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Université de Namur 

FACULTE DES SCIENCES 

Rue de Bruxelles, 61 – 5000 Namur, Belgique 

Petites molécules comme agents thérapeutiques contre la maladie de Parkinson : cas des 

modulateurs d’UCH-L1 et du récepteur de GLP-1 

par Kalina Mambourg 

Résumé 

La maladie de Parkinson (PD) est une maladie neurodégénérative progressive du système nerveux 

central qui induit une perturbation des fonctions motrices du corps humain. Les traitements actuels 

sont effectifs uniquement contre les symptômes moteurs et ne limitent pas la progression de la 

maladie. Il est donc très important d’identifier des nouveaux traitements qui modifient la 

progression de PD. La présente thèse de doctorat a centré la recherche sur deux cibles 

thérapeutiques : la déubiquitinase UCH-L1 et le récepteur GLP-1 (GLP-1R). UCH-L1 est 

impliquée dans le système ubiquitine-protéasome, étroitement liée à la modification des protéines 

cellulaires et a été associée génétiquement à PD. Le GLP-1R est un modulateur du métabolisme 

glucidique par la sécrétion d’insuline et dont l’activité a démontré des effets neuroprotecteurs dans 

les modèles PD. L’utilisation de composés actifs pour ces protéines pourrait réduire la progression 

de PD. L’objectif de cette thèse est d’identifier et d’étudier les propriétés et les interactions 

moléculaires de petites molécules modulatrices d’UCH-L1 et de GLP-1R, deux protéines cibles 

impliquées dans le développement de PD.  

La recherche conduite dans le présent travail a permis de :  

(i) Synthétiser et formuler un dérivé du 1,2,4-oxadiazole, agoniste du GLP-1R, en présence de 

saccharine et acide citrique résultant en un système co-amorphe. 

(ii) Etudier l’interaction in silico et in vitro des composés dérivés d’alanylpipéridine avec UCH-L1. 

La salification de ces composés a ensuite été utilisée comme méthode pour moduler la solubilité. 

(iii) Caractériser in silico et in vitro un orthologue de la protéine UCH-L1 humaine, UCH-L1 

zébrafish, et d’étudier les comportements de ces deux protéines vis-à-vis d’une même liste de 

ligands.  

Dissertation doctorale en Sciences Chimiques 

Namur, Mars 2022 



 

 

 

Université de Namur 

FACULTE DES SCIENCES 

Rue de Bruxelles, 61 – 5000 Namur, Belgium 

Small molecules as therapeutic options for Parkinson’s disease: case of modulators of 

UCH-L1 and GLP-1 receptor  

by Kalina Mambourg 

Abstract 

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder of the central 

nervous system inducing severe motor disturbance. The current available treatments are effective 

for relieving motor symptoms but they do not alter the progression of the disease. Subsequently, 

there is an urgent need to develop disease modifying therapies that address the neurodegenerative 

processes. During the present PhD thesis, we have been investigating: the deubiquitinase UCH-L1 

and GLP-1 receptor (GLP-1R). UCH-L1 is involved in the ubiquitin-proteasome system 

modulating the integrity of cellular proteins. The GLP-1R promotes insulin secretion and has 

shown neuroprotective properties in PD models. Combining ligands with these proteins can impact 

the progression of PD. Therefore, the objective of this thesis is to study small molecules acting as 

ligands of UCH-L1 and GLP-1R, two protein targets that are involved in the development of PD.  

The research conducted during this work allowed us to:   

(i) Synthesize and formulate a derivative of 1,2,4-oxadiazole, an agonist of GLP-1R, as a co-

amorphous system with saccharin or citric acid. 

(ii) Investigate alanylpiperidine derivatives as activators of UCH-L1 in silico and in vitro. The 

salification of these compounds was then studied in order to increase their solubility. 

(iii) Characterize in silico et in vitro an ortholog of UCH-L1 human protein, zebrafish UCH-L1, 

and to study the behavior of these proteins towards similar ligands. 
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ABBREVIATIONS 

ACN Acetonitrile 

AD Alzheimer’s Disease 

Ad Autosomal dominant 

API Active Pharmaceutical Ingredient 

Ar Autosomal recessive 

AS Allosteric Site 

ATP Adenosine TriPhosphate 

BBB Blood-Brain Barrier 

Boc tert-butyloxycarbonyl 

CA Citric Acid 

CAM Co-AMorphous system 

CNS Central Nervous System 

COMT Catechol-OMethylTransferase 

COSY Correlated Spectroscopy 

CSD Cambridge Structural Database 

Cy Cyclohexane 

Da Daltons  

DIPEA N,N-Diisopropylethylamine 

DJ-1 Daisuke-Junko-1 

DMSO DiMethyl SulfOxide 

DPP-4 DiPeptidyl Peptidase-IV 

DSC Differential Scanning Calorimetry 

DUB Deubiquitinase 

DVS Dynamic Vapor Sorption 

EAFUS Everything Added to Food in the United States 

ESI ElectroSpray Ionization 

eq. Equivalent 

E1 Ubiquitin-activating enzyme  

E2 Ubiquitin-conjugating enzyme 

E3 Ubiquitin-protein ligase 

FDA Food and Drug Administration 

GLP-1 Glucagon-Like Peptide-1 

GLP-1R Glucagon-Like Peptide-1 Receptor 

GOLD Genetic Optimization for Ligand Docking 

GRAS Generally Recognized As Safe 

GST Glutathione S-Transferase 

HBP Hydrogen Bond Propensity 

HMBC Heteronuclear Multiple Bond Correlation 

HMQC Heteronuclear Multiple Quantum Coherence 

HPLC High Performance Liquid Chormatography 

HRMS High Resolution Mass Spectrometry 

hUCH-L1 Homo sapiens Ubiquitin C-terminal Hydrolase L1 

IC50 Half maximal inhibitory concentration 

IR InfraRed 

kcat Catalytic constant 



 

 

Ki Inhibition constant 

Km Michaelis constant 

LAG Liquid Assisted Grinding 

LB Lewis Body 

L-DOPA Levodopa 

LE Ligand Efficiency 

LRRK2 Leucine-Rich Repeat Kinase 2 

MM-GBSA Molecular Mechanics/Generalized Born Surface Area 

MOA MonoAmine Oxidase 

Mp Melting point 

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

MS Mass Spectroscopy 

MW Molar Weight 

NG Neat Grinding 

NMR Nuclear Magnetic Resonance 

PD Parkinson’s Disease 

PDB Protein Data Bank 

Ph Phenyl  

PINK1 PTEN-Induced Putative Kinase 1 

ppm Part per million 

PXRD Powder X-Ray Diffraction 

Rf Retention factor 

RMSD Root-Mean-Square Deviation 

rt Room temperature 

ROS Reactive Oxygen Species 

SA Saccharin 

SCXRD Single Crystal X-Ray Diffraction 

SDS-PAGE Sodium Dodecyl Sulphate–PolyAcrylamide Gel Electrophoresis 

SEM Scanning Electron Microscopy 

SNCA SyNuClein Alpha 

SNpc Substantia Nigra pars compacta 

SOSA Selective Optimization of Side Activities 

TCID Tetrachloro-1,3-indandione 

Tg Glass transition temperature 

TGA ThermoGravimetric Analysis 

THF TetraHydroFuran 

TLC Thin Layer Chromatography 

TFA TriFluoroacetic Acid 

Ub Ubiquitin 

Ub-AMC Ubiquitin 7-Amino-4-MethylCoumarin 

Ub-Rho Ubiquitin Rhodamine 110 

UbVMe Ubiquitin VinylMethylester 

UCH-L1 Ubiquitin C-terminal Hydrolase L1 

UPS Ubiquitin Proteasome System 

UV UltraViolet 

zUCH-L1 Danio rerio Ubiquitin C-terminal Hydrolase L1 



 

 

 

Table 1 - Natural amino acid residues, three and one letter code. 

One letter 

code 

Three letter 

code 

Name One letter 

code 

Three letter 

code 

Name 

A Ala Alanine L Leu Leucine 

R Arg Arginine K Lys Lysine 

N Asn Asparagine M Met Methionine 

D Asp Aspartate F Phe Phenylalanine 

C Cys Cysteine P Pro Proline 

E Glu Glutamate S Ser Serine 

Q Gln Glutamine T Thr Threonine 

G Gly Glycine W Trp Tryptophan 

H His Histidine Y Tyr Tyrosine 

I Ile Isoleucine V Val Valine 
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PREFACE 

The following thesis focuses on UCH-L1 and GLP-1R, two proteins implicated in Parkinson’s 

disease (PD). The main part of the research work aimed UCH-L1 that was strengthen by a second 

part related to GLP-1R. As a chemist, my work focused on molecules that have activation 

properties on UCH-L1 and GLP-1R. The following manuscript details the results generated 

through the past three years of doctorate study. It consists of an introduction that first discusses 

and details the main information about Parkinson’s disease. The deeper clinical and biological 

domains of the disease were not specified here so as to avoid drowning the reader in information 

not related to the study conducted hereafter. If the reader wishes to obtain further information 

about the disease, I invite them to pursue the references:1–6. The introduction thereafter focuses 

on the two proteins and their activators. It ends with an explanation of the modulation of the 

physical and chemical properties of active pharmaceutical ingredients (APIs). The experimental 

results generated in this work are then divided in three parts. Part I details the results gathered on 

the small molecules – their synthesis and the interaction study with their respective protein. Then, 

the modulation of their physical and chemical properties is assessed in Part II. Finally, Part III 

consists in the study of zUCH-L1 protein as a model to investigate modulators of UCH-L1. The 

manuscript ends with a conclusion that includes outlooks for future work. 

