbl-b peptide (RCSB PDB: 2BZ8); it was observed that there 

is formation of a heterotrimeric complex in which Cbl-b is sandwiched between two SH3 domains 

(Figure 8). Furthermore, one SH3 domain bound the Pro-rich peptide assuming a type I orientation, 

while the other SH3 domain binds in a type II orientation.73 

In association with Cbl-b, CIN85 plays an important role in the organization and sorting of several 

receptor-activated tyrosine kinases (RTKs), including the epidermal growth factor receptor 

(EGFR)69. In particular, growth factor engages RTKs by provoking receptor autophosphorylation 

and phosphorylation of different substrates. Thereafter, activated RTKs move from the cell surface 

to the endosomal compartment, where they can be recycled to the plasmatic membrane or disposed 

for lysosomal degradation. These processes are modulated by different PPIs, receptor 

phosphorylation and ubiquitination. Cbl proteins, are implicated in ubiquitination as well as 

lysosomal degradation of various RTKs. This role of Cbl proteins on the modulation of RTK 

endocytosis occurs through the binding with CIN85. Specifically, Cbl links to phosphorylated 

RTKs and is itself phosphorylated. The formed Cbl-RTK complex interacts with the SH3 domains 

of CIN85, whose Pro-rich region is constitutively associated with endophilins. Endophilins act as 

regulatory proteins of clathrin-coated vesicles that are responsible for membrane invagination 

leading to endocytosis of RTKs.70 

Furthermore, CIN85 is involved in CD2 receptor clustering and cytoskeletal polarity of the 

specialized junction between T cells and antigen-presenting cells (APCs), otherwise known as the 

‘immunological synapse’. CD2 is an adhesion molecule found on the surface of T cells and natural 

killer (NK) cells. Under physiological conditions, it mostly interacts with CD58, another cell 

adhesion molecule located on APCs, and this interaction promotes T-cell activation. CD2's role in 

the immunological synapse is caused by its interaction with the SH3 domains of the adaptor 

proteins CIN85 and CD2AP, which is achieved through the proline-rich motifs present in the C-

terminal tail of CD2. At the same time, the C-terminal region of CIN85 binds CAPZ, a capping 

protein that covers the upper end of actin filaments, thus creating a direct link between CD2 and 

the cytoskeleton. Thus, the binding of CIN85 and CAPZ supports the alignment of T-cell and APC 

membranes.69,80 
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2.2.1 The high-expressed CIN85 in cancer cells 
 

High expression of CIN85 has been observed in invasive breast cancer cells, where this adaptor 

protein has been identified as a constituent of invadopodia, which are an actin-rich membrane 

protrusions that provide the ability to invade cancer cells. Two plausible mechanisms have been 

reported in the literature: a) CIN85 seems to be involved in invadopodia biogenesis by promoting 

the interaction between Cbl proteins and ASAP1/AMAP1 proteins; b) CIN85 promotes tumor cell 

invasiveness regards its interaction with TA-MUC1.81 

 

2.2.2 MUC1-CIN85 interaction 
 

Analogously to the PXXXPR motif found in Cbl and other effectors of CIN85, the VNTRs of 

MUC1 have highly conserved proline rich PDTRP motif which is detected by the SH3 domains 

of CIN85. However, both proteins are overexpressed in early and advanced clinical stages of breast 

cancer and co-localize in invadopode-like structures, resulting in increased invasiveness of cancer 

cells. Through in vivo studies on a B16 melanoma tumor metastasis model, it was observed that 

when CIN85-free melanoma cells, were inoculated into mice, they did not lead to any lung 

metastasis, while overexpression of MUC1 re-established the metastatic process. The formation 

of the MUC1-CIN85 complex depends on the rate of glycosylation of the VNTRs of MUC1. In 

particular, glycosylation decreases as the tumor progresses to more advanced stages. This, 

decreased glycosylation could increase the number of MUC1-CIN85 complexes, promoting the 

invasive capacity of cancer cells.82  Indeed, alterations in the length of the sugar chains of VNTRs 

have been reported to contribute to the tumor progression and metastasis formation. 83,84,85 It was 

also observed through experimental studies, that in the presence of a MUC1 agonist peptide able 

to induce dimerization, the interaction between MUC1 and CIN85 was two times higher than in 

its absence, which prompted that CIN85 binds MUC1 forming a heterotrimeric complex, as 

observed for Cbl-b.86 Unfortunately, to date, no crystallographic structure is available for the 

MUC1-CIN85 complex.  
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2.3 Results and discussion  
 

2.3.1 Peptide docking and MD simulation of CIN85 dimer and MUC1 peptide 
 

Computational studies previously carried out by the Laura De Luca and coworkers provided useful 

information for the design of new antitumor agents. The interaction models of MUC1 in complex 

with the dimeric and the monomeric forms of CIN85 revealed that the CIN85 dimer bound to 

MUC1 could establish a similar interaction pattern as found in the X-ray crystallographic structure 

of CIN85 SH3 domain in complex with Cbl-b peptide (RCBS PDB 2BZ8)73. The obtained 

heterotrimeric and dimeric complexes were subjected to two independent 50 ns MD simulations. 

The MD outputs showed that the most stable interactions in the heterotrimeric complex of CIN85 

dimer with MUC1 agreed with the X-ray solved structure CIN85/Cbl-b. In addition, MM-GBSA 

calculations for each MD simulation, revealed that the formation of the heterotrimeric complex of 

MUC1-CIN85 is energetically most favored compared to the dimeric complex. 

As a continuation of these studies, the present PhD research was focused on further exploration of 

possible interactions between CIN85 dimer and MUC1 peptide by different computational 

approaches. We decided to generate an interaction model of this complex by performing peptide 

docking of MUC1 VNTR to the CIN85 dimer and then MD simulation. For this purpose, we used 

a new crystal structure of SN-101 mAb in complex with MUC1 synthetic glycopeptide (RCSB 

PDB: 6KX1 at 1.77 Å resolution)87 from Protein Data Bank. The protein partners of MUC1 were 

deleted, the peptide was prepared at pH 7.0 and docking was carried out using Glide software88,89. 

The calculations generated five protein-protein complexes whose showed docking scores ranged 

from -5.362 kcal/mol and -3.311 kcal/mol and all five poses showed to possess similar 

conformations to the natural PPII helix conformation held by the Cbl-b peptide (Figure 9). The 

analysis of the 2BZ8 complex and the MD results were used as a reference for running and 

validating the protein-peptide docking results.  
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A 

B 

Figure 9. (A) Binding mode of all five poses of synthetic MUC1 VNTR glycopeptide retrieved from PDB 6KX187 to 

CIN85 dimer from PDB 2BZ873 (grey structure), (B) MUC1 VNTR peptide interactions with SH3 domains residues 

of CIN85. 
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As result, most of the CIN85-MUC1 peptide interactions from this docking study agreed with 

those identified from the PDB 2BZ873 where the key residues of CIN85 Asp16, Glu17 and Asn51 

and Trp36 are involved in H-bonds and hydrophobic contacts. The residues Asp16 and Glu17 of 

an SH3 domain provided hydrogen bonds with MUC1 Thr2 and two salt bridge with Arg8. Trp36 

of CIN85 created an H-bond with MUC1 Arg8, whereas Phe8, Tyr10 and Phe52 established a 

hydrophobic contact as shown in Figure 9. 

To study the stability of the interactions, the complex selected from the output of the peptide 

docking was used to run MD simulations of 100 ns to identify the most frequent and stable 

interactions. The stability of the complex was verified by analyzing the RMSD graphs of the 

protein and ligand90. The analysis of the MD outputs confirmed that residues Glu17 and Trp36 of 

CIN85 established the most stable interactions with Arg8 of MUC1. Furthermore, residues Phe8, 

Phe52 and Asn51 of CIN85 formed hydrophobic contacts, whereas Asp16 of CIN85, one of the 

key residues from previous studies, was unable to provide stable and frequent contacts during the 

entire trajectory of MD simulation (Figure 10). To confirm the CIN85-MUC1 complex with the 

highest population for MD simulation, we conducted a trajectory clustering analysis using 

“Desmond Trajectory Clustering” from the Schrödinger suite. The resulting frames from trajectory 

were grouped according to RMSD to obtain a representative conformation of the system. The most 

representative structure of the cluster was selected and used for further studies. 

A 
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B 

Figure 10. Schematic representations of the MD simulation of CIN85 dimer from PDB 2BZ873 in complex with 

MUC1 peptide from PDB 6KX187. (A) Histogram plot highlighting the CIN85 residues involving in the 

interactions with MUC1. (B) Timeline representations of the interactions during the MD simulation. 

 

2.3.2 Computational Alanine Scanning of CIN85-MUC1 complex 
 

The study of alanine-scanning mutagenesis of protein-protein interfacial residues is a very useful 

process for the investigation of the binding mode of two proteins and for rational drug design. 

Based on the structural information from the literature about MUC1 peptide which shows in its 

sequence the motif PDTRP able to interact with the SH3 domain of CIN85, we decided to mutate 

all residues MUC1 synthetic glycopeptide. Starting from the cluster centroid retrieved from 

previously MD trajectory, we applied three different protocols from “Residue Scanning” tool of 

Schrödinger suite and the two webservices DrugScorePPI (http://www.dsppi.de)91 Robetta 

(https://robetta.bakerlab.org/)92. It is well known that low ΔΔG values indicate the unfavorable 

substitution of the amino acidic residue in alanine. As reported in Table 2, ΔΔG values retrieved 

from the three tools are all comparable such as Ser3, Thr2, Asp6, Thr7 except for the result for 

Arg8 obtained with Schrödinger, which deviate from average. These data showed that these amino 

acid residues of MUC1 are essential for interaction with the CIN85 dimer. 

Protein-Ligand Contacts (cont.)

A timeline representation of the interactions and contacts ( H-bonds, Hydrophobic, Ionic, Water bridges)
summarized in the previous page. The top panel shows the total number of specific contacts the protein
makes with the ligand over the course of the trajectory. The bottom panel shows which residues interact with
the ligand in each trajectory frame. Some residues make more than one specific contact with the ligand,
which is represented by a darker shade of orange, according to the scale to the right of the plot.

Page 7 of 15Schrodinger Inc. Report generated 05-24-2021 15:29

http://www.dsppi.de/
https://robetta.bakerlab.org/
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C ARG8 0.12 

C THR2 -0.04 

C SER3 -0.01 

C THR7 0.23 

 

Table 2. Alanine scanning results performed on MUC1 synthetic glycopeptide (PDB 6KX187) through Schrödinger, 

DrugScorePPI, and Robetta tools. 