This thesis was carried out in close collaboration with Abaxys Therapeutics S.A. This 

collaboration allowed me to understand the benefits and constraints that can result from the 

collaboration with an industrial partner. Indeed, handling the confidentiality became one the 

challenges of this collaboration. Through this challenge, I managed to develop my communication 

skills towards the general and scientific public while maintaining the integrity and the confidential 

aspects of the project. Secondly, the transfer of the knowhow and some materials, including UCH-

L1 activator compound described in the literature, was conducted.  

I conclude by thanking Dr. Javier Garcia-Ladona for the scientific exchanges and Abaxys 

Therapeutics S.A. and the University of Namur for the financial support. I would also like to thank 

Valérie Troonbeeckx for the “Parkinson & Young” grant. Finally, I thank all authors of the 

publications and the different collaborators that helped achieve the intended goals of my thesis.  

Enjoy the reading.
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It has been more than two hundred years since the first ever detailed clinical features of 

Parkinson’s disease (PD) were published as “An essay on the shaking palsy”.7 Yet, PD, named 

after the writer of the essay, continues to be a major age-related health problem due to the 

general demographic composition of the population. Despite effective treatment of motor 

symptoms, there is no robust treatment today to cure or prevent PD-related degeneration; the 

full pathogenesis remains to be elucidated in the pursuit for effective prevention and treatment 

in the future. 

1. PARKINSON’S DISEASE  

1.1 Introduction  

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder of the central 

nervous system which gives rise to motor disturbances. It is the second most common 

neurodegenerative disorder in the world after Alzheimer’s disease (AD). The median age of 

onset is around 60-65 years old but it is estimated that 10% of people diagnosed with PD already 

had the disease onset before the age of 50 years old.8 PD affects 1% of the population over 60 

years old, with an incidence* that increases with age. 9,10 The prevalence† is 1,900 persons per 

100,000 in people over the age of 80.3 It is estimated that the number of people diagnosed with 

PD will double by 2030.11  

Healthy people display a slow and progressive loss of dopamine with age. However, PD 

patients show a severe depletion of dopamine due to the degeneration of the dopaminergic 

neurons (Figure 1). PD is essentially defined by two hallmarks: (i) the progressive and 

irreversible loss of the dopaminergic neurons in the substantia nigra pars compacta (SNpc) and 

(ii) the presence of abnormal aggregates of proteins that are developed inside the nerve cell, 

called Lewis bodies (LB).9 Dopamine is a neurotransmitter serving as chemical signaling from 

one neuron to the other by travelling through the synapse‡.12 The dopaminergic neuronal 

network in the brain controls body motor function, thus a deficit in the signaling pathways 

induces multiple motor symptoms such as slowness of movement, resting tremor, muscular 

rigidity, akinesia and dystonia. In addition, deficits on the dopaminergic innervation reaching 

the limbic system leads to non-motor impairments and neurological disturbances such as 

anxiety, depression, sleep disorders, cognitive deficits, weight loss and digestive disorders.8 

The depletion of dopamine leads also to dysfunction of other basal ganglia neurotransmitter 

                                                 
* The newly diagnosed cases. 
† The number of persons affected by a medical condition at a particular time. 
‡ The region of interaction between two nerve cells allowing the transmission of a signal. 
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systems and pathways such as the cholinergic, serotonergic, glutamatergic and noradrenergic 

pathways.13 Generally, motor symptoms appear when almost 80% of dopaminergic neurons in 

SNpc perished.14 The rate of progression and the severity of the disease differ from one person 

to another due to genetic and environmental factors.15 The diagnosis of PD is based on two 

observations: (i) neurological signs and (ii) brain imaging. 

 

Figure 1 - Cross-section of the midbrain in a patient with Parkinson’s disease (left) and in the 

case of a healthy person (right). (Adapted from BioRender templates) 

Most of PD cases are known as idiopathic possibly induced by environmental factors. Studies 

suggest that several pathogenic pathways are implicated in the occurrence of PD, thus mutually 

reinforcing the final mechanisms that lead to neuronal cell death.5,16 Among these, oxidative 

stress associated with mitochondrial dysfunction, neuroinflammation and proteolytic stress are 

observed. However, a small portion of PD cases are caused by genetic factors that are usually 

inherited and cause the commonly named familial PD.  

 

 

 

 

 



INTRODUCTION 

19 

 

1.2 Forms of the disease 

1.2.1 Familial PD  

Familial PD represents about 5% of PD cases generally presenting an early-onset PD due to the 

specific gene mutation the patients have inherited.6 At present, twenty gene mutations grouped 

in the PARK family have been associated to PD. The most commonly known ones are gathered 

in Table 2. 

Table 2 - Genes implicated in PD. Ar: autosomal recessive and Ad: autosomal dominant.1,17 

Gene Protein Name Inheritance Function Reference 

PARK1 α-synuclein Ad Regulation of the dopamine release 

in the synapse  

18–20 

PARK2 Parkin Ar E3 Ubiquitin ligase  18 

PARK5 UCH-L1 Ad Deubiquitinating enzyme  18 

PARK6 PINK1 Ar Serine/threonine protein kinase  9,21,22 

PARK7 DJ-1 Ar Chaperone protein 23,24 

PARK8 LRRK2 Ad GTPase and kinase functions 25–28  

 

The presence of LBs in PD allows to classify the disease as a synucleinopathy. It is a group of 

neurodegenerative disease characterized by distinctive intraneuronal inclusions that are 

composed of abnormal aggregation of proteins with the significant presence of a presynaptic 

neuronal protein called α-synuclein. Thus, the first discovered genetic cause of PD was PARK1 

that refers to the SNCA gene encoding for α-synuclein.19 Until now, 5 mutations have been 

identified.18 Two other genes (PARK2 and PARK5) encoding for Parkin and Ubiquitin C-

terminal hydrolase L1 (UCH-L1) proteins are implicated in the system in which damaged 

proteins are recycled. Parkin is a E3 ligase that tags proteins for degradation and UCH-L1 is a 

deubiquitinase (DUB) which removes the tag of the targeted protein.18 Parkin is also involved 

in the maintenance of the mitochondrial function: the PINK1 protein responses to dysfunctional 

mitochondria and recruits Parkin which promotes mitophagy through mitochondrial protein 

ubiquitination. Mutation in the PINK1/Parkin signaling pathway thus affects the function of the 

mitochondria, a dysregulation that is also associated with amyotrophic lateral sclerosis, 

Huntington’s disease and eye diseases.9,21,22 Additionally, DJ-1 is a protein associated with both 

forms of PD, familial and idiopathic. This protein, through its chaperone function, reduces the 

proteolytic stress and demonstrates antioxidative stress function.23,29 Finally, LRRK2-PD is 
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relatively common and most patients with it carry the Gly2019Ser mutation which manifests as 

a late-onset PD. Mutations in LRRK2 have been associated with both familial and idiopathic 

PD.25–27  

Inherited mutations can directly cause the disease, even if the matching gene from another 

parent is normal; this is referred to as dominant inheritance. Recessive forms can also be 

observed when the disease is induced by both gene mutations from the parents. Research shows 

that mutations in SNCA, UCH-L1 and LRRK2 are transmitted through dominant inheritance 

whereas mutations in DJ-1, Parkin and PINK1 cause autosomal recessive forms of PD.30 

1.2.2 Idiopathic PD 

PD without a genetic background seems to be associated with different environmental factors 

and represent the so-called idiopathic PD. In the early 1980s, the search for environmental 

factors inducing PD intensified when an intermediate 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) due to the synthesis of an illicitly manufactured opiate (1-methyl-

4-phenyl-4-propionoxy-piperidine) was correlated with symptoms associated with idiopathic 

PD.31 In fact, this non-opiate intermediate is bioconverted into a toxic metabolite MPP+ that 

inhibits the mitochondrial complex I of the respiratory chain and increases oxidative stress in 

SNpc neurons.32 From there, the influence of environmental factors started being closely 

studied. They were suggested as possible contributing factors to PD as they affect people with 

gene susceptibilities.33 Pesticides such as Rotenone and Paraquat® were shown to be potent 

inhibitors of the mitochondrial complex I and thus a possible cause in some cases of idiopathic 

PD. Neurotoxins such as iron, lead, copper and manganese were also found to induce PD by 

stimulation of free radicals.34–36 Other factors of every-day life, such as coffee consumption and 

cigarette smoking were studied in relation to PD. Interestingly, both factors seem to have a 

protective effect on the risk of PD.37,38 

1.3 Pathogenic cellular pathways involved in PD  

Multiple studies have shown that several pathogenic mechanisms are implicated in the 

occurrence and progression of PD. Oxidative stress, mitochondrial dysfunction, 

neuroinflammation and proteolytic stress are intracellular signals that may trigger downstream 

molecular pathways which may ultimately be responsible for the death of dopaminergic 

neurons.5,16  
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The production of reactive oxygen species (ROS) occurs as a result of cellular stress taking 

place in mechanisms of injury and other pathological conditions.39 This is known as oxidative 

stress which plays an important role in PD as it is linked to mitochondrial dysfunction and to 

neuroinflammation. 