 

2.3.3 Pharmacophore modelling and virtual screening 
 

In the second part of this study, the MD simulation results were used to generate a simple structure-

based pharmacophore model to further explore the binding mode of the MUC1 peptide with the 

two SH3 domains of CIN85. To achieve this objective, a structure-based pharmacophore model 

was generated by using the software LigandScout V4.493. As displayed in Figure 11, the obtained 

model was constituted by twelve features: four H-bond acceptors, four H-bond donors, three 

hydrophobic features and one positive ionizable feature. To perform virtual screening, we decided 

to prioritize the obtained features, thus simplifying the pharmacophore model; the evaluation of 

the importance of each feature was based on their presence in the previous studies such as the 

docking analysis, as well as the presence of these interactions in the MD simulation. Regarding H-

bond features, we kept the H-bond acceptor of Ser3 and Thr7 and we removed the H-bond acceptor 

of 2-acetamido-2-deoxy-alpha-D-galactopyranose of MUC1 glycopeptide87. We also maintained 
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two H-bond donors of Ser3 and Arg8, two hydrophobic features of Ala4 and Thr7 and the positive 

ionizable feature of Arg8. Then, starting with the PXXXPR motif of MUC157, a similarity search 

was performed on the Scifinder (https://scifinder-n.cas.org/) platform and was created a library of 

peptide probes with a sequence of four/five amino acids analogues of MUC1. The use of peptide 

probes offered the advantage of exploring the PPI interface with compounds similar to natural 

peptide,94 to investigate these interactions or to find additional ones and exploit them for the 

development of potential inhibitors.95 The above-described structure-based pharmacophore model 

was used to screen this peptide library collecting 361 compounds, resulting in 43 hits and as result, 

we obtained twelve consensus compounds selected on the basis of the Pharmacophore Fit-Score, 

to perform the subsequent steps of our in silico study (Table 3).  

 

Figure 11. Structure-based pharmacophore model. The red spheres represent the H-bond acceptors, the green spheres 

represent the H-bond donors, the hydrophobic features are represented by the yellow spheres, and the blue star 

represents the positive ionizable feature. 

 

2.3.4 Molecular docking of peptide probes and related MD simulations and MM-GBSA 
Calculations 

 

The binding mode of the 12 hits selected through the virtual screening procedure was analyzed by 

molecular docking on CIN85 dime using Glide software from the Schrödinger suite88 89. Five poses 

for each peptide probes were generated and the poses with the best docking score were selected to 

run a 100 ns MD simulation per each peptide, using Desmond from Schrödinger suite90. In 

addition, to deeply explore the interaction stability between CIN85 and the selected peptides, MM-

https://scifinder-n.cas.org/
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GBSA calculations were run, using Prime from Schrödinger suite (Table 3)96. Through these 

calculations, one docked pose for each consensus peptide was selected according to the lowest 

𝛥Gbinding value (Equation 1). 

𝛥Gbinding = Gcomplex – Gprotein – Gligand 

The analysis of the binding mode for each selected compound and the MD outputs pointed out that 

two consensus peptides were able to establish stable contacts with the CIN85 key residues 

previously encountered with MUC1 (Trp36, Asn51, Phe52, Asp16 and Glu17). As result, the 

peptide probe FM5 interacted with SH3 domains of CIN85 through four H-bond with Asn51 and 

Trp36 of both chains A and B and two -cation interactions with Phe52 and Phe8 (Figure 12). The 

analysis of MD trajectory confirmed that residues Trp36 and Asn51 of both SH3 domain of CIN85 

established the most stable interactions. Furthermore, residues Phe8, Phe52 and Asn50 of CIN85 

provide stable and frequent contacts during the entire trajectory of MD simulation (Figure 13). 

Moreover, the peptide probe FM7 established H-bond with Gly17, Trp36 of both chains, a -cation 

with Phe8 and hydrophobic interactions with Phe52 and Tyr10 (Figure 14). Also in this case, the 

analysis of MD outputs revealed that Trp36 and Asn51 of CIN85 SH3 domains, Glu7 and Phe8 of 

chain A give the most stable and frequent contact during the whole trajectory of MD simulation 

(Figure 15). 

A 
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Figure 12. (A) Binding mode of peptide probe FM5 on CIN85 SH3 domains. (B) 2D depiction of the interactions 

with CIN85 SH3 domains. 

 

Figure 13. Timeline representations of the interactions during the MD simulation of CIN85 dimer from PDB 2BZ8 
in complex with FM5 peptide. 

 



36 
 

A 

B 

Figure 14. (A) Binding mode of peptide probe FM7 on CIN85 SH3 domains. (B) 2D depiction of the interactions 
with CIN85 SH3 domains. 
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B:PHE52
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Figure 15. Timeline representations of the interactions during the MD simulation of CIN85 dimer from PDB 2BZ8 
in complex with FM7 peptide. 

 

Entry Code Docking 
score 

Pharmacophore fit-
score 

G bind 
kcals/mol 

Glycine, N-[N-[1-(N-L-arginyl-L-
threonyl)-L-prolyl]-L-seryl]- (9CI) 

FM-1 -4.989 66.060 -53.58  

L-Arginine, L--glutamyl-L-seryl-L-
prolyl-L-alanyl- 

FM-2 -5.841 65.850 -48.60  

L-Arginine, N2-[1-[1-(N-L-threonyl-L-a-
aspartyl)-L-prolyl]-L-prolyl]- (9CI) 

FM-3 -4.949 65.180 -61.19  

L-Arginine, L-prolyl-L-a-aspartyl-L-
prolyl-L-alanyl- 

FM-4 -7.012 66.670 -32.82  

L-Arginine, L-seryl-L-seryl-L-prolyl-L-
threonyl- (9CI) 

FM-5 -5.640 75.650 -55.39  

L-Aspartic acid, N- [1-[N-[N-( N2-L-
prolyl-L-arginyl)-L-valyl]- L-seryl]-L-

prolyl 

FM-6 -5.926 66.230 -41.63  

L-Glutamine, L-prolyl-L-arginyl-L-prolyl-
L-alanyl- 

FM-7 -5.611 66.240 -51.27  

L-Proline, 1-[N2-[N-(N-L-prolyl-L-
alanyl)-L-alanyl]-L-arginyl]- (9CI) 

FM-8 -5.432 75.920 -51.44 

L-Proline, L-threonyl-L-arginyl-L-prolyl-
L-alanyl- (9CI) 

FM-9 -6.110 65.460 -44.21 

L-Serine, L-arginyl-L-prolyl-L-alanyl-L-
prolyl- 

FM-10 -6.327 65.710 -51.45  

L-Serine, L-threonyl-L-arginyl-L-prolyl-
L-alanyl- 

FM-11 -6.989 75.940 -46.92  

L-Threonine, L-prolyl-L-arginyl-L-prolyl-
L-alanyl- 

FM-12  -5.477 65.500 -54.82  

 
Table 3. Data results from molecular docking on CIN85 dimer, virtual screening and MM-GBSA calculations. 
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2.3.5 Comments and remarks 
 

The MUC1/CIN85 PPI represents a valuable pharmacological target for the development of novel 

antitumor agents. The current lack of a resolved structure of the complex hinders the design of 

potential inhibitors. The present protocol was designed to provide helpful insights for structure-

based design of PPI modulators of MUC1-CIN85 as potential antimetastatic agents. By using 

peptide-based probes, our multi-computational approach offered essential structural information 

about this interaction. Firstly, we performed protein-peptide docking studies using a MUC1 

peptide containing the PDTRP binding motif (RCSB PDB 6KX1)87 and the dimeric SH3 domain 

of CIN85 (RCSB PDB 2BZ8)73. Subsequently, MD simulation of the CIN85/MUC1 complex was 

performed to deeply explore their stability. Furthermore, a structure-based pharmacophore model 

was created and was used to carry out a virtual screening of peptide probes MUC1 analogues. 

Finally, MD simulation and MM-GBSA calculations were performed for each selected peptide 

probes, revealing that the residues Trp36, Asn51 of CIN85 SH3 domains are involved into H-bond 

while Phe52 and Phe8 generated -cation interactions. The best outcome of this computational 

study was to improve the knowledge about the key residues of the CIN85/MUC1 interaction for 

the development of selective and potent peptide-based compounds as inhibitors of this relevant 

PPI.  

 

2.4 Material and methods 
 

2.4.1 Protein preparation of CIN85 dimer and MUC1 peptide 
 

The two PDB structures used in this work (RCSB: 2BZ8 and 6KX1) were previously downloaded 

from the Protein Data Bank, prepared, and optimized using the “Protein Protein preparation 

wizard"97 from the Schrödinger suite (Schrödinger, LLC., New York, NY, USA, 2018, release 

April 2018). Firstly, binding orders were assigned for residues and then hydrogens were added. 

Additionally, was created zero-order bonds to metals with nearby atoms and disulfide bonds were 

created. Water molecules over 5 Å were removed from the het groups. For ligands, cofactors and 

metals, het states were generated at pH 7.0  2.0 using Epik98.  
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2.4.2 Preparation of ligands 
 

The database of peptide probes was created starting from the PXXXPR motif of MUC157 and a 

similarity search (90-95%) was performed on Scifinder platform, including peptides with up to 

five amino acid residues as a filter. These ligands were prepared and optimised using “LigPrep” 

from the Schrödinger suite (Schrödinger, LLC., New York, NY, USA, 2018, release April 2018). 

For this purpose, was applied force field OPLS4 and then was generated possible states at target 

at pH 7.0  2.0 using Epik98. The ligands were desalted, tautomers were generated and for 

stereoisomers was chosen to determine chiralities from 3D structure.  

 

2.4.3  Receptor Grid Generation of CIN85 dimer and peptide docking  
 

To execute peptide docking of the MUC1 peptide from PDB 6KX1 to CIN85 dimer, the receptor 

grid was created using PDB 2BZ8. Firstly, the binding region was defined by selecting the Cbl-b 

peptide and the option of a grid suitable for peptide docking was pointed out. The force field 

applied was OPLS499 and it was decided to write out at most five poses for all ligands including 

MUC1 peptide. Then, docking analysis were performed using the ligand docking tool from the 

Schrödinger suite88, 89 and selected protocol was “SP-Peptide”.  

 

2.4.4  MD Simulations of CIN85 in Complex with MUC1 and peptide probes and 
MM-GBSA Calculations  

 

MD simulations were run for different systems, CIN85 dimer-Cbl-b peptide, CIN85 dimer-MUC1 

peptide and CIN85 dimer with each selected consensus peptide probes by using “Desmond” from 

the Schrödinger suite90. The systems were obtained from docking results and first tuned through 

“System builder” tool. The solvent model TIP3P and the orthorhombic box shape were selected100. 

The box side distances were set 10 Å for all ligands except for peptide probes FM9 and FM11 

where the distances were set 13 Å. The system was neutralized by adding Na+ ions and then were 

run MD calculations of 100 ns per each trajectory. The number of atoms, pressure and temperature 

were maintained constant (NPT ensemble). The model systems were relaxed before simulation 

and OPLS3e force field was employed to parametrize the systems99. The obtained trajectory from 

CIN85 dimer-MUC1 complex was clustered according to RMSD employing “Desmond Trajectory 
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Clustering”. Finally, the MD outputs of each selected consensus peptide probes were used to carry 

out MM-GBSA calculations through Schrödinger suite101.  