Mitochondria provide energy to power neural activity and control ROS levels, calcium 

homeostasis and biosynthesis of macromolecules.21,39 Mitochondrial dysfunction is caused by 

an alteration of mitochondrial functionality or integrity that may induces ROS production that 

in turns alters their functionality and affects the integrity of mitochondrial DNA.40,41 

Mitochondrial dysfunction can occur through genetic (PINK1/Parkin) or environmental 

toxicants (MPTP, pesticides) that cause deficiencies of respiratory complex I.   

ROS accumulation also induces oxidative stress that activates the inflammatory pathway. 

Neuroinflammation is a defense mechanism in response to deleterious processes such as tissue 

injury, cell injury and viral infection.12 Microglial and astrocytes cells are glial cells involved 

in such response in the brain. These glial cells act as sentinels of the microenvironment and any 

noxious stimulus can activate them to react and act as macrophages. Microglial activation 

triggers an intracellular signal cascade and induces the release of proinflammatory mediators 

such as ROS, chemokines and cytokines (e.g. interferon-γ, interleukin-1, interleukin-6 and 

tumor necrosis factor-α).42 Although neuroinflammation is a neuroprotective mechanism, a 

dysregulation or an over-activation of microglia can lead to a sustained inflammatory response 

which is neurotoxic and could be the origin of neurodegeneration.43,44  

Proteolytic stress results from a dysfunction of the ubiquitin-proteasome system (UPS), which 

is essential for the regulation of protein homeostasis. It regulates the fate of damaged and 

unrequired proteins in eukaryotic cells. A large number of proteins (ubiquitin and 

deubiquitinating enzymes) are involved in the recycling of proteins into peptides or amino acids 

through the 26S proteasome (Figure 2).45 A dysfunction of the UPS can lead to aggregation of 

undesired proteins. 

The UPS starts with ubiquitination, a protein labelling mechanism using an ubiquitin (Ub) and 

leading to the degradation of the targeted protein. It is a post-translational modification 

catalyzed by three enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme 

(E2), and ubiquitin-protein ligase (E3). E1 activates the Ub at the expense of ATP and E2 

transfers the tag. Then, E3 recognizes the protein and catalyzes the transfer of Ub from E2 

through a covalent linkage. An isopeptide bond is thus formed between a lysine of the targeted 

protein and the carboxylic C-terminal group of Ub. Additional Ub may then be also bonded 
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through one of the 7 internal lysines of Ub, previously attached to the targeted protein. This 

could lead to different Ub codes§ which define the fate of the tagged proteins. For example, 

Lys11-linked and Lys48-linked polyubiquitin chains are the most common linkages for 

proteasomal degradation.45–47  

 

Figure 2 - Overview of the UPS. The binding of Ub to the protein target involves the sequential 

actions of E1, E2 and E3 enzymes in an ATP-dependent manner. Ubiquitinated protein target 

is recognized by the 19S unit of the 26S proteasome. DUBs enzymes remove Ub from the 

protein target which will be degraded into amino acids or peptides. 

The ubiquitination tagging processes of proteins are kept in balance with deubiquitinases, 

DUBs. This type of enzyme removes Ub from proteins by hydrolysis of the amide bond of the 

Ub and the lysine side chain. This allows the free Ub to be recycled and not degraded.48 DUBs 

consist of approximately 100 enzymes encoded in the human genome. Most of them are 

cysteine proteases bearing a cysteine involved in the catalytic triad. DUBs are divided into 

families based on their domains: ubiquitin C-terminal hydrolases, ubiquitin-specific proteases, 

Machado–Joseph disease proteases, ovarian tumor proteases, motif-interacting with ubiquitin-

containing novel DUB family, ubiquitin-like proteases and the JAB1/MPN/Mov34 family, the 

only zinc metalloprotease DUBs.46,49 

The 26S proteasome recognizes and degrades the ubiquitinated protein. It is composed of two 

fragments: (i) 19S regulatory unit (one or two), responsible for substrate recognition, 

                                                 
§ mono or poly-Ub (linear, branched, homotypic or heterotypic chains) 
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deubiquitination and unfolding of the targeted protein and (ii) 20S core, where the protein is 

degraded into amino acids or small peptides.45,50 

The association between the UPS and PD was first made through mutation in the parkin gene 

compromising its E3 ligase activity.51 It was later further fueled by the discovery in siblings 

with inherited PD of a mutation inhibiting the activity of UCH-L1, a deubiquitinase, inhibiting 

its activity.52 The last association with PD, is α-synuclein. Even if it is not a UPS member, its 

overexpression was demonstrated to inhibit the proteasome.53 This genetic evidence shows that 

a failure in the UPS is a key factor in the disease pathway. 

1.4 Therapeutics strategies  

The advancing knowledge and understanding of PD pathology allowed an improvement of 

treatments. As explained above, the hallmarks of PD are dopaminergic neuron deficits and 

presence of LBs. Consequently, diverse treatments are currently available that are first focused 

on the neuron deficit. Treatments aim either the restoration of dopaminergic neuronal function 

by pharmacological replacement of dopamine or to compensate abnormal brain function by 

neurosurgical approaches. These therapies are directed to alleviate the symptoms of PD but 

they do not affect the neurodegenerative processes. Recently, therapies that are stopping or 

slowing-down the disease progression, named disease-modifying therapies, have been 

investigated. There are also other non-conventional therapies, such as physiotherapies, physical 

exercise, speech therapy and relaxation depending on the patient’s needs.54,55 An effective 

treatment should be personalized for the patient, according to the stage of their disease, its type, 

the severity of motor and non-motor symptoms as well as their PD-unrelated conditions.3 

1.4.1 Neurosurgical approaches 

Several neurosurgical approaches towards PD treatment exist. These help alleviate motor 

symptoms of the patient. Deep brain stimulation, consisting of high frequency electrical 

stimulations, allows the reduction of motor symptoms with few sides effects.56 Gamma knife 

radiosurgery57 and magnetic resonance imaging-guided focused ultrasound58 are also two 

alternatives requiring less invasive interventions and subsequently causing less postoperative 

complications.6  

Cell based therapies requiring neurosurgical intervention have been also investigated for the 

treatment of PD. This therapeutic approach relies on the use of undifferentiated stem cells which 

can be induced to differentiate in cells producing dopamine. Primary studies have shown 
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encouraging results but more work has to be done to confirm the efficiency and safety of such 

a method.5,59  

1.4.2 Pharmacological approach 

a. L-DOPA-therapy 

The first drug found to alleviate symptoms of PD was L-DOPA, 3,4-dihydroxy-L-

phenylalanine or also known as levodopa. It was synthesized and isolated as pure enantiomer 

in the early 1900s. In the 50s, Arvid Carlsson made a discovery for which he won the Nobel 

Prize in 2000: dopamine is a neurotransmitter that is implicated in PD. From that, he performed 

clinical trials with L-DOPA in the 60s that showed motor improvement in PD patients. The 

Food and Drug Administration (FDA) approved the drug as a replacement of dopamine in 

1970.60 Since then, and for more than 50 years, L-DOPA has been considered the standard 

symptomatic therapy treatment for PD.8 As dopamine cannot cross the blood-brain barrier 

(BBB), L-DOPA is considered as a good substitute as it is a precursor of dopamine. In fact, L-

DOPA is bioconverted to dopamine in the blood by dopamine decarboxylase thus activating 

dopamine receptors and improving motor function in the CNS.60 Several characteristic of L-

DOPA compromises it use as a therapeutic agent and contribute to the need of a high amount 

in order to reach the therapeutic effect. L-DOPA is poorly soluble in water and has a very short 

biological half-life of around 1 hour. It is rapidly removed by enzymes in the blood. In order to 

increase its half-life, L-DOPA is administrated with decarboxylase inhibitors (e.g. Carbidopa 

and Benserazide) to avoid conversion to dopamine in the blood.5 Furthermore, in long term L-

DOPA-therapies a diminished effectiveness over time has been observed accompanied with the 

appearance of severe complications such as dyskinesia and motor fluctuations. These side 

effects impact negatively the patient’s quality of life and strongly complicate the clinical status 

and treatment of the patient. To manage these sides effects, diverse formulations of L-DOPA 

were developed. Since within the synapse, dopamine can be broken down by two enzymes: 

MonoAmine Oxidase (MAO) and Catechol-OMethyl Transferase (COMT), inhibitors of these 

two enzymes (e.g. Rasagiline, Selegiline for MAO and Entacapone and Tolcapone for COMT) 

are prescribed as a complement to L-DOPA therapy, highly improving the half-life of 

dopamine. They aim to inhibit the enzymes responsible of the metabolism of dopamine and 

thus increase its level in the synapse. However, such a strategy is still not optimal as it induces 

sides effects such as nausea, dry mouth, constipation and hallucinations.3,6  
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b. Dopaminergic agonist 

Another therapeutic strategy aiming the replacement of dopamine function that was proposed 

in the 1970s is the use of structural analogs of dopamine called dopaminergic agonists acting 

on dopamine receptors. Apomorphine, agnosit of receptor D1 and D2, is mostly used as an 

adjunct to L-DOPA in order to decrease its quantity used in the treatment and alleviate its sides 

effects. 61,62 Compounds agonist of the dopamine receptors D2/D3, such as Ropinirole, are also 

investigated as a PD treatment.63  

c. Non-dopaminergic agonist 

Drugs acting in other non-dopaminergic neurotransmitter systems controlling brain functions 

have been also investigated for the treatment of PD. Among others, the compounds are targeting 

the glutaminergic system, such as mGluR4, mGluR5 and Amantadine, adenosine receptor 2A 

and serotonergic receptors.13,64,65 Amantadine has been used for nearly 50 years due to its 

antidyskinetic effects on patients with PD but it has cardiovascular and psychiatric sides 

effects.66,67 Natural products such as Atremorine have also been proposed with neuroprotective 

behavior against neuronal death.68,69  

Most of the above-mentioned treatments evolved into complex approaches depending on the 

patients and the doctor following their case. The existing treatments available on the market are 

effective for relieving motor symptoms but they are not free of severe side effects and do not 

alter the progression of the disease. Subsenquently, there is an urgent need to develop 

neuroprotective treatments that are slowing down or stopping the disease progression. 

Therefore, new strategies must be put in place, like disease-modifying therapies focused on 

targeting specific molecular pathways implicated in PD pathogenesis. Several clinical trials are 

ongoing for disease-modifying drugs.70,71 Some of the candidates are calcium channel blockers, 

iron chelating compounds, agonists of the GLP-1 receptor (GLP-1R) implicated in the insulin-

signaling pathway or drugs that target the α-synuclein protein; its production, aggregation and 

degradation.72 The UCH-L1 protein is involved in the UPS system and is closely related to the 

degradation of α-synucleins and some of its mutations have been associated to severe forms of 

PD.  

In the present PhD project, small molecules modulators of UCH-L1 and GLP-1R, two 

potentially disease-modifying targets, have been investigated. 
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2. GLP-1/GLP-1R 

2.1 GLP-1 in PD 

Glucagon-like peptide-1 (GLP-1) through its action in GLP-1R modulates the glucose 

homeostasis effect and may also function as a neuropeptide in the brain.73 In fact, GLP-1 and 

its receptor have both been found in the brain. Numerous in vitro and in vivo studies have 

demonstrated neuroprotective effects through the activation of GLP-1R in models of 

neurodegenerative diseases such as AD and PD.74–80 GLP-1 analogues or dipeptidyl peptidase-

IV (DPP-4) inhibitors modulates several neuropathological pathways implicated in PD as they 

allow the activation of GLP-1R.78 Agonists of GLP-1R in experimental models have shown 

anti-inflammatory properties, such as the suppression of cytotoxic microglia and beneficial 

actions on the preservation of mitochondrial function.81–83 In vivo studies in animal toxin 

models of PD showed that GLP-1 analogues can alter protein aggregation processes, resulting 

to an improvement in behavior and motor symptoms.78  

2.2 GLP-1 and GLP-1R  

GLP-1 is a peptide hormone composed of 30 amino acids. It is produced and secreted by L-

cells present in the small intestine in response to food digestion and leads to an increase of the 

glucose amount in the plasma. This protein is an incretin: it can enhance the secretion of insulin 

and thereby decrease the blood sugar level.84 GLP-1 has a short half-life as it is rapidly degraded 

by DPP-4 in human plasma into a peptide not active against GLP-1R.73,85 

GLP-1 exerts its effect by binding and activating GLP-1R, a member of the class B G-protein-

coupled receptor family. GLP-1R is widely expressed, most abundantly within the pancreas, 

gastrointestinal tract, brain, heart and kidney.86,87 The structure of GLP-1R was completely 

resolved and was shown to exhibits a multi-domain architecture:88  

 ECD amino terminal extracellular domain (represented in purple in Figure 3), which 

binds to the C-terminal GLP-1 peptide. The ECD is composed of 4 β-strains and of two 

α-helices, 

 TMD is a transmembrane domain that binds the N-terminal part of the GLP-1 peptide 

(represented in red in Figure 3). TMD is composed of 8 α-helixes.  
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Figure 3 - Secondary structure representation of the crystallographic structure of GLP-1R 

(5NX2). ECD domain highlighted in purple and TMD domain in red. 

In type 2 diabetes mellitus, which accounts for 90 to 95% of all cases of diabetes, the regulatory 

activity of insulin is disordered and requires often interventions of glycemic control.89,90 GLP-

1 is best known for its actions in this disease as its incretin function is preserved in diabetes.91 

This fact allows the design of therapeutic strategies based on drugs that activate (directly or 

indirectly) GLP-1R in the pancreatic cells.  

2.3 Modulators of GLP-1R  

Therapeutic targets developed for the treatment of type 2 diabetes mellitus are divided into two 

classes of incretin-based therapies, (i) analogues of GLP-1 that can activate GLP-1R and (ii) 

inhibitors of DPP-4 that prevent the degradation of GLP-1.78 In the first case, this leads to 

therapeutic design that consists of synthesizing modified peptides to improve GLP-1 stability 

and the duration of its action. The GLP-1R agonist mimics the glucoregulatory effects of GLP-

1 1 and thus increases the glucose-dependent insulin secretion. Currently available GLP-1R 

agonists are for instance Albiglutide 2, Exenatide 3, Lixisenatide 4, Liraglutide 5 and 

Semaglutide 6 (Figure 4).90,92,93 Several of these agonists can reach the CNS by crossing the 

BBB. The list includes Liraglutide, Lixisenatide and Exenatide. Generally speaking, Liraglutide 

and Lixisenatide showed better neuroprotective effects in models of PD compared to 

Exenatide.74,79,80,94 In the second case, inhibitors of DPP-4 are studied as GLP-1 is rapidly 

degraded by DPP-4. Compounds such as Sitagliptin 7, Saxagliptin 8, Linagliptin 9 and 
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Alogliptin 10 are the most common DPP-4 small molecule inhibitors available on the 

market.92,95 Among the GLP-1R agonists there is Exenatide which showed also resistance to 

metabolization by DPP-4.96 Furthermore, head-to-head clinical trials between GLP-1R agonists 

and DPP-4 inhibitors showed a higher stimulation of GLP-1R with GLP-1R agonists.97 

Furthermore, DPP-4 inhibitors demonstrated lower penetration of the BBB.78,98 

 

Figure 4 - Structures of GLP-1, selected GLP-1 receptor agonists and some DPP-4 inhibitors. 

GLP-1R agonists are peptides and their administration currently requires subcutaneous 

injections of medication that is still too expensive to produce.99 In order to bypass these 

problems, the development of small molecules acting as GLP-1R agonists is highly desirable. 

These may constitute a significant advance due to their enhanced bioavailability, particularly 

oral absorption. So far, no treatment based on small molecules have been approved. However 

small molecules have been reported as positive allosteric modulators of GLP-1R (Figure 5): 

they potentiate GLP-1R alone or in the presence of GLP-1.100 Screening of libraries allowed 

the discovery of several small molecules, such as compounds with quinoxaline scaffold 11 and 

pyrimidine-based molecules 12.100,101 A series of flavonoids were also reported to positively 
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modulate GLP-1R activity, such as Quercetin 13.102 A CNS penetrant GLP-1R modulator was 

also reported, compound 14.103 In addition to that, a new class of compounds showing activity 

towards GLP-1R is emerging: derivatives of 1,2,4-oxadiazole that are already studied in drug 

design for several diseases,104 have been investigated since 2014 as GLP-1R agonist.105 

 

Figure 5 - Structures of selected small molecules positive allosteric modulators of GLP-1R. 

3. UCH-L1 

Ubiquitin C-terminal hydrolase L1 (UCH-L1) was originally discovered 40 years ago during 

polyacrylamide gel electrophoresis of human brain extract experiments.106 It was first called 

“Protein Gene Product 9.5” for its position on the gel. 

3.1 UCH-L1 in PD 

UCH-L1 is a deubiquitinating enzyme implicated in the UPS system. Its primary function is to 

catalyze the hydrolysis of peptide bonds between Ub and the protein that is targeted for 

degradation. The involvement of UCH-L1 in PD was first reported by a genetic association 

study identifying mutation in familial PD. UCH-L1 was named a susceptibility gene for familial 

PD, as the Ile93Met mutation was discovered in four out of seven patients who developed the 

disease. Ile93 is located near the active site where the mutation results in the exposure of the 

hydrophobic core. This leads to a decrease of UCH-L1 solubility and the formation of protein 

aggregates.52,107 By contrast, Ser18Tyr mutation showed neuroprotective effects against PD. 