 

2.4.5 CIN85 dimer-MUC1 complex residue scanning  
 

The resulted most representative structure of CIN85 dimer-MUC1 complex was used to perform 

point mutations through “Residue Scanning” tool of Schrödinger suite on MUC1 residues102. All 

residues were mutated to ALA and the predicted changes in binding affinity and stability were 

calculated according to Equation 1: 

 𝛥𝛥Gbinding =𝛥G MUTcomplex–𝛥G WTcomplex 

To combine results, the computational alanine scanning was also performed using DrugScorePPI 

(http://www.dsppi.de)91 and Robetta webservices (https://robetta.bakerlab.org/)16 and the results 

were shown as the difference of binding free energy between for wild-type proteins  and Ala 

mutans for protein-protein complex. 

 

2.4.6 Pharmacophore modelling and virtual screening  
 

LigandScout V4.4 software was employed for pharmacophore generation and virtual screening. 

The representative conformation of the system obtained from the clustering process was used as 

starting points for the construction of structure-based pharmacophore model. The virtual screening 

was performed by setting the option “Get the best matching conformation” as search mode.  

 

  

http://www.dsppi.de/
https://robetta.bakerlab.org/
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CHAPTER 3 
 

3 Discovery of new α-synuclein inhibitors as potential therapeutics 

against Parkinson’s disease 
 

The second part of my research work focused on protein aggregation underlying the onset of 

certain neurodegenerative diseases including Parkinson’s disease (PD).  

PD is a chronic and progressive neurodegenerative process linked to a loss of dopaminergic 

neurons in the substantia nigra pars compacta of the brain (SNpc).103 Neurodegeneration results 

in a dramatic drop of dopamine (3, DA, Figure 16) levels in dorso-striatal synaptic connections, 

leading PD to the synaptopathy.104  

 

 
Figure 16. Structure of Dopamine (3, DA) 

 

 

It is estimated that 7 to 10 million people worldwide are affected by PD. The most common risk 

factors in the incidence of this disease are genetic factors, such as age and gender (male individuals 

are more predisposed), and environmental factors such as exposure to herbicides and heavy 

metals.105,106 DA deficiency leads to the typical motor symptoms of PD, such as bradykinesia, 

rigidity, resting tremor and postural instability. Post-mortem studies have revealed that several 

other regions of the central and peripheral nervous system are involved in the neurodegenerative 

process.107 The involvement of these areas causes non-motor symptoms of PD, which include rapid 

eye movements, sleep disturbances, depression, olfactory dysfunction, and constipation. It has 

been seen that non-motor features usually occur before the onset of  typical motor symptoms.108,109 

Although the main cause of PD is still highly controversial, studies conducted on the brains of PD 

patients have shown the common features as follow: the production of intracellular inclusions 
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called Lewy bodies, mainly composed of a misfolded intracellular protein named alpha-synuclein 

(α-syn).110 Current therapeutic strategies are based on relieving motor symptoms and improving 

the quality of life of PD patients. Therefore, restoring DA levels is the most popular approach 

using the pro-drug L-Dopa 4, which penetrates the blood-brain barrier (BBB) and then is converted 

to DA.103, 111 It is combined with Carbidopa 5, a peripheral decarboxylase inhibitor, to decrease 

some of its side effects, such as nausea, and to prevent its conversion into DA in the bloodstream, 

thereby providing more in the central nervous system.103,112 Furthermore, the other treatments 

affect different target increasing DA concentrations such as dopamine receptor (e.g., ropinirole, 6) 

or monoamine oxidase B (MAO B) (e.g., selegiline, 7) and catechol-O-methyltransferase (COMT) 

(e.g., tolcapone, 8; entacapone, 9) (Figure 17).112, 113 The side effects of the aforementioned drugs 

such as nausea, abdominal pains, dizziness, confusion and hallucinations, have been directed 

towards the exploration of new targets. The inhibition of α-syn aggregation could be considered a 

valid strategy for the discovery for new therapeutic agents, which could be able to reduce PD 

progression.112,114 

 

 

 
 

Figure 17. Chemical structures of well-known therapeutics for Parkinson’s disease. 
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3.1 The role of α-synuclein  
 

The α-synuclein (α-syn) is a small protein encoded by SNCA gene and localized in the pre-synaptic 

terminal.104,115 α-syn is a physiologically soluble monomer, which by interaction with 

phospholipids assumes an alpha-helical structure.116 In the misfolded state, aggregation of α-

synuclein into amyloid fibrils causes the formation of neuronal pathological inclusions commonly 

noted as Lewis bodies and neurites located in both the neuron soma and axons (Figure 18).117 This 

occurs through various mechanisms, such as an increase of membrane permeabilization, 

mitochondrial injury and oxidative stress.118 Specifically, mitochondrial dysfunction in 

dopaminergic neurons, in turn, results in inflammatory activation, alteration of protein trafficking 

and degradation, and dysregulated cell signaling. Overexpression or decreased levels of α-syn have 

been found to be implicated in a regulatory pathway of neurotransmitter release, synaptic activity, 

and plasticity under physiological state. Thus, α-syn aggregates are also involved in the 

progression of pathology that coincides with the clinical progression of PD.119 Recently, it was 

reported the mechanism for which oligomeric and post-translational α-syn directly interacts with 

the outer membrane mitochondrial translocase receptor (TOM20); it was demonstrated that α-syn 

prevents its association with the co-receptor TOM22, leading to the formation of the TOM 

complex, which is essential for the import of proteins at the mitochondrial level. The blockage of 

mitochondrial protein import by toxic α-syn species may be an important early factor contributing 

to dopaminergic neurodegeneration.47,120 As a consequence, α-syn/TOM20 PPI may be an 

important target for therapeutic intervention. In addition, the misfolded extracellular α-syn exhibits 

a spreading mechanism similar to prions from neurons to glial cells.121 Finally, this abnormal α-

syn works as an antigen, prompting an immune-response strictly related with neuroinflammatory 

events.122 

 

 
Figure 18. Representation of α-syn aggregation 
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The α-syn monomer is a small protein containing three domains: the N-terminal domain (aa 1-60), 

central NAC domain (aa 61-95) and C-terminal domain (aa 96-140)108. The N-terminal domain 

constitutes an amphipathic lysine-rich α-helix, which contains 11-aa repeats with a conserved 

motif KTKE/QGV, and it is responsible for α-syn unique binding capacity to vesicles and 

membranes (Figure 19).123 Five missense mutations (A30P, E46K, H50Q, G51D and A53T) have 

been identified in this portion of the protein that are linked to familiar forms of PD and that 

contribute to an accelerated rate of α-syn fibrillation.124,125 The central NAC domain of α-syn 

influences misfolding in β-sheet-rich amyloid aggregates. Finally, the C-terminal polar domain 

contains negatively charged residues, serine and tyrosine, which can be phosphorylated, leading 

to the regulation of membrane binding, aggregation and toxicity of α-syn.126  

 

 
 

Figure 19. Structural mode of α-syn fibrils (PDB code 2N0A127)  

 

To date, many approaches that directly target α-syn have been explored, including gene silencing, 

immunotherapy and modulation of aggregation.128 A discussion with a detailed description of the 

inhibition of α-syn aggregation will be presented in the following sections. 
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3.1.1 Therapeutic strategies to inhibit α-syn aggregation 
 

• Gene silencing  

 

The expression of α-syn can be inhibited using a small interfering RNA (siRNA) that specifically 

targets α-syn mRNA. Through in vivo experiments, it has been reported that siRNA infusion can 

reduce α-syn levels in the hippocampus and cortical. However, this strategy is not selective 

towards α-syn in the brain and may induce similar effects in peripheral tissues, because α-syn is 

also located in the peripheral nerves and red blood cells.129,130 A distinct approach to act on the α-

syn expression is the administration of β2-adrenergic agonists. Epidemiological studies 

demonstrated that in patients treated with β2-adrenergic agonists for asthma, the onset of PD is 

lower, in vitro and in vivo studies demonstrated that these drugs lead to a decrease of α-syn 

expression mRNA through acetylation mechanism of lysine 27 of Histone 3.131,132 

 

• Immunotherapy 

 

The active and passive immunotherapy might be employed as therapeutic strategy. Concerning the 

active immunization, the patient immune system is stimulated to produce antibodies against the 

target protein, whereas in the passive immunization the patient is directly treated with antibodies. 

The synthetic vaccine AFFITOPE® PD03A, developed by Affiris biotech company, consists in an 

α-syn mimicking peptide that led to an active immunization with a dose-dependent response.130 

Furthermore, two antibodies have been developed for passive immunization, the first one 

BIIBO54, a human derived antibody designed by Biogen, and the second one PRX002, a 

humanized monoclonal antibody created by Prothena. These two antibodies target α-syn 

aggregates hindering their spread. 128,130 

 

• Inhibition of α-syn aggregation 

 

Recently, it has been proposed that a promising therapeutic intervention could be realized by 

inhibiting or reversing aggregation using peptides or small molecules capable of interacting with 

the α-syn protein through different modalities and thus avoiding the formation of oligomers and 

subsequently amyloid fibrils.126  

Regarding the development of peptides, the most important strategy is to mime the amyloidogenic 

sequence of α-syn. The use of peptides is characterized by a lot of advantages, like low toxicity, 
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low tissues accumulation, high selectivity, and good tolerability. Whereas the therapeutic 

applications of peptides are limited for their chemical and physical instability, their sensibility to 

proteolytic enzymes and the low penetration of biological membranes.124 

Several synthetic peptides proved to inhibit the α-syn aggregation; the best results were found with 

peptides that reproduce the NAC sequence of α-syn. The mechanism of action is not very clear; it 

seems that these peptides might interact with the monomeric form of α-syn preventing the 

formation of toxic aggregates. There were also designed different cyclic-D, L- α-peptides, such as 

the hexapeptide CP-2 (9, Figure 20), which showed to be able to create supramolecular complex 

mimicking the structure and the function of amyloids and interact with NAC regions of α-syn.133 

Finally, another class of peptide-based α-syn inhibitors, have been developed. They are small 

molecules (e.g. β-Harpin) with no homology with α-syn structure; there are evidences that they 

interact with hydrophobic areas at the protein interface, creating non-amyloid and non-toxic 

aggregates.134 

 
10 

Figure 20. Structure of cyclic-D, L- α-hexapeptide CP-2 

 

Up to date two major categories of small molecules have been recognized through in vivo screening 

assays; consisting in polyphenol and non-polyphenol compounds (Figure 21) from natural and 

synthetic sources. Among polyphenol compounds, structure-activity relationship studies have 

been demonstrated that the number of phenolics group and their position are crucial for the activity. 

Furthermore, the presence of the catechol moiety seems to be relevant for the inhibition of α-syn 

aggregation, as was observed in the case of the two COMT inhibitors tolcapone (8) and entacapone 

(9) and, also employed in the treatment of PD. Indeed, these two nitrocatechols in current therapy 

use have shown to inhibit the α-syn aggregation in the Th-T fluorescence assay.135 
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Among polyphenolic compounds, flavonoids are characterized by different biological properties 

like anticancer, antimicrobial and antioxidant activity. The flavone Baicalein (11), the main 

biological component of Chinese herbal medicine Scutellaria Baicalensis, has been shown to 

prevent the α-syn cytotoxicity, inhibiting the oligomerization of α-syn, thus blocking the fibrils 

formation.136 

In the flavonoids chemical classes, quercetin (12) has also been demonstrated to successfully block 

the α-syn aggregation and to disassembly preformed fibrils.135 

Curcumin (13) and hydroxycinnamic acid derivatives (HCA) are further polyphenolic compounds, 

which have been studied for their ability to act by blocking α-syn aggregation. The curcumin 

inhibits the formation of toxic α-syn aggregates, but it possesses low bioavailability; whereas the 

hydroxycinnamic acid derivatives (e.g. ferulic acid, 14) represent an useful alternative due to their 

improved solubility in water.123 Indeed, ferulic acid appears to interact with the oligomeric of fibril 

forms of α-syn, thus blocking the aggregation. The presence of the aromatic ring is essential to 

establish 𝜋-𝜋 and hydrophobic interactions with α-syn, which prevent the binding with other 

monomers.137,138 

 

 
 

Figure 21. Structure of some polyphenol derivatives from natural source 
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Concerning non-polyphenol derivatives (Figure 22), inhibitory functions on the aggregation of α-

syn were observed for mannitol (15), which proved to inhibit the formation of fibrils, by means of 

specific structure of α-syn oligomers. Several terpenoids, such as vitamin A (16) and β-carotene 

(17), have been shown to prevent α-syn fibrillation in a dose-dependent mode, due to their high 

hydrophobic character, which permits to interact with the hydrophobic NAC regions.139,140 

Through epidemiological studies, it has been demonstrated that coffee drinkers have a low risk of 

being affect by PD, because caffeic acid (18) possesses an anti-fibrillating ability in a dose-

dependent manner against the aggregation of α-syn induced by treatment with the selective 

serotonin reuptake inhibitor (SSRI) escitalopram. In fact, it has been reported that the 

administration of escitalopram as an antidepressant could act as an environmental factor capable 

of producing structural alterations in α-synuclein that lead to the formation of aggregates and 

fibrils.141 Cigarette smoking is also associated with a low incidence of PD, due to the ability of the 

alkaloid nicotine (19) to act on the monomeric form of α-syn. In detail the (+)-nicotine interacts 

with the N-terminal region, whereas the (-)-nicotine binds to both the C- and N-terminal 

domains.142 By gathering structure-affinity relationship information, it was pointed out that the 

presence of aromatic rings and/or planar moieties could represent an important prerequisite for 

inhibitory activity.123,143 

 

 
 

Figure 22. Structure of non-polyphenol compounds from natural source 

 

However, several promising inhibitors from synthetic sources have been identified using 

innovative methods, including high-throughput screening (Figure 23).144 The 3,5-diphenyl-

pyrazole derivative Anle138b (20) has been identified as potent α-syn inhibitor, as it interacts with 

the oligomeric form of protein, both in vitro and in vivo and this mechanism of action proved to 



49 
 

reduce the accumulation of toxic species, neurodegeneration, and the PD progression in three 

different mouse models. This compound has been shown to have a good availability and to 

penetrate the blood brain barrier (BBB).145 A phase 1b study of the compound Anle138b in 48 

people with Parkinson's disease is currently underway. The study will assess safety, tolerability, 

and pharmacokinetics (Identifier: NCT04685265 see ClinicalTrials.gov). Furthermore, the 2-

pyridone-based SynuClean-D (21) and 4-pyrimidinone-based ZPD-2 (22), have been denoted 

through a high-throughput virtual screening of a library containing 14000 molecules with different 

chemical scaffolds. The thioflavin-T assay (Th-T) displayed the ability of these two compounds 

to inhibit α-syn aggregation. All the compounds are marked by one or two aromatic rings, which 

probably provide contacts with the hydrophobic regions of α-syn, and by the presence of nitrile, 

trifluoromethyl and nitro groups, which could be implicated in the formation of H-bonds. 

Successively, the inspiring results from the in vitro and in vivo experiments of SC-D and ZPD-2, 

encouraged the researchers to develop analogs with the aim to obtain new entities as potential α-

syn inhibitors useful for the treatment of PD.146,147 For example, it was reported compound ZPDm 

(23), which could be considered the building block of ZPD2 as it shares the 2-nitro-4-

(trifluoromethyl)phenyl moiety. This compound acts in the latest stages of the fibrillation process 

by disrupting large fibrillar species into shorter fibrils or amorphous agglomerate.148 These efforts 

revealed that, in some cases, a single aromatic ring with appropriate molecular elements is the key 

to reducing α-Syn aggregation in in vitro models.143 Indeed, another single-ring compound is 

576755 (24), a quinone-based structure discovered by applying a new high-throughput strategy 

based on surface plasmon resonance with chemical microarrays. This compound showed a 

significant inhibitory effect in fibril and oligomer formation.149 

 
Figure 23.  Structure of some synthetic α-syn aggregation inhibitors from synthetic sources 

https://clinicaltrials.gov/ct2/show/NCT04685265?term=Anle138b&draw=2&rank=1
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3.2 Result and discussion 
 

3.2.1 Design and synthesis of a small set of new compounds bearing the pyridinyl-
triazole scaffold 

 
Based on the recognition that the aggregation prone NAC domain of α-syn (aa 61–95) is pivotal 

for the conformational transition to β-sheets secondary structure, recent research has been focused 

on the identification of novel α-syn aggregation inhibitors directed on the NAC domain of α-syn. 

From a set of 4-amino-5–(4-pyridinyl)-4H-1,2,4-triazole-derived compounds, we firstly 

discovered the 3-(cinnamylsulfanyl)-5-(4-pyridinyl)-1,2,4-triazol-4-amine (25), which was shown 

to reduce α-syn aggregation in in vitro assays. This pyridinyl-triazole based compound led to a 

decrease of Thioflavin-T (Th-T) fluorescence emission. Light scattering measurements were 

carried out at 300 nm at the endpoint of the reaction highlighting a diminution of 43% of aggregates 

in presence of compound 25. Moreover, through transmission electron microscopy (TEM), this 

molecule showed a substantial reduction of the quantity of fibrils species. The docking studies 

revealed that compound 25 interact into a specific site situated between the N-terminal and the 

NAC domains. Subsequently, it was considered as ‘lead compound’ for the design of newer 

derivatives. In detail, the pyridinyl-triazole portion was retained, while the length of the linker 

connecting the sulphur atom to the phenyl ring was reduced. Among this first subset, the benzyl-

derivative 26 showed to reduce of 33% the formation of Th-T positive structures and through light 

scattering measurements and TEM analysis, it displayed a decrease of aggregates and amyloid 

fibrils.150 In addition, these pyridinyl-triazole derivatives have been shown to inhibit the metallo-

enzyme tyrosinase (TYR, EC 1.14.18.1) involved in neuromelanin production. Indeed, it has been 

reported that neuromelanin in the human substantia nigra is closely related to the pathogenesis of 

PD (Figure 24).151  

 

 
 

Figure 24. Structure of the lead compound 3-(cinnamylsulfanyl)-5-(4-pyridinyl)-1,2,4-triazol-4-amine (25) and the 

benzyl-derivative (26) 
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Searching for new small molecules having the ability to bind α-syn and exert inhibition of the 

aggregation, it has been previously reported a ligand-based pharmacophore model, built by means 

of LigandScout V3.4 software (Figure 25).150 

 
 

Figure 25. Ligand-based pharmacophore model. The red spheres represent the H-bond acceptors, the hydrophobic 

features are represented by the yellow spheres, and the blue circle represents aromatic features. Excluded volumes are 

represented by grey spheres.150 

 

In details, model suggested for the α-syn aggregation inhibition: i) a salt bridge contact, ii) an 

uncommon π-anion interaction, iii) several hydrophobic and van der Waals interactions (Figure 

26). Based on this pharmacophore model, we developed a further subset of compounds with the 

purpose of obtaining structural data for this series of compounds and improving the chemical and 

physical properties to improve absorption in in vivo assay.150  

Specifically, we chose to maintain the 5-(4-pyridinyl)-1,2,4-triazol-4-amine chemotype and 

explored the eastern region of prototype 25 by depletion of the cinnamyl-fragment and insertion 

of small fragments. In particular, the new compounds were designed to study the impact of the 

introduction of small substituents capable of increasing H-bond donor/acceptor contacts as well as 

hydrophobic interactions in the sub-pocket coated by crucial NAC domain residues. Therefore, we 

analyzed the biological inhibitory effects on α-syn aggregation of the starting material 4-amino-

5–(4-pyridinyl)-4H-1,2,4-triazole-3-thiol (27) and its corresponding three derived compounds 28-

30 reported in Figure 26.152 
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Figure 26. Newly designed compounds 27-30 bearing 5-(4-pyridinyl)-1,2,4-triazol-4-amine core 

 

Compounds 28-30 were obtained by following a simple synthetic route described in Scheme 1. 

The 4-amino-5-(4-pyridinyl)-4H-1,2,4-triazole-3-thiol (27) was coupled with an opportune alkyl 

halide in alkaline medium at room temperature as previously reported by us. 150 

 

 
 

Scheme 1. Reagents and conditions: i) R-Br, NaOH, MeOH, rt 

In addition, to obtain further structural information and to optimize pharmacokinetic and solubility 

properties, two additional compounds with a pyridinyl-triazole structure were synthesized, the 

carboxyl analog 31 and the piperidine amide derivative 32. The evaluation of their in vivo 

biological profile after MPTP-induced damage is currently in progress as well as for compound 

28 and 29. The carboxylic derivative 31 was obtained through a simple hydrolysis reaction from 

the methyl ester 29 (Scheme 2). Compound 32 was prepared following two synthetic steps 

described in Scheme 3. Piperidine was coupled with 2-chloroacetyl chloride in alkaline medium 

heated at reflux. Then, the s-alkylation between the intermediate 2-chloro-1-(piperidin-1-yl)ethan-

one and 4-amino-5-(4-pyridinyl)-4H-1,2,4-triazole-3-thiol (27) was carried out according to the 

previously reported method.150  
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All the synthesized compounds were structurally characterized through nuclear magnetic 

resonance (NMR) spectroscopy and melting point determination. All data are reported in 

experimental section. 

 

 

Scheme 2. Reagents and conditions: i) NaOH 0.5 M, reflux 

 

 

Scheme 3. Reagents and conditions: i) piperidine, 2-chloroacetyl chloride, triethylamine (TEA), MeOH, 0°C to rt; 

ii) 2-chloro-1-(piperidin-1-yl)ethan-one, NaOH, MeOH, rt 

 

3.2.2 In vivo activity 
 

Among the new synthesized compounds 28-30, we choose to deepen the biological profile of ethyl 

2-((4-amino-5-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (30), as prototype of this series of 

potential neuroprotective agents, thus assessing its protective effect through behavioral 

measurements after the injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). These 

studies were performed in collaboration with Prof. Rosanna Di Paola and coworkers. The studies 

were carried out following the experimental procedures that are detailed in experimental section.  