Mutation Glu7Ala, was associated to early-onset PD. This mutation led to a near complete loss 

of the hydrolase activity in vitro as the position Glu7 was highlighted as required for ubiquitin 

binding.108,109 Decreased levels of UCH-L1 were found in the brain of patients with AD and 

PD.110 Furthermore, UCH-L1 hydrolase activity was shown inhibited by 60% due to the binding 

to Cys152 by dopamine derivatives.111 Between 20 and 30% of UCH-L1 was also shown to be 

membrane associated through farnesylation, promoting accumulation of α-synucleins.112  

Thus, UCH-L1 plays an important role in maintaining axon integrity and protection of neurons 
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by removing abnormal proteins through the UPS. UCH-L1 has been studied as protein 

aggregates have been found to be increasingly present in such disease.113 UCH-L1 was also 

identified as one of the major components in LBs.114 The studies suggest that maintaining UCH-

L1 to normal level is crucial for a normal functioning of the brain.  

3.2 Characteristics of the protein  

UCH-L1 is part of the UCH family that includes three other enzymes: UCH-L3, UCH-L5 and 

BAP1. UCH-L1 is a protein of interest as it has been linked to PD. It is an abundant neuronal 

protein that represents 2% of total proteins in the brain. It can also be found in small amounts 

in the reproductive tissues (ovaries and testes).115,116 UCH-L1 is essentially found in the 

cytoplasm but when overexpressed it can be found in the nucleus.117,118  

At a molecular level, UCH-L1 is a globular protein in a helix-β-helix sandwich fold (Figure 

6). UCH-L1 can only hydrolyze small fractions of Ub because the catalytic site is not accessible 

to larger polymers of Ub. The protein possesses a “tunnel” that gives access to the catalytic site. 

The “tunnel” is closed by a loop blocking the path to larger Ub (Figure 6). UCH-L1 is a cysteine 

protease, with a catalytic triad composed of three amino acids: Cys90, His161 and Asp176.108 

 

Figure 6 - Crystal structure of UCH-L1 (2ETLa). The amino acids of the active site are 

highlighted in blue.  Secondary structure representation (left) and surface of the protein (right). 

More particularly UCH-L1 exists in two forms: an inactive one, in the absence of its substrate 

Ub (Figure 6) and an active form in the presence of Ub (Figure 7). The forms were determined 

by Das and Boudreaux’s group through crystallization of the protein with and without the 

substrate.108,119 The inactive form was crystallized with ubiquitin vinyl methyl ester group 

(UbVMe), a suicide substrate that is bound to UCH-L1 through a thioester bond (Figure 7). 
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Figure 7 - (A) Secondary structure representation of the crystal structure of hUCH-L1 with 

UbVMe (3KW5). The amino acids of the active site are highlighted in blue. (B) Secondary 

structure representation of UbVMe (3KW5b). (C) Formation of the UCH-L1-UbVMe complex 

by a covalent attack of the Cys90 at the α,β-unsaturated bond of the VMe moiety.  

The rearrangement between both forms, represented in Figure 8, is induced by the β-hairpin of 

the amino-terminal Ub. It creates a domino effect through two phenylalanines (Phe214 and 

Phe53) resulting into the rearrangement of His161 brought closer to Cys90 (from 8 to 4Å). This 

leads to an activation of the protein.119 
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Figure 8 - Rearrangement between inactive (green, 2ETL) and active (UCH-L1 in grey and Ub 

in orange, 3KW5) forms of UCH-L1. The amino acids of the catalytic triad and the ones 

implicated in the domino rearrangement are shown. 

As mentioned, the primary function of UCH-L1 is to remove Ub from the targeted-for-

degradation proteins. In the cysteine-histidine-aspartate catalytic triad implicated in the 

hydrolysis, Cys90 acts as the nucleophilic group, activated by His161 and Asp176. UCH-L1 

removes and thus recycles Ub from degraded proteins. Consequently, UCH-L1 regulates the 

cellular pool in free Ub and can also stabilize them to avoid degradation by lysosomes.108,119–

122 Unlike most DUBs it was demonstrated that UCH-L1 acts as a ligase in its dimeric form.123  

UCH-L1 function in neurons has been suggested by studies in brain injury showing axon and 

neuron repair by removing abnormal proteins.124 For that purpose, it is also used as a biomarker 

that helps indicate the severity of injury in acute neurotrauma and CNS injury.125,126 Although 

UCH-L1 is mainly expressed in neurons, it plays a crucial role in cardiac fibrosis127 but most 

importantly in a number of cancers including, lymphoma,128 lung,129,130 colorectal,131,132 

pancreatic,133 breast,134,135 prostate136 and ovarian137,138 cancers. Expression of UCH-L1 in 

some cancers is correlated with an increase metastatic behavior. A depletion of UCH-L1 was 

proven to reduce the potential metastatic behavior.139  

Post-translational modifications can alter the function and structure of UCH-L1. Reactive lipids 

from brain injury can covalently modify cysteine residues. In the case of UCH-L1, generally 

lipids can bind with Cys152 thus resulting in the aggregation and loss of UCH-L1 activity.140,141 



INTRODUCTION 

33 

 

A mutation in this site can then protect neurons from cell death. Furthermore, UCH-L1 activity 

can also be diminished during oxidative stress. The oxidative modifications disrupt its native 

structure causing it to shift from its soluble to its insoluble form.107,142 

3.3 Modulators of UCH-L1  

O-acyl oxime derivatives were the first class of UCH-L1 inhibitors to be identified via high-

throughput screening of a ligand library.123 In this family, one derivative stands out with high 

inhibition results, LDN-57444 15 (Figure 9). It was found to be the most potent (Ki of 400 nM) 

and specific to UCH-L1 in the UCH family.123 Compound LDN-91946 16 and TCID 17 are 

also two interesting inhibitors of UCH-L1 with Ki of 3 µM143 and IC50 75 µM123 respectively, 

whereas TCID is more selective to UCH-L3 (IC50 of 600 nM). Z-VAE(OMe)-FMK 18 was also 

identified as a potential irreversible inhibitor of UCH-L1. To this date, it is the only crystal 

structure reported of a complex ligand/UCH-L1.144 Recently, Mission Therapeutics developed 

a new series of cyanopyrrolidine-based compounds such as 19 that show inhibition 

activity.145,146 These compounds inhibit UCH-L1 via covalent binding of the catalytic Cys90 

site by electrophilic conjugation. In the last few years, derivatives of this family, such as 20, 

were synthesized by Panyain et al.147 and Krabill et al.148 and showed high inhibition activity.   

Downregulation of UCH-L1 has been reported in neurodegenerative diseases such as PD and 

AD, suggesting that activators of this protein may have therapeutic effects.110 The only activator 

described in the literature (Figure 9, 21) was found by in silico screening using a virtual 

compound library that could bind to UCH-L1. Mitsui et al. found that this compound, at 

concentration of 63µM, can increase the hydrolase activity up to 111%.149  
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Figure 9 - Structure of selected UCH-L1 inhibitors and activators. 

 

4. MODULATION OF THE PHYSICAL AND CHEMICAL PROPERTIES OF 

MOLECULES 

A major challenge in the treatments of brain disorder, such as PD, is the delivering of small 

molecules across the BBB in the brain. Several approaches to this problem are lately provided, 

such as the use of prodrugs or nanoparticules.150 The most known example of PD drugs with 

this problem is dopamine. The molecule is too polar to cross the BBB, however its prodrug L-

DOPA can cross it. As one may think that L-DOPA is too polar, its similarity to the tyrosine 

amino acid is the parameter that allows it to cross the BBB. The challenge of crossing the BBB 

is not the only one for PD drugs under development. Modulation of the physical and chemical 

properties of the drug is an important process. The properties that can be tuned are for instance, 

solubility, hygroscopicity, stability, crystal formation, melting points and impurity profile.151 

For that purpose, salt formation is a commonly used approaches for tailoring the physical and 

chemical properties without altering the drug molecule. Indeed, several PD drugs currently 

available on the market are in salt form, such as Benserazide.HCl, Apomorphine.HCl, 

Selegiline.HCl, Rasagiline mesylate and Amantadine.HCl.3 In the latter example, Amantadine 

free base exhibit low solubility in water.152 Thus, the compound was obtained in a salt form 

with hydrochloric acid in order to increase its solubility. Rasagiline is available as a mesylate 

salt, not to improve the solubility but this time to increase the stability upon storage.153 
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Salt formation involves an acid-base reaction, a proton transfer between the API and a counter 

ion. The latter has to be capable of donating or accepting a proton. When trying to achieve salt 

formation between drug combination, other phenomena can be obtained: co-crystallization 

(solvated or hydrated forms) or polymorphs. Depending on these forms different physical and 

chemical properties can be reached. Co-crystallization addresses physical and chemical 

properties of non-ionizable compounds. It is the combination of two entities, the API and a co-

former, in the same crystal lattice through non-ionizable interactions, mostly hydrogen 

bonds.154 Recently, to resolve a racemic mixture of drug substance or to modulate the drug-

drug formulation, co-crystallization has been shown to be effective.155 In the search for a 

suitable counter ion the ΔpKa (pKa of the base – pKa of the acid) is a valuable parameter to 

take into account:156 

- if ΔpKa is higher or equal to 3: salt formation occurs. 

- if ΔpKa is lower than 0: co-crystal formation occurs. 

- if ΔpKa is comprised between 0 and 3: a formation of either a salt or co-crystal occurs. 

Co-crystallization can now be predicted by several knowledge-based methods.157 One of these 

methods is hydrogen bond propensity (HBP) that relies on the probabilities of hydrogen 

bonding formation between the API and the compounds included in the Cambridge Structural 

Database (CSD). The HBP method is a statistical analysis which estimates the donors and the 

acceptors of hydrogen bonds between the API and the possible co-former.158  

On the other hand, crystalline solids are not the only possible way to modulate the physical and 

chemical properties of APIs. The amorphous solid state such as in co-amorphous systems 

(CAM) can enhance the solubility, dissolution rate and the physical stability of the API.159–161 

The CAM systems are like co-crystals differentiated by the lack of recurrence in the lattice. It 

is a multi-component single amorphous solid system with intermolecular interactions between 

the components. The CAM system was found first as an alternative approach to the use of 

polymeric amorphous solid dispersion. The difference is that the API is not stabilized by a 

polymer but by an excipient (drug-excipient CAM) or a low-molecular-weight drug (drug-drug 

CAM). 

Furthermore, the counter ion/co-former used for the crystalline or amorphous solid formulation 

has to be pharmacologically acceptable. Specifically, the compound is usually chosen from lists 

complied by the FDA: either the “Generally Recognized as Safe” list (GRAS,   

https://www.cfsanappsexternal.fda.gov/scripts/fdcc/ index.cfm?set=GRASNotices) or the 

“Substances Added to Food” list (formerly called “Everything Added to Food in the United 
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States”, EAFUS, https://www.cfsanappsexternal.fda.gov/scripts/ fdcc/index.cfm?set= 

FoodSubstances).162 Other parameters can be taken into account when one is searching for a 

suitable counter ion/co-former, such as its solubility163 or toxicity164. For the latter, the 

maximum daily dose or the median lethal dose (LD50) can be a good choice of parameter to 

consider. 

Several techniques can be used for the salt, co-crystals and CAM formation. They are divided 

in two categories: solvent-based and solid-state. The latter will be carried out in this work 

through mechanochemistry. It is a green method with a chemical transformation that consists 

of a solvent-free grinding process (NG) or with very small amount of solvent (LAG), in order 

to increase the molecular mobility and thus accelerate the reaction.165–168 
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5. AIM OF THE STUDY 

The principal goal of this thesis was to study small molecules as ligands of UCH-L1 and GLP-

1R, two protein targets that are involved in the development of PD. In that respect, the thesis is 

divided in three sections, described in Figure 10. 

 

Figure 10 - Representation of the strategy adopted in this thesis to find and study ligands of 

GLP-1R and UCH-L1 proteins. 

Firstly, a special attention was first given to a GLP-1R small molecule agonist and more 

specifically to a derivative of 1,2,4-oxadiazole (ABXY-3) that was subject of a preliminary 

study by the company Abaxys Therapeutics, our collaborator Figure 10, Part I). The above-

mentioned compound was synthesized so as to conduct a deeper study of its effect on the GLP-

1R activity. Then, the research focused on identifying activators of UCH-L1 as the protein was 

proven to be downregulated in PD which renders studying its activators highly interesting.110 

In order to find new activators, a virtual screening was performed and the hits were assessed in 

vitro on hUCH-L1. Additionally, the activator described in the literature by Mitsui et al.149 was 

studied. Further derivatives from Mitsui’s compound are also investigated as potential 

activators (ABXY-1). These compounds were first studied in silico (by docking) and then in 

vitro on hUCH-L1.  
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The second part of the thesis consists in the modulation of the physical and chemical properties 

of the above-mentioned small molecules (Figure 10, Part II). Salification assays were carried 

out so as to change the physical aspect of the GLP-1R agonist and to modulate the solubility of 

an activator of UCH-L1.  

Finally, we also investigated the UCH-L1 protein of zebrafish (Danio rerio) zUCH-L1 (Figure 

10, Part III). It was carefully investigated with a view to study the modulators on zebrafish in 

vivo models. In fact, in the last few years, zebrafish species have gained popularity as in vivo 

models for use in the modeling of neurodegenerative diseases because of the accessibility of 

the embryos, their transparency allowing the use of non-invasive imaging and especially 

because of their genetic similarity to humans.169,170 As UCH-L1 is related to neurodegenerative 

diseases, zebrafish has been used as in vivo model to study UCH-L1 modulators. Since the 

zUCH-L1 protein has not yet been described or studied in the literature, a special interest was 

dedicated to it in this thesis. The behavior of the protein regarding similar ligands was therefore 

studied and compared to Homo sapiens UCH-L1 (hUCH-L1) in order to verify whether a 

similarity exists between both the zebrafish and the human UCH-L1. For that purpose, a first 

comparison in silico was realized and after production and purification of zUCH-L1, it was 

followed by an in vitro study of the zebrafish protein. A comparison of its enzymatic activity 

regarding already described modulators of hUCH-L1 was also carried out. 
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PART I: 

SMALL MOLECULES AS 

THERAPEUTIC OPTIONS IN 

PARKINSON’S DISEASE 
This chapter is dedicated to the study of two targeted small molecules derived from 

alanylpiperidine and 1,2,4-oxadiazole. They were both synthesized in the laboratory but the 

physical state of the 1,2,4-oxadiazole compound rendered it difficult to achieve a deeper study 

on it. Therefore, our main focus was on the alanylpiperidine derivative. After a structural 

characterization, the interactions between this compound and UCH-L1 protein were 

preliminarily investigated. An in silico study was performed and the influence on the enzymatic 

activity of UCH-L1 was assessed. As very little is known about activators of UCH-L1, a virtual 

screening was performed so as to find new potentially interesting molecules. 

1. 1,2,4-OXADIAZOLE DERIVATIVE AS AGONIST OF GLP-1R 

GLP-1R is a promising therapeutic approach for PD as its activation showed neuroprotective 

effects.77 There are already several identified agonists of GLP-1R, however, the most promising 

ones are peptides that are highly expensive to produce.99 Therefore, there is a real need for small 

molecule activators to overcome the problemes faced with peptide compounds. Several groups 

have already started investigating the use of some small molecules.100–103 In this section, we 

will focus our attention on the 1,2,4-oxadiazole derivatives, since the collaborators we are 

working with on this project obtained 4-1-3-4-(trifluoromethyl)phenyl-1,2,4-oxadiazol-5-

ylmethylpiperidin-3-ylmethylmorpholine (22 in Figure 11) as a compound of interest for GLP-

1R. They performed a screening on GLP-1R with an in-house database and obtained this 

particular molecule as a hit. This family of 1,2,4-oxadiazole derivatives is not insignificant 

since Rodriguez’s group has already demonstrated that these compounds are interesting as 

activators of GLP-1R.105  
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Figure 11 - Structure of 4-1-3-4-(trifluoromethyl)phenyl-1,2,4-oxadiazol-5-ylmethylpiperidin 

-3-ylmethylmorpholine 22 (ABXY-3). 

The molecule in Figure 11 was first studied as a racemic mixture. The convergent synthesis of 

compound 22, depicted in Scheme 1, consists of six steps with an overall yield of 68% 

corresponding to the largest linear sequence starting from compound 23.  

 

Scheme 1 - Synthesis of compound 22. 

The strategy adopted consisted of a convergent synthesis conducted in three parts. First, the 

synthesis of the intermediate piperidine 26 was carried out uneventfully. Alcohol compound 23 

was transformed into the corresponding mesylate 24 following the same conditions as described 

in the literature.171 A nucleophilic substitution reaction was then performed with morpholine to 

yield molecule 25. The last step was performed to remove the Boc protecting group. It was not 

possible to calculate the yield of this step because it was not known whether all the excess of 

TFA was eliminated. The second part consisted in the synthesis of the intermediate oxadiazole 

29, first through the addition of hydroxylamine on compound 27 to form carboximidamide 
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compound 28. The 1,2,4-oxadiazole was formed by reaction of 28 with chloroacetyl chloride 

in the presence of the hindered base DIPEA. Finally, a SN2 reaction between both intermediates 

26 and 29 provided the expected compound 22. As the stability of compound 29 is not known, 

it was used in the last reaction freshly synthesized compared to compound 26 which is in the 

form of a salt and should not deteriorate. Compound 22 was obtained as a sticky oil, which 

rendered further manipulations difficult. Therefore, a change of the physical state should be 

accomplished by modulating the physical and chemical properties of the molecule. Salification 

assays of compound 22 were carried out and the results are presented in the next Part II. 

2. ACTIVATOR COMPOUNDS OF UCH-L1 

UCH-L1 is a protein that represents 2% of the total neuronal proteins in the brain. Studies 

showed that several mutations altering the enzymatic activity were associated with PD and that 

downregulation of its activity in this disease was related to the idiopathic form of the 

disease.52,110,121 In the literature inhibitors of UCH-L1 have mostly been studied up until now 

but finding activators can lead to a therapeutic pathway in PD.  