Specifically, to further explore the correlation between the degeneration of dopaminergic neurons 

MPTP-induced, and the recovery processes, we analyzed the motor activity 1 day prior and 8 days 
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after the MPTP induction. The data at time point 0 are not displayed as no significant differences 

were observed between the different groups.  

With the Rotarod Test (RT), mice showed a significant motor disorder as indicated by a reduction 

in time spent on the apparatus and an increase in the number of falls. Treatment with compound 

30 significantly reduced this motor dysfunction (Figure 27A). Moreover, the MPTP induced an 

important cataleptic effect in animals, especially at 8 days after MPTP injection, when the mice 

shown a significant rise of cataleptic symptoms. Importantly, the daily compound 30 

administration significantly reduced the duration of MPTP-induced catalepsy (Figure 27B). In the 

Pole Test (PT), “total time” and “time to turn” significantly increased after MPTP injection 

compared with the Sham group. Compound 30 treatment at 10 mg/kg significantly reduced “total 

time” and “time to turn” suggesting that this compounds effectively prevents MPTP-induced 

bradykinesia (Figure 27C, C’).  

 

 
Figure 27. Effect of compound 30 on behavioral impairments induced by MPTP intoxication. (A) Rotarod test (RT) 

shown that at 8 days, mice exhibited a significant motor dysfunction as indicated by a decrease in time spent on the 

Rotarod apparatus. Compound 30 treatment relieved the motor dysfunction in mice. (B) Catalepsy test showed that 

compound 30 treatment reduced behavioral impairment induced by MPTP. (C, C’) Pole test (PT) displayed that at 8 

days, mice exhibited a significant motor dysfunction as indicated by an increase in “Time to turn” and “Total time” 

spent to descend to the floor following injection of MPTP compared with the Sham group.  

 

For compound 30 we also analyzed its ability to prevent MPTP-neurotoxin induced 

neurodegeneration. Among the alteration of PD-like markers, we examined the levels of tyrosine 

hydroxylase (TH), dopamine active transporter (DAT) and α-syn in the midbrain.  

By immunohistochemical analysis, the expression of TH-positive neurons was significantly 

reduced 8 days after MPTP administration (Figure 28B, B’, and D) compared to the Sham group 
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(Figure 28A, A’, and D). Treatment with compound 30 enhanced the levels of this protein (Figure 

28C, C’, and D).  

 

 
 

Figure 28. Effects of 30 on TH expression in midbrain of MPTP-treated mice. As results, compared to sham group 

(A,A’), the MPTP-treated mice exhibited loss of TH-positive cells (B,B’). Animals treated with compound 30 revealed 

an increase in TH expression (C,C’). 

 

Subsequently, we confirmed the same results for DAT through Western blot analysis. In fact, it 

was observed that DAT expression significantly decreased after MPTP injection compared to the 

Sham group. Treatment with compound 30 led to an increase of DAT expression (Figure 29A, A'). 
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Figure 29. Effect of compound 30 treatment on DAT expression after MPTP-intoxication. Western blot analysis on 

midbrain region revealed a significant decrease in DAT in the MPTP group compared to sham animals. The treatment 

with compound 30 increased the DAT level (A).  

 

Furthermore, it was observed a relevant immunoreactivity in MPTP-damaged mice (Figure 30B, 

B’, and D) compared to sham animals with immunohistochemical analysis (Figure 30A, A’, and 

D). On the other hand, compound 30 treatment significantly decreased α-synuclein expression in 

the midbrain after MPTP intoxication (Figure 30C, C’, and D).152 

 

 
 

Figure 30. Effects of compound 30 on -syn expression in midbrain of MPTP-treated mice. The positive staining for 

α-synuclein (B,B’) represented the MPTP-induced damage, compared with sham animals (A,A’). Compound 30 

treatment appreciably reduced the α-synuclein staining (C,C’).  

3.2.3 Biological screening of derivatives 27-30 
 

Following the in vivo promising results demonstrated for representative compound 30, we shifted 

our attention to evaluating its ability to reduce α-syn aggregation in vitro.  

In collaboration with prof. Salvador Ventura from University of Barcelona we carried out the 

evolution of pyridinyl-triazole derivatives 27-30 by the same screening protocol previously 

applied using the potent inhibitor of α-syn aggregation SC-D. This compound was used as a 

reference molecule together the previously reported150 benzyl derivative 26. 

We evaluated the kinetics of aggregation of 70 𝜇M α-syn in the absence or presence of 100 𝜇M of 

the tested compounds by following the increase in Thioflavin-T (Th-T) fluorescence (Figure 31A). 

Compounds 27 and 28 slightly accelerated the reaction, whereas the inhibitory effect of compound 

30 was undistinguished from 26 (8 % reduction in Th-T signal), and compound 29 performed 
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slightly better (15 % reduction in Th-T signal). Light-scattering measurements at 300 nm at the 

end of the reaction indicated that 27, 28, 29, and 30 decreased the aggregated 𝛼-syn levels in the 

solution (Figure 31B), with decrements of 44 %, 31 %, 18 %, and 18 %, respectively. The impacts 

of compounds 29 and 30 was comparable to 26 (21 %)150. The divergence between the influence 

of compounds 27 and 28 in Th-T and light scattering signals suggests that the aggregates formed 

in the presence of these molecules exhibit a higher affinity for Th-T, as they are probably richer in 

intermolecular 𝛽-sheet.  

 

 
 

Figure 31. In vitro analysis of the capacity of the different compounds to inhibit α-Syn aggregation. (A) Aggregation 

kinetics of α-Syn in absence (black) or presence of 100 µM of compound 27 (yellow), compound 28 (violet), 

compound 29 (red) or compound 30 (brown) compared to previously described molecules SC-D (blue) and 26 (green). 

(B) Light-scattering measurements at 300 nm of end-point aggregates in absence (black) or presence of 100 µM of 

compounds 27-30. 

3.2.4 Ligand-based approach to identify new molecular entities  
 

With the aim of extending our studies and identifying new scaffolds belonging to other chemical 

classes, we developed a computational protocol that provided new 'hit compounds'. 

Our research efforts were directed towards the identification new potential α-syn aggregation 

inhibitors structurally related to already reported active compounds. For this purpose, we used the 

web-tool SwissSimilarity by Swiss Institute of Bioinformatics to perform a similarity-based virtual 

screening (VS) procedure, which is a method based on the well-established premise that similar 

molecules may be predisposed to produce similar biological effects.153 The free of charge 

SwissSimilarity platform (http://www.swisssimilarity.ch) can run a ligand-based virtual screening 

on large libraries of commercially available molecules including licensed drugs as well as 

bioactive compounds. The VS candidates are generally selected by applying two- and three-

http://www.swisssimilarity.ch/
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dimensional research methods starting from a specific reference compound, according to the 

screening procedure information provided by the Swiss institute of Bioinformatics. 154, 155 In this 

case, two abovementioned inhibitors SC-D and ZPD-2 146, 147 (see page 47, Figure 23) were chosen 

as reference structures, while the SPECS library, consisting of 326,000 commercially available 

small molecules, was selected for the search procedure. To evaluate the similarity between the 

reference molecules and the compounds included in the screening library, we applied three 

different virtual methods: FP2 fingerprints, Electroshape-5D and Spectrophores. The first one is a 

2D similarity method which encodes linear molecular fragment paths up to 7 atoms into a 1024 

bit string.156 Instead, ElectroShape157 and Spectrophores158 are 3D similarity methods based on 

molecular shape complementarity; both methods do not require geometry alignment, allowing to 

make the VS process faster. In both methods, the molecular shape is described by 3D molecular 

parameters whose information is compressed into vectors.155 The three methods were 

independently applied for each query molecule and the number of compounds achieved from each 

approach is reported in Table 4.  

 

Query compounds FP2  Electroshapea Spectrophoresb 

SC-D 3 33 400 

ZPD-2 2 400 400 

 

Table 4. Number of hits obtained from the virtual screening runs employing SC-D and ZPD-2 as reference  molecules 
157a, 158b 

By using SC-D as query, the application of FP2 fingerprints resulted in the identification of three 

matches; whereas two matches were retrieved from ZPD-2 query compound. In contrast, the 

Electroshape method genereted thirty-three compounds whose Manhattan distance (MD) values 

varied from 0.861 to 0.707 in the case of SC-D reference compound. Instead, four-hundred hits, 

with a MD score ranging between 0.930 and 0.831 were achieved with the same approach starting 

from the inhibitor ZPD-2. In this case, we further filtered off the resulting hits according to the 

similarity score, selecting one hundred and seventy-eight molecules whose MD value was below 

0.855. Finally, 400 hits were identified through the Spectrophore method for both compounds. The 

resulted hits fell in a similar range of MD values, that was comprised between 0.833 and 0.764 

when using SC-D as reference and between 0.819 and 0.754 when using ZPD-2.  Therefore, we 

applied the same MD cut-off value of 0.785 as pre-filter, resulting in thirty-nine compounds from 

ZPD-2 and one hundred eight hits from SC-D. A total of three hundred and sixty-three molecules 
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were selected from the LBVS runs for further evaluation. In particular, compounds with 

stereocenters or E/Z bonds whose configuration or geometry was not defined, were excluded. 

Regarding derivatives with similar scaffold, we selected compounds possessing highest similarity 

score. Finally, the residual molecules were filtered according to i) their drug-likeness 

characteristics measured by the Lipinsky rule of 5, ii) the absence of PAINS and iii) the commercial 

availability. The application of these filters resulted to the final selection of thirty-four compounds 

collected in Figure 32; among them, the first subset of twelve molecules (MeSC-1 – MeSC-12) 

was retrieved using SC-D as query molecule, while the second subset of twenty-two molecules 

(MeZP-1 - MeZP-22) was derived from ZPD-2. All candidates were purchased from SPECS 

supplier and tested in the Thioflavin-T fluorescence test and light scattering test to evaluate their 

ability to reduce α-syn aggregation as reported for SC-D and ZPD-2,148, 159 that were used as 

reference compounds. 
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 MeSC-2  MeSC-4

 MeSC-6  MeSC-7  MeSC-8  MeSC-9

 MeSC-12  MeZP-1  MeZP-2  MeZP-3

 MeZP-4  MeZP-5  MeZP-6  MeZP-7

 MeZP-8  MeZP-9  MeZP-10

 MeZP-12  MeZP-13  MeZP-14

 MeZP-11

 MeSC-1

 MeSC-10

 

Figure 32. Chemical structures of compounds resulting from the VS employing as query SC-D (compounds MeSC-

1 – MeSC-12) and ZPD-2 (compounds MeZP-1 - MeZP-22)
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3.2.5 In vitro screening of resulting thirty-four compounds 
 

To assess the inhibitory potential of the different compounds, we monitored the increase in 

Thioflavin-T (Th-T) fluorescence emission during the aggregation kinetics of 70 µM α-syn in the 

absence or presence of 100 µM of the molecules. The compound SC-D was used as a reference.  

 

 

Figure 33. Chemical structure of best active compound MeSC-4 

 

The 5-(2,6-dinitro-4-(trifluoromethyl)benzyl)-1-methyl-1H-tetrazole (MeSC-4, Figure 33) 

emerged as the best candidate, with a reduction of 69 % of Th-T fluorescence emission (Figure 

34A). Moreover, the compound reduced the light-scattering by 20 % and 19 % at 300 and 340 nm, 

respectively (Figure 34B). In addition, also compound MeSC-12 showed to slightly reduce the Th-

T fluorescence emission, while in the light-scattering measurement at 300 and 340 mn it exhibited 

a better profile than MeSC-4. Interestingly, compound MeSC-7 displayed the best results in the 

light-scattering analysis. Conversely, MeZP derivatives did not show a significant reduction of α-

syn amyloid formation (Figure 35A). The best candidates of this subset, MeZP-1 and MeZP-16 

reduced final point Th-T fluorescence by 26 and 32 %, respectively (Figure 35A). Regarding light-

scattering, among all compounds, MeZP-1 significantly decreased the signal, around 50 and 58 % 

for 300 and 340 nm, respectively. Additionally, also compounds MeZP-14 and MeSC-20 presented 

interesting results with the reduction of light-scattering (Figure 35B). The absence of activity of 

MeZP-16 in the light-scattering assay may indicate the formation of alternative structures, such as 

amorphous aggregates. Overall, the in vitro screening exercise highlighted the MeSC-04 as the 

best molecule proving to be active as previously found for SC-D. Considering these results and 

the structural diversity of tested compounds, it was not possible to obtain information on structure-

activity relationship (SAR). 
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Figure 34. Inhibitory in vitro characterization of compounds MeSC-01 to MeSC-12. (A) Aggregation kinetics of α-

Syn in the absence (black) or presence of 100 µM of the different compounds (colored) compared to SC-D (blue, left 

panel). (B) Light-scattering measurements at 300 and 340 nm of end-point aggregates in absence (black) or presence 

of 100 µM of the different compounds (colored) compared to SC-D (blue, left panel).  

 

 

Figure 35. Inhibitory in vitro characterization of compounds MeZP-01 to MeZP-22. (A) Aggregation kinetics of α-

Syn in the absence (black) or presence of 100 µM of the different compounds (colored). SC-D was used as reference 

(blue, left panel). Th-T fluorescence is plotted as a function of time. (B) Light-scattering measurements at 300 and 

340 nm of end-point aggregates in absence (black) or presence of 100 µM of the different compounds (colored). SC-

D was used as reference (blue, left panel).  
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3.2.6 Computational analysis of the MeSC-4 binding mode  
 

To improve our knowledge about the binding mode of MeSC-4, for successful design guidance, 

additional computational studies were performed to carry out ligand pocket analysis and molecular 

docking. Several programs were developed to identify binding pockets or allosteric sites, classified 

according to the different type of algorithm used (docking-based, grid-based, and geometry-based 

algorithms). fPocket, SiteMap and FTMap were employed to estimate the druggability of α-syn 

fibrils for two three-dimensional structures available in the PDB databases (RCSB PDB: 2N0A127 

and 6FLT160). Different key amino acid residues, defined hot spots, were identified and clustered 

to obtain two ensemble consensus sites, namely site A and site B (Figure 36). Moreover, Table 2 

describes all residues that constitute the two detected druggable binding sites. 

 

Figure 36. Two consensus druggable binding site: site A (magenta) and site B (green). The images were prepared by 

Pymol.161  

The results obtained were compared with the data found in the literature.146, 162-164 The comparative 

analysis displayed that site A resulted in high agreement with the previous described binding site 

of SC-D (Figure 37).165 In detail, as displayed in Table 5 the amino acids Ala53, Val55, Thr59, 

Glu61, Thr72 and Gly73 were shown to be important for the interaction.146 In addition, the amino 

acid residues Thr54, Ala56, Thr59, Glu61, Gly73, Val74 and Thr75 of chain B-C-D of Site A have 

recently been noted as key residues for Van der Waals and π-alkyl interactions between ulvan, a 

complex sulfated polysaccharide from green alga, and α-syn (Figure 38).162 Furthermore, the site 

B was considered in a study of different putative binding sites on α-syn fibrils by molecular blind 

docking of small molecules and called as site 3/13, due to the fact that that the site 3 is contained 

in site 13 (Lys43, Lys45, Val48, and His50).163 In addition, the binding of some derivatives of 

styryl aniline was studied and SAR analysis, further rationalized by molecular docking studies, 
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showed that H-bonds and cation-pi interactions with Lys43, Lys45 and Lys58 of chain B-C-D are 

decisive for binding. All these described residues are part of our site B (Figure 39).164 

 

Figure 37. Binding mode of SC-D/fibrils interaction (PDB: 2N0A). Image retrieved from Pujols et al. 2018.  

 

Figure 38. Binding mode of ulvan unit B3s on α-syn pentamer. Light green spheres represent Van der Waals and π-

alkyl interactions, while dark green spheres indicate H-bond (PDB: 6FLT). Image retrieved from Wang et al. 2022. 

 

 

Figure 39. Binding mode styryl alanine derivative on α-syn aggregates (PDB: 6FLT). Lys43, Lys45 and Lys58 are 

involved into H-bond and cation-pi interactions. Image retrieved from Bian et al. 2021. 
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Putative 

binding 

sites 

Residues 

 

 

 

SITE A 

VAL52A; ALA53A; THR54A; VAL55A; ALA56A; GLU57A; LYS58A; THR59A; LYS60A; 

GLU61A; VAL70A; VAL71A; THR72A; GLY73A; VAL74A; THR75A; THR92A; GLY51B; 

VAL52B; ALA53B; THR54B; VAL55B; ALA56B; GLU57B; LYS58B; THR59B; LYS60B; 

GLU61B; GLN62B; THR64B; VAL66B; VAL70B; VAL71B; THR72B; GLY73B; VAL74B; 

THR75B; ALA76B; THR92B; HIS50C; GLY51C; VAL52C; ALA53C; THR54C; VAL55C; 

ALA56C; GLU57C; LYS58C; THR59C; LYS60C; GLU61C; GLN62C; THR54C; VAL66C; 

ALA69C; VAL70C; VAL71C;  THR72C; GLY73C; VAL74C; THR75C; ALA76C; THR92C; 

GLY93C; GLY51D; VAL52D; ALA53D; THR54D; VAL55D; ALA56D; GLU57D; LYS58D; 

THR59D; LYS60D; GLU61D; GLN62D; THR64D; VAL70D; VAL71D; THR72D; GLY73D; 

VAL74D; THR75D; ALA76D; THR92D; GLY51E; VAL52E; ALA53E; THR54E; VAL55E; 

ALA56E; GLU57E; LYS58E; THR59E; LYS60E; GLU61E; VAL70E; VAL71E; THR72E; 

GLY73E; VAL74E; THR75E. 

 

 

SITE B 

VAL40A; GLY41A; SER42A; LYS43A; THR44A; LYS45A; GLU46A; VAL48A; TYR39B; 

VAL40B; GLY41B; SER42B; LYS43B; THR44B; LYS45B; GLU46B; GLY47B; VAL48B; 

VAL49B; HIS50B; TYR39C; VAL40C; GLY41C; SER42C; LYS43C; THR44C; LYS45C; 

GLU46C; GLY47C; VAL48C; VAL49C; HIS50C; TYR39D; VAL40D; GLY41D; SER42D; 

LYS43D; THR44D; LYS45D; GLU46D; GLY47D; VAL48D; VAL49D; HIS50D; GLY41E; 

SER42E; LYS43E; THR44E; LYS45E; GLU46E; VAL48E; VAL49E; HIS50E. 

Table 5. List of all the residues constituting the identified binding sites defined to include residues within 15 Å of any 

centroid of Fpocket results for protein 2N0A. 

 

After validating the results obtained from the analysis of putative binding sites, the binding mode 

of compound MeSC-4 was investigated. In order to select one of the two fibril crystal structures 

as target for docking studies, we evaluated their quality by Ramachandran plot through 

PROCHECK.166 The evaluation data indicated that 2N0A was the preferred structure with 85.1% 

of residues in the most favored region. Molecular docking studies were performed using three 

different software, such as Autodock V4.2.6,167 Glide-v9.388, 168 and Gold 2020.3.0169 on both 

abovementioned putative binding sites A and B. For each software, the first 10 clusters were 

selected according to docking value and submitted to a consensus docking methodology to get 

clusters populated by poses generated by different software with a Root-Mean-Square Deviation 

(RMSD) value just below 2.0 Å. Therefore, hierarchical clustering using the rms_analysis tool of 

any clusters was found at site B. Consequently, it was assumed that MESC-4 could only bind Site 

A on α-syn fibrils. Then, MM-GBSA free energy calculations were carried out to obtain quali-
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quantitative estimations of the binding free energies of different MESC-4 poses retrieved from 

molecular docking studies. The pose with lowest free energy was selected to evaluate protein-

ligand interactions through Maestro. In detail, the compound MeSC-4 bound to site A through Van 

der Waals and H-bond interactions with residues from Ala53 to Val74. In addition, MESC-4 also 

showed the formation of H-bond interactions between Gly73 of chain A and the tetrazole ring and 

H-bond between Thr59 of chain C and nitro-group. Finally, additional Van der Waals interactions 

were observed from the amino acids Ala53, Val55, Thr59, Glu61, Gly73, Val74 (Figure 40). 

Interestingly, these data were congruent with the network of interactions suggested for SC-D 

docked into the NAC domain of α-syn fibrils. 

 

 

Figure 40. Binding mode of compound MESC-4. The image is created by PyMOL software. 
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3.2.7 Design and synthesis of new derivatives of compound MeSC-4 
 

Prompted by the above reported findings, the compound MeSC-4 was considered as a lead 

compound for the design of a new set of potential α-syn aggregation inhibitors. The structural 

modifications on MeSC-4 were directed to improve its chemical-physical properties. 

Using a rational approach, four different molecules were designed and synthesized as described in 

Figure 41. 

 

Figure 41. Structural modification on lead compound MeSC-4 to achieve the benzyl thioether derivatives 33-36  

 

In detail, we replaced the phenyl thioether fragment with a benzyl thioether one, thus extending 

the linking moiety. For compounds 33 and 35, we retained the tetrazole ring with the methyl 

substituent. In the case of compound 36, we modified the tetrazole portion, with the carboxyl 

group. However, for compound 34, we replaced the tetrazole with a triazole, thus removing a 

nitrogen atom from the cyclic structure. Regarding the substituents on the aromatic ring, in order 

to assess whether the two nitro groups and the CF3 group are essential for biological activity, in 

the design of compounds 33-34 and 36 we decided to keep CF3 in para to the aromatic ring, while 

for compound 36 we removed p-CF3 by replacing it with an -NO2 in ortho position.  