2.1 Virtual screening of hUCH-L1 

The purpose of this study is to screen a chemical library in order to identify new potential 

activators of hUCH-L1. In that respect, we applied the selective optimization of side activities 

(SOSA) approach. It consists of using old drugs or candidates for the generation of novel leads 

towards a target that is different from its original one.172 This process is less time consuming 

and more cost efficient as the approved drugs have accessible bioavailability and toxicity data 

that does not need to be reproduced.173 This approach is becoming well-known as it is an 

alternative approach of high throughput screening. For that reason, a screening of a virtual 

database was performed to find compounds that could interact with the targeted protein hUCH-

L1. The ZINC drug chemical library was selected as it contains commercially available 

compounds.174,175 Compounds that came out of the virtual screening were first ranked according 

to their GOLD score (Figure 12). Among them, a series of potential candidates was retrieved. 



RESULTS AND DISCUSSION: PART I 

44 

 

 

Figure 12 –Virtual screening results of ZINC database within the active site of hUCH-L1. Top 

20 best ranked molecules based on the GOLD score. 

The top two molecules, presented in Figure 13, are Ritonavir and Lopinavir with GOLD scores 

of 87.17 and 81.26, respectively. Of all the molecules within the database, it is interesting that 

the two highest ranked compounds have the same target and mode of action: Ritonavir and 

Lopinavir are peptidomimetic molecules that act as HIV protease inhibitors. Knowing that 

hUCH-L1 is a protease and its substrate is a protein, these two compounds are likely to interact 

with hUCH-L1. Their influence on the enzymatic activity was therefore tested as a priority 

(Figure 14). 

 

Figure 13 - Compounds from virtual screening of ZINC database within the active site of 

hUCH-L1. Top 2 best ranked molecules based on the GOLD score. 
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Figure 14 - Enzymatic activity of hUCH-L1 in the presence of Ritonavir 30 (left) and Lopinavir 

31 (right) at 300 µM. No modulator (control) was defined as 100% activity. 

The molecules were first tested at 300 µM in order to study their modulation. The two tested 

compounds turned out to be inhibitors and not activators. Ritonavir and Lopinavir are 

potentially interesting as they inhibit and the remaining enzymatic activity is 62% and 44% 

respectively at 300 µM. Preliminary additional experiments showed an IC50 of around 200-300 

µM.  

The virtual screening results showed that the highest ranked molecules based on the GOLD 

score are only large systems. Thus, the size of the ligands is an additional parameter that can be 

considered. For this purpose, a ranking based on the ligand efficiency (LE) value, defined as 

the GOLD score divided by the number of heavy atoms (all atoms except the hydrogen one) is 

represented in Figure 15. This analysis demonstrated that small ligands preferentially show the 

highest LE values. Thus, both parameters were taken into account and the plot of the GOLD 

score vs LE in Figure 16 allowed to identify additional candidates. 
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Figure 15 - Results of the virtual screening of ZINC database within the active site of hUCH-

L1. Top 20 best ranked molecules based on the LE. 

 

Figure 16 - Results of the virtual screening of ZINC database within the active site of hUCH-

L1, based on the GOLD score and the LE. 
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Promising compounds taking into account the GOLD and LE score are highlighted in the 

magnification in Figure 16. They correspond to Benserazide, L-DOPA, L-adrenaline and 

Levonordefrin (represented in Figure 17) with 62.03, 52.66, 53.74 and 52.57 as GOLD scores 

respectively. 

 

Figure 17 - Compounds from virtual screening of ZINC database within the active site of 

hUCH-L1. Compound selection based on the GOLD score and the LE parameter. 

All four compounds (32-35) belong to or are derivatives of compounds from the catecholamine 

family, derivatives of the amino acid tyrosine. Benserazide 32 and L-DOPA 33 are already used 

as drugs in PD.5 Benserazide 32 is an inhibitor of the DOPA decarboxylase converting L-DOPA 

to dopamine. In that respect, Benserazide is given as a supplement to L-DOPA in order to 

increase its half-life in the blood, thus to allow it to go through the BBB and be converted to 

dopamine in the brain which will alleviate the motor symptoms. L-DOPA 33 and L-adrenaline 

34 (also known as epinephrine) are both present in the biosynthetic path of catecholamine. L-

adrenaline is a neurotransmitter that is involved in the fight-or-flight response. The last 

molecule that came out of this screening is Levonordefrin 35, also known as α-methyl-

norepinephrine, a derivative of the catecholamine norepinephrine. It is used as a nasal 

decongestant and vasoconstrictor in dentistry.176 

As L-DOPA 33 and L-adrenaline 34 are neurotransmitters they will certainly show important 

off-target activities. They will then not be selected for the further in vitro experiments with 

hUCH-L1. Furthermore, as Levonordefrin 35 is highly structurally similar to norepinephrine, 

it could also lead to an off-target activity. In that respect, benserazide was first chosen so as to 

study its potential effect on the hUCH-L1 enzymatic activity. The compound was firstly tested 

as a racemic mixture, as both S and R configurations have a high GOLD score (62.03 and 56.86, 

respectively) and LE (3.45 and 3.16 respectively). The data showed a modest-weak inhibitory 

activity (20%) of hUCH-L1 (Figure 18).  
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Figure 18 - Enzymatic activity of hUCH-L1 in the presence Benserazide 32 at 300 µM. No 

modulator (control) was defined as 100% activity. 

The precise function of UCH-L1 in PD remains unclear. Up till now, inhibitors of this protein 

are mostly studied in cancer applications as UCH-L1 is found to be upregulated in breast and 

colorectal cancer for instance.128,131 On the other hand, in PD models inhibition of UCH-L1 

activity by LDN-57444 demonstrated a clearance of aggregated α-synuclein.177 Thus, these 

three inhibitors could be potentially interesting to open new paths in the study of inhibitors of 

UCH-L1 as therapeutic option in PD. 

2.2 Alanylpiperidine derivatives as modulators of UCH-L1 

Only one activator is described in the literature: ethyl 1-(N-(methylsulfonyl)-N-(p-tolyl)-

alanyl)piperidine-4-carboxylate (Figure 19, compound 21). It was discovered through in silico 

drug screening by Mitsui’s group who revealed activation properties of this compound in UCH-

L1 as the enzymatic activity was up to 111% at 63 µM.149 This activator has been used as a 

starting molecule in this work. Derivatives of compound 21 were then investigated as potential 

activators. Several parts of compound 21 can be modulated: the tolyl group, the N-sulfonamide, 

the ester moiety and the methyl of the stereogenic center. The ester moiety was the first 

modulation selected in this work as to find potential activators. The ester was first replaced by 

a carboxyl group (Figure 19, compound 36). A study was consequently conducted as to 

investigate the influence of such transformation. Compound 36 bears a carboxylic acid group 

which opens a possibility for co-crystallization and salification to modulate its physical and 

chemical properties.   

Compounds 21 and 36 bear a stereogenic center. The compound with a S absolute configuration 

is derived from L-alanine (refered to as (S)-21 or (S)-36) and the one with a R absolute 

configuration is derived from D-alanine (refered to as (R)-21 or (R)-36). 
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Figure 19 - Structure of ethyl 1-(N-(methylsulfonyl)-N-(p-tolyl)-alanyl)piperidine-4-

carboxylate 21 and 1-(N-(methylsulfonyl)-N-(p-tolyl)-alanyl)piperidine-4-carboxylic acid 36 

(ABXY-1). 

2.2.1 Synthesis of compound 36 

The synthesis of compound 36 was carried out starting from compound 21. A small amount of 

the latter compound was acquired by our collaborators which allowed us to perform our 

preliminary studies on it. We were then able to synthesize compound 36 through a 

saponification reaction of 21 in the presence of LiOH (Scheme 2). The synthesis succeeded, 

with a high yield. Furthermore, compound 21 was obtained in a racemic mixture thus synthesis 

of compound 36 also yielded a racemic mixture. 

 

Scheme 2 - Saponification reaction of compound 21. 

2.2.2 Structural study of compounds 21 and 36 

Herein, we report the crystal structures of both compounds 21 and 36 as well as a survey on the 

interactions observed in compound 36. These results were published in Acta Crystallographica 

Section E under the reference: Mambourg, K., Tumanov, N., Henon, G., Lanners, S., Garcia-

Ladona, J., & Wouters, J. (2021). Crystal structures of two alanylpiperidine analogues. Acta 

Crystallographica Section E: Crystallographic Communications, 77(11), 1095-1098. The 

published version is included in Appendix H. 
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Structural commentary 

Both compounds 21 and 36 crystallize as colorless plate-like crystals but in different space 

groups. Compound 21 crystallizes in triclinic P1̅ and compound 36 in monoclinic P21/n space 

group. The asymmetric units are shown in Figure 20. Both compounds crystallize as a racemic 

mixture and have one molecule in the asymmetric unit in a similar conformation. The torsion 

angles of N1-C1-C2-N2 (atom numbering in Figure 20) is 156.2 (1)° and 153.5 (1)° for 

compounds 21 and 36 respectively. The only slight difference between both compounds is the 

geometry of N2. In compound 21, the distance between N2 and the plane formed by C2, C3 

and C7 is 0.114 Å compared to compound 36 where this distance is 0.014 Å. A more planar 

arrangement of N2 in compound 36 is noticed, probably caused by the crystal packing. Single-

crystals represent the bulk samples as the powder patterns calculated from SCXRD data are 

similar to the experimental ones. 