Compounds 33-35 were obtained by following synthetic pathway A described in Scheme 4. The 

1-methyl-1H-1,2,3,4-tetrazole-5-thiol (X=N) for compounds 33 and 35 and 4-methyl-4H-1,2,4-

triazole-3-thiol (X=CH) for compound 34 ware coupled with an opportune benzyl bromide in 

alkaline medium at room temperature as previously reported by us.150 Compound 36 was obtained 

following the synthetic pathway B described in Scheme 4. The ethyl-2-sulfanylacetate was 

combined with 4-(trifluoromethyl)benzyl chloride in alkaline medium for K2CO3 at room 

temperature. The reaction environment led to basic hydrolysis, resulting in the corresponding 

carboxylic derivative. The resulting compounds were sent to Prof. Ventura's research group for in 

vitro biological screening, in order to obtain further data on their pharmacological activity and 
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potential use as drugs. Unfortunately, these compounds proved to be no active agents through 

Thioflavin-T (Th-T) fluorescence emission assay and light-scattering measurements.  

These results suggested that some structural modifications such as the introduction of benzyl 

moiety instead of phenyl one negatively affected the recognition process with α-syn fibrils. 

Moreover, the presence of two -NO2 and the -CF3 groups on aromatic ring found in MeSC-4, SC-

D and ZPD-2 proved to be essential for biological activity. 

 

 

Scheme 4. Reagents and conditions: A) suitable benzylchloride, 1-methyl-1H-1,2,3,4-tetrazole-5-thiol or 4-methyl-

4H-1,2,4-triazole-3-thiol, NaOH, MeOH, rt; B) 4-(trifluoromethyl)benzyl chloride, ethyl-2-sulfanylacetate, K2CO3, 

MeOH, rt. 

3.2.8 Comments and remarks 
 

Overall, these studies indicated that the inhibition of α-syn aggregation by new small molecules 

represents a useful approach against neurodegenerative disorders in the medicinal chemistry field. 

We explored the 5-(4-pyridinyl)-4H-1,2,4-triazole scaffold, given its promising activity previously 

reported.150 In detail, the new studies evidenced that in the immunohistochemical assays 

compound 30 proved to increase levels of TH and DAT in the midbrain of animals treated with 

neurotoxin MPTP; furthermore, this molecule demonstrated to reduce the α-syn expression in the 

same test. Moreover, motor deficit in MPTP-treated mice has been reduced by compound 30. This 

compound demonstrated to affect fibrillization in in vitro assay.152  

By applying an in silico procedure, we have identified the 5-(2,6-dinitro-4-

(trifluoromethyl)benzyl)-1-methyl-1H-tetrazole (MeSC-4) as a potent in vitro α-syn aggregation 

inhibitor, which could represent a ‘lead compound’ for the development of new inhibitors in PD 
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therapy. MeSC-4 showed the same inhibitory activity of SC-D in the preliminary Th-T 

fluorescence assay. These results provided interesting information for developing a small series of 

new compounds, thus expanding our knowledge of the SAR of the NAC domain. The performed 

structural modifications made on MeSC-4 to refine its physicochemical properties and 

bioavailability in the central nervous system, did not produce biologically active compounds in the 

Th-T fluorescence and light-scattering assays. However, the collected structure-activity 

relationship data, indicated the minimum structural requirements of MeSC-4 that should be 

maintained in a future design. 

 

3.3 Experimental section 
 

3.3.1 Chemistry 
 

All reagents were purchased from commercial suppliers (Merck KGaA and Thermofisher 

Scientific Inc.) and were used without further purification. For the determination of melting points 

of synthetized compounds, a Buchi B-545 apparatus (BUCHI Labortechnik AG Flawil, 

Switzerland) was used; we determined melting points with a permissible error range uncorrected 

by calibration. The purity of synthetized compounds was determined by combustion analysis (C, 

H, N) (Carlo Erba Model 1106-Elemental Analyzer); the results confirmed a ≥95% purity. Thin-

layer chromatography was performed on Merk TLC plates (Silica gel 60 F254, 10 x 15). 

Chromatograms were visualized by UV light or by staining with iodine vapor and ninhydrin 

solution. 1H-NMR and 13C-NMR spectra were measured in dimethylsulfoxide-d6 (DMSO-d6) or 

deuterochloroform (CDCl3-d) with a Varian Gemini 500 spectrometer (Varian Inc. Palo Alto, 

California USA) and chemical shifts are quoted in δ (ppm) and coupling constants (J) in Hertz. 

All exchangeable protons were confirmed by addition of D2O.  

 

3.3.2  General procedure for synthesis of pyridinyl-triazole derivatives (28-32) 
 

Pathway A: The 4-amino-5-(4-pyridinyl)-4H-1,2,4-triazole-3-thiol (27, 250 mg, 1.29 mmol) were 

dissolved in MeOH (5 mL) with NaOH (51 mg, 1.29 mmol) and the suitable alkyl halide (1 molar 

equivalent). The S-alkylation was performed according to the experimental procedure previously 

reported to obtain desired final compound 28-30.150,152 The structural chemical assignment for 
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compounds 28 and 30 has been confirmed by means 1H-NMR spectra and their spectral data were 

in good agreement with those that are already reported in literature.170,171 

Pathway B: The methyl 2-((4-amino-5-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (29, 150 

mg, 0.56 mmol) was added to a 0.5 M NaOH solution and the reaction was stirred under reflux for 

1 hour. The precipitate was filtered, dried with anhydrous Na2SO4 and recrystallized from 

Et2O/EtOH to obtain the carboxylic derivative 31. 

Pathway C: Piperidine (0.173 mL 1.76 mmol) and 2-chloroacetyl chloride (0.140 mL ,1.76 mmol) 

were dissolved in methanol (5 mL) and triethylamine (293 mL, 2.11 mmol) was added. The 

reaction was kept at 0°C for about 30 minutes and then at room temperature. Subsequently, the 

collected intermediate was dissolved in MeOH (5 mL) and reacted with 4-amino-5-(4-pyridyl)-

1,2,4-triazol-3-thiol (27, 250 mg, 1.29 mmol) and NaOH (51 mg, 1.29 mmol) to obtain compound 

32 according to the experimental procedure previously reported.150,152  

 

 
 

 

• 3-(Ethylthio)-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (28)  

CAS number: 901096-40-0; Yield: 72.5%; white powder; m.p.: 125-127°C; 1H-NMR (500 MHz, 

DMSO-d6): (δ) 1.36 (t, J= Hz, 3H, CH3), 3.16-3.21 (m, 2H; CH2), 6.21 (bs, 2H, NH2), 7.99-8.01 

(m, 2H, Ar-H2’and 6’), 8.71-8.72 (m, 2H, Ar-H3’and 5’); Anal. for (C9H11N5S): C, 48.85%; H, 

5.01%; N, 31.65%; Found: C, 48.70%; H, 5.16%; N, 31.50%  

 

• Methyl 2-((4-amino-5-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (29)  

CAS number: 150535-95-8; Yield: 38%; white powder; m.p.: 190-192 °C; 1H-NMR (500 MHz, 

DMSO-d6): (δ) 3.66 (s, 3H, CH3), 4.12 (s, 2H; CH2), 6.31 (bs, 2H, NH2), 7.96-7.97 (m, 2H, Ar-

H2’and 6’), 8.71-8.72 (m, 2H, Ar-H3’and 5’); 13C NMR (126 MHz, DMSO-d6) (δ) 33.20 (CH2), 

52.92 (CH3), 121.74 (C2’, C6’), 134.28 (C1’), 150.57 (C3’, C5’), 152.59 (C4), 154.85 (C1), 169.39 
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(C=O); Anal. for (C10H11N5O2S): C, 45.27%; H, 4.18%; N, 26.40%; Found: C, 45.42%; H, 4.03%; 

N, 26.55%  

 

• Ethyl 2-((4-amino-5-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (30)  

CAS number: 39875-99-5; Yield: 55%; white powder; m.p.: 180-82 °C; 1H-NMR (500 MHz, 

DMSO-d6): (δ) 1.18 (t, J= 7.05 Hz, 3H, CH3), 4.10 (s, 2H; CH2), 4.11 (q, J= 7.05 Hz, 2H, CH2), 

6.34 (bs, 2H, NH2), 7.96-7.97 (m, 2H, Ar-H2’and 6’), 8.70-8.71 (m, 2H, Ar-H3’and 5’); Anal. for 

(C11H13N5O2S): C, 47.30%; H, 4.69%; N, 25.07%; Found: C, 47.15%; H, 4.84%; N, 24.92%.  

 

• 2-((4-amino-5-(4-pyridin-4-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetic acid (31) 

CAS number: 150536-07-5; Yield: 90%.; yellow powder; m.p.: 235-236 °C; 1H-NMR (500 MHz, 

DMSO-d6): (δ) 2.1 (s, 2H, CH2), 4.1 (s, 2H, NH2), 8.02 (d, J= 6.04 Hz, 2H, Ar-H2’and 6’), 8.75 

(d, J= 6.04 Hz, 2H, Ar-H3’and 5’), 12.9 (bs, 1H, OH). 13C-NMR (126 MHz, DMSO-d6): (δ) 44.25 

(CH2), 121.5 (C2’, C6’), 133.04 (C1’), 147.3 (C4), 150.03 (C3’, C5’), 150.2 (C1), 167.65 (CO). 

Calc.Anal. for C9H9N5O2S: C, 43%; H, 3,6%; N, 27,9%. Found: C, 43.3 %; H, 3.7%; N, 27. 5%.  

• 2-((4-amino-5-(4-pyridin-4-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)-1-(1-piperidil)etanone 

(32) 

CAS number: 786671-63-4; Yield: 18%; white powder; m.p.: 181-182 °C; 1H-NMR (500 MHz, 

DMSO-d6): (δ) 1.44 (m, 2H, CH2-4”), 1.57 (m, 4H, CH2-3” e 5”), 3.45 (m, 4H, CH2-2” e 6”), 4.29 

(s, 2H, CH2), 6.31 (s, 2H, NH2), 8.01 (d,  J= 6.11 Hz, 2H, Ar-H2’ and H6’), 8.73 (d, J= 6.11, 2H, 

Ar-H3’ and H5’).  13C-NMR (126 MHz, DMSO-d6): (δ) 23.8 (C4”), 25.2 (C3”, C5”), 36.0 (CH2), 

42.5 (C2”, C6”), 121.3 (C2’-6’), 134.0 (C1’), 150.1 (C3’-5’), 151.8 (C1), 154.6 (C4), 165.0 (CO). 

Calc.Anal. for C14H18N6OS: C, 52,8%; H, 5,7%; N, 26,4%. Found: C, 53.2 %; H, 5.5 %; N, 26.2 

%. 

 

3.3.3 In vivo studies 
 

The in vivo experiments on neurodegenerative diseases with compound 30 at a dose of 10 mg/kg, 

after a preliminary dose–response study, were performed according to the experimental procedure 

reported.152 
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3.3.4  General procedure for the synthesis of MeSC-4 derivatives 
 

The thiol derivatives, 1-methyl-1H-1,2,3,4-tetrazole-5-thiol, 4-methyl-4H-1,2,4-triazole-3-thiol 

and the ethyl-2-sulfanylacetate (1.29 mmol) were dissolved in methanol (5 mL) and was reacted 

with NaOH (51 mg, 1.29 mmol) and the corresponding benzyl chloride (1.29 mmol) according to 

the experimental procedure previously reported to retrieved the benzyl thioether derivatives 33-

36.150,152 

 

 
 

• 1-Methyl-5-[[4-(trifluoromethyl)phenyl]methylsulfanyl]tetrazole (33) 

Yield: 30%; white powder; m.p.: 81-82 °C; 1H-NMR (500 MHz, DMSO-d6): (δ) 3.87 (s, 3H, 

CH3.), 4.61 (s, 2H, CH2), 7.64 (d, J= 8.3 Hz, 2H, Ar-H2 and H6), 7.69 (d, J= 8.3 Hz, 2H, Ar-H3 

and H5). 13C-NMR (126 MHz, DMSO-d6): (δ) 33.6 (CH3), 35.8 (CH2), 124.0 (d, JC-F= 271.4 Hz, 

CF3), 125.3 (q, JC-F= 3.8 Hz, Ar-C3 and C5), 128.1(d, JC-F = 31.9 Hz, Ar-C4) 129.8 (Ar-C2-6), 

141.8 (Ar-C1), 152.9 (C-tetrazole). Calc. Anal. for C10H9F3N4S: C, 43.80%; H, 3.30%; N, 20.40%. 

Found: C, 43.78%; H, 3.32%; N, 20.42%.  

 

• 4-Methyl-3-[[4-(trifluoromethyl)phenyl]methylsulfanyl]-1,2,4-triazole (34) 

Yield: 13%; white powder; m.p.: 48-49 °C; 1H-NMR (500 MHz, CDCl3-d): (δ) 3.31 (s, 3H, CH3), 

4.32 (s, 2H, CH2), 7.34 (d, J= 8.4 Hz, 2H, Ar-H2 e H6), 7.42 (d, J= 8.4 Hz, 2H, Ar-H3 e H5), 8.06 

(s, 1H, CH, triazole). 13C-NMR (500 MHz, CDCl3-d): (δ) 30.9 (CH3), 37.4 (CH2), 124.0 (d, JC-F= 

272.4 Hz, CF3), 125.7 (Ar-C3 e C5), 129.4 (Ar-C2 e 6), 130.1 (Ar-C4), 145.3 (CH-triazole), 149.8 

(C-triazole).  Calc. Anal. For C11H10F3N3S: C, 48.3%; H, 3.7%; N, 15.4%. Found: C, 48.0%; H, 

4.0%; N, 15.0%. 

 

• 1-Methyl-5-[[2-nitrophenyl]methylsulfanyl]tetrazole (35) 

Yield: 90%; white powder; m. p.: 86-87 °C; 1H-NMR (500 MHz, DMSO-d6): (δ) 3.86 (s, 3H, 

CH3), 4.79 (s, 2H, CH2), 7.57-7.62 (m, 1H, Ar-H4), 7.69-7.74 (m, 2H, Ar-H5 e H6), 8.09 (d, J= 

8.78 Hz, 1H, Ar-H3). 13C-NMR (126 MHz, DMSO-d6): (δ) 33.7 (CH3), 34.3 (CH2), 125.2 (Ar-
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C3), 129.6 (Ar-C4), 132.1 (Ar-C6), 132.6 (Ar-C5), 135.2 (Ar-C1), 147.7 (Ar-C2), 153.0 (C-

tetrazole).  Calc. Anal. For C9H9N5O2S: C, 43.0%; H, 3.60%; N, 27.90%. Found: C, 43.02%; H, 

3.59%; N, 27.92%.  

 

• 2-[[4-(Trifluoromethyl)phenyl]methylsulfanyl] acetic acid (36) 

Yield: 12%; white powder; m. p.: 226-227 °C; 1H-NMR (500 MHz, DMSO-d6): (δ) 2.87 (s, 2H, 

CH2), 3.80 (s, 2H, CH2), 7.52 (d, J= 8.1 Hz, 2H, Ar-H2 e H6), 7.63 (d, J= 8.1 Hz, 2H, Ar-H3 e 

H5). 13C-NMR (126 MHz, DMSO-d6): (δ) 34.7 (CH2), 36.9 (CH2), 124.4 (d, JC-F = 272.3 Hz, CF3), 

125.0 (q, JC-F = 3.8 Hz, Ar-C3-5), 172.6 (C=O), 144.4 (Ar-C1), 129.6 (Ar-C2-6), 127.2 (q, J C-F = 

32.1, Ar-C4). Calc. Anal. For C10H9F3O2S: C, 48.00%; H, 3.60%. Found: C, 48.02%; H, 3.58%. 

 

3.3.5 Ligand-based virtual screening procedure 
 

To find new chemical entities that might be structurally similar to the two selected α-syn inhibitors 

SynuClean-D and ZPD-2, a ligand-based virtual screening (LBVS) was carried out. In more 

details, we adopted a similarity-based search web-tool, SwissSimilarity 

(http://www.swisssimilarity.ch)154 for screening molecules from SPECS database 

(https://www.specs.net). Three different methods were independently employed to evaluate the 

similarity between the query molecules and those contained in the search database: FP2 

fingerprints, Electroshape and Spectrophore. While the first one is a 2D approach, the latter is 

based on the 3D structure of the molecules. The hits obtained by the LBVS runs were ranked 

according to a similarity score corresponding to the Tanimoto score for the FP2 fingerprints, and 

to the Manhattan-based distance for Spectrophores and Electroshape approaches. Both scores can 

assume values between 0 and 1. A value of 0 indicates totally dissimilar molecules, while a value 

equal to 1 implies identical compounds. 

 

3.3.6 Protein preparation of 𝜶-syn fibrils  
 

The structure of 𝛼-syn fibrils (RCSB PDB: 2N0A) was modified via Pymol (https://pymol.org), 

and the amino acids between Leu38 and Val95 were retained. The PDB 6FLT was modified by 

retaining only the chains of one monomer (chains A; C; E; G; I). Then, we performed the alignment 

of 6FLT on 2N0A to obtain overlapping results through the software Pymol. 

http://www.swisssimilarity.ch/
https://www.specs.net/
https://pymol.org/
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To get information about the flexibility of the selected structures, the RMSD values were 

calculated by Schrödinger 2021-4 considering the C-alpha compared with the reference protein 

structure 2N0A. Therefore, the RMSD value of 5.89 Å was obtained for 6FLT. 

 

 

3.3.7  Analysis of the potential binding sites 
 

To determine the different cavities on the 𝛼-syn fibrils, three programs FTMap, fPocket and 

SiteMap were used. 

The FTMap web server (https://ftmap.bu.edu) is an open-source mapping server that provides 

direct information about binding hot spots, druggability, and fragment-based drug discovery. The 

method distributes 16 small organic probe molecules of various shapes, sizes, and polarities on a 

macromolecule surface to define hot spots through conformational and spatial searches, clustering 

procedures, and evaluation the probe's interaction energy over a dense grid using an empirical 

energy function including a continuum electrostatic term. Hot spots are smaller regions of proteins 

capable of contributing significantly to the binding of a drug to the binding site, and their strength 

describes the druggability of the site.172 

SiteMap is a module implemented in Schrodinger capable of identifying potential binding sites 

and predicting their druggability. SiteMap uses the interaction energies between the grid probes 

and the protein to search for favorable binding sites. To classify each site, there is a series of 

physical descriptors that are used. These include (i) the size of the site calculated from the number 

of site points, (ii) the degree of closure by the protein, (iii) solvent exposure, (iv) the tightness 

between the site points and the protein, (v) the hydrophobic and hydrophilic character of the site, 

and (vi) the ability with which a ligand is capable to donating or accepting hydrogen bonds. 

Finally, an overall SiteScore is calculated using a linear combination of terms based on the above 

factors.173 

fPocket (version 2.0) is an open source program capable of detecting potential binding sites using 

Voronoi tessellation and sequential clustering steps. The method employs α-spheres to analyze the 

protein surface. An α-sphere is a sphere in contact with four atoms on its boundary, containing no 

inner atom inside. For a protein, very small spheres are found on the inside of the protein, while 

large spheres are found on the outside. Clefts and cavities coincide with spheres of intermediate 

radii.174  

fpocket is based on three main steps. During the first step the whole set of alpha spheres is 

determined from the protein structure and a pre-filtered set of spheres is obtained. The second step 
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involves identifying groups of spheres close to each other so as to identify pockets and remove all 

clusters of low interest. The last step involves estimating the properties of pocket atoms, for the 

purpose of score each pocket.175  

 

3.3.8  Molecular docking of MeSC-4  
 

The binding mode of MESC-4 was investigated using three different software using the 3D 

coordinates of the NMR structure of the fibrils of the protein α-syn (RCSB PDB: 2N0A). In this 

study, docking procedures were carried out: Autodock 1.5.7, Glide with Extra precision method 

(XP) and GOLD with the ChemScore fitness function. In addition, in the analysis conducted 

through GOLD, the "allow early termination" command was deselected, and poses that had an 

RMSD value of less than 0.75 Å were clustered. All setting parameters have been kept by default. 

For all the docking protocol, the binding cavity was defined to include all residues within 10 Å of 

the centre. For each site, centroid coordinates were calculated from fPocket outputs using 

Discovery Studio Visualizer. In detail, the centroid of coordinates x=115.647963, y=142.554128 

and z=-35.965229 was used to define site A, while a box having centre coordinates x=92.100174, 

y=140.774522 and z=-19.706261 was used to delineate site B. 

The structure of MESC-4 was built and minimized according to the Ammp calculation method 

implemented in Vega ZZ and was subjected to 100 runs in each molecular docking analysis.176 

 

3.3.9 Consensus docking and Prime MM-GBSA 
 

The 10 top-ranked docking poses obtained from the three different docking programs were 

selected and subjected to a hierarchical clustering procedure. The RMSD value of each docking 

pose compared with the others was calculated using rms_analysis software from the suite Gold. 

The group_average method was used as a hierarchical clustering algorithm and the poses were 

corresponding if they had an RMSD value less than 2.0 Å. Therefore, only clusters populated by 

the poses generated by at least two molecular docking software were selected. Subsequently, the 

poses belonging to the most populated cluster were submitted to binding free energy calculation 

by Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) computational method 

performed using the Prime MM-GBSA module of the Schrödinger suite. This method combines 

molecular mechanics energy and continuum solvation models. Although the MM/GBSA method 

cannot predict experimental binding free energies with absolute accuracy, it is a very efficient 
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method for producing a good ranking of experimental values.177 In this analysis, the VSGB 

solvation model and OPLS4 as force field were used to perform MM-GBSA calculations. 

 

3.3.10  In vitro studies 
 

Aggregation and α-synuclein inhibition in vitro assays using ThT fluorescence and light scattering 

measurements were performed in accordance with the reported experimental procedures.150,152 
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