 

Figure 20 - The asymmetric unit of the crystal structure for compound 21 (I) and compound 

36 (II), with displacement ellipsoids drawn at the 50% probability level. 
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Supramolecular features 

As compound 21 does not have any strong hydrogen bond donor, only weak hydrogen bonds 

are observed in the crystal structure (Table 3). The amide oxygen O1 participates in the 

formation of two intramolecular hydrogen bonds (S1
1(7) motifs178). The oxygen atom O4 is 

inter-connected with a H12 of sulfonyl methyl of an adjacent molecule [d(H···O) 2.44 Å; Table 

3] forming a R2
2(8) hydrogen bond motif along a axis (Figure 21). As compound 21 bears a 

tolyl moiety, π-π interactions were expected but not observed in this crystal packing. 

Table 3 - Hydrogen-bond geometry (Å,°) for 21. 

D—H···A D—H H···A D···A D—H···A 

C12—H12B···O1 0.96 2.50 3.210 (2) 130.4 

C12—H12C···O4i 0.96 2.44 3.376 (2) 163.7 

C14—H14···O1 0.93 2.48 3.177 (2) 132.3 

Symmetry code: (i) –x, -y, -z+1 
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Figure 21 - Crystal packing of compound 21 with hydrogen bonds highlighted in green (A) 

showing one layer of molecules, viewed down the a axis and (B) showing adjacent layers of 

molecules. 

Compound 36 bearing a carboxylic moiety instead of an ester has an impact on the hydrogen 

bonds and thus on the crystal packing. In compound 36 a tubular arrangement (Figure 22) can 

be observed, that is different from compound 21. In compound 36, a hydrogen bond ring R2
2(24) 

formed by a strong hydrogen bond between H3 of the carboxylic acid group and O5 from an 

adjacent molecule [d(H···O) 1.88 (3) Å; Table 4] is observed. In addition, two intramolecular 

(S1
1(7) motifs) and one intermolecular (R2

2(10) motif) weak hydrogen bonds are detected. As in 

compound 21, no π-π interactions are noticed in the crystal structure. In the crystal packing a 

dimer synthon is observed in both cases but for compound 21 it is ensured by weak hydrogen 

bonds contrary to compound 36 where the dimer is based on the strong hydrogen bond. 



RESULTS AND DISCUSSION: PART I 

53 

 

Table 4 - Hydrogen-bond geometry (Å,°) for 36. 

D—H···A D—H H···A D···A D—H···A 

O3—H3···O5i 0.960 (3) 1.88 (3) 2.7463 (15) 161 (2) 

C17—H17A···O1 0.96 2.48 3.144 (2) 126.6 

C4—H4B···O2i 0.97 2.52 3.471 (2) 167.3 

C11—H11···O1 0.93 2.56 3.2558 (19) 132.3 

Symmetry code: (i) –x+2, -y+1, -z+1 

 

Figure 22 - Crystal packing of compound 36 showing tubular arrangement viewed down the a 

axis. Hydrogen bonds are highlighted in green. 

Database survey 

Searches on the Cambridge Structural Database179 (CSD, Version 5.42, update September 

2021) were carried out with the exact structures of compounds 21 and 36 and with substructures 

containing the significant fragments (alanylpiperidine with and without sulfonyl methyl and 

tolyl group). No comparable structures came out of this survey. A polymorph risk assessment 

based on the hydrogen bonds in the CSD was carried out. This statistical analysis allows us to 

estimate which atoms are the donors and the acceptors for hydrogen bonds in the crystal 

structure.158,180 This quantifies the probability of hydrogen bond formation and thus the 

different probable polymorphs that can arise from a specific compound. The results are 

summarized in Table 5. A hydrogen bond interaction between two carboxylic groups is 
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predicted with the highest probability. We did not observe the carboxylic dimer but rather this 

group interacting with one oxygen of the sulfonyl methyl. The analysis also predicts other 

plausible hydrogen bond networks (Figure 23), one that is statistically slightly more likely to 

be formed than the current one. This suggests that another potential polymorph can be obtained. 

Thus, we made a polymorph screening by several crystallization experiments of compound 36. 

The recrystallization solvents that we tested were cyclohexane, toluene, ethyl acetate, 

chloroform, dichloromethane, acetone, acetonitrile, 2-propanol, ethanol and methanol. They all 

lead to the same polymorph. 

Table 5 - Hydrogen-bond propensity calculation for compound 36. 

Donor Acceptor Propensity 

O3 O2 0.36 

O3 O4 0.30 

O3 O5 0.30 

 

 

Figure 23 - Hydrogen bond propensity chart for compound 36. 

 

2.2.3 Docking of compounds 21 and 36 in hUCH-L1 

The interaction between compound 36 and Homo sapiens UCH-L1 (hUCH-L1) protein was 

first studied in silico. In order to characterize it, a docking of both compounds, 21 and 36, was 

performed in hUCH-L1. As no information is given on whether the activator is interacting with 

the active site or with an allosteric site of the protein, both possibilities were investigated. Up 

until now, only two sites were characterized in the literature: the active site where the hydrolysis 
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reaction of ubiquitinated proteins occurs and a distal site where the ubiquitin induces 

conformational changes within the protein.108,119 Calculations were performed to predict and 

visualize possible protein-ligand binding sites of hUCH-L1 using SiteMap181. The predicted 

sites obtained are presented in Figure 24 and their respective site scores are included in Table 

6. 

 

Figure 24 - Structures of (A) “front” and (B) “back” of hUCH-L1 (PDB ID: 2ETL) in green 

ribbon representation. Sites from SiteMap calculations are represented as follows: in yellow the 

active site, in purple allosteric site n°1 and in green allosteric site n°2. 

Table 6 - SiteMap results of hUCH-L1 crystal structure (PDB ID: 2ETL). AS stands for 

allosteric site. 

 Site score V (Å3) 

Active site 1.035 337.5 

AS-1 0.952 308.0 

AS-2 0.643 105.0 

 

SiteMap identified the active site with the highest score (1.035) and two additional allosteric 

sites (AS-1 and AS-2). The AS-1 is obtained with a score of 0.952, almost as high as the one 

of the active site of hUCH-L1. The results obtained with SiteMap were further corroborated 

with another software tool, PrankWeb, also predicting ligand binding areas.182 It confirmed the  

active site and suggested also the presence of AS-1. SiteMap also highlighted AS-2 with a lower 
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score of 0.643 that was not observed with PrankWeb. The active site and AS-1 were chosen for 

further investigation as high and similar scores were obtained.   

Furthermore, in the predicted binding locations, the distal site was not included in the possible 

ligand accessible locations. As previously mentioned, the β-hairpin of the ubiquitin substrate 

present at this location causes a steric hindrance which induces a domino rearrangement of 

some amino acids in UCH-L1.119 Thus, this is not a site per se as there is no space to fit a ligand.  

Docking of compounds 21 and 36, each in both configurations, was then performed in the active 

site and in AS-1. The docking results are depicted in Figure 25 and 26. It appears that the 

docking of the four compounds was successfully achieved in both sites, as interactions with the 

protein are observed. The glide score, corresponding to an approximation of the ligand binding-

free energy, was used to rank the best poses obtained for each docking.183 The binding-free 

energies are then calculated by MM-GBSA and are gathered in Table 7. 
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Figure 25 - Docking results of (S)-21 (orange) and (R)-21 (yellow) in hUCH-L1 (represented as molecular surface in green) active site (top) and 

AS-1 (bottom). For each result interactions with hUCH-L1 are highlighted. Hydrogen atoms are not shown for clarity purpose. The best pose based 

on the glide score is presented for each situation. 
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Figure 26 -Docking results of (S)-36 (red) and (R)-36 (purple) in hUCH-L1 (represented as molecular surface in green) active site (top) and AS-1 

(bottom). For each result interactions with hUCH-L1 are highlighted. Hydrogen atoms are not shown for clarity purpose. The best pose based on 

the glide score is presented for each situation. 
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Table 7- MM-GBSA calculations of the affinity between hUCH-L1 and the compounds 21 

and 36. 

 ΔGbinding [kcal/mol] 

 (S)-21 (R)-21 (S)-36 (R)-36 

Active site -26.7 -21.9 -20.5 -6.3 

AS-1 -22.7 -27.6 -22.8 -25.0 

 

The docking of compound 21 in the active and the allosteric sites generates 5 kcal/mol 

differences between S and R configurations (Table 7). For compound 36, the docking in the 

active site demonstrated a difference of 14 kcal/mol contrary to the docking in the allosteric 

site that showed 3 kcal/mol difference between S and R configurations.   

In order to quantify a significant difference in kcal/mol, a comparison of similar 

conformations from the docking of the same compound in the same protein was realized. The 

docking results of compound 36 in the allosteric site yielded several poses where a difference 

of 4 kcal/mol is observed between the three best ones, which are in a very similar 

conformation (see Appendix A). A difference of 4 kcal/mol was then assumed not significant 

in this work. Thus, the small difference observed for compound 21 (5 kcal/mol) was therefore 

not significant. In both configurations, compound 36 expresses a similar binding-free energy 

in the allosteric site. However, it is likely that the two enantiomers of compound 36 behave 

differently with this protein. Compound 36 show an in silico stereoselectivity at the active 

site and subsequently may have an effect on the activity of hUCH-L1.  

Comparison of the binding-free energies between both docking sites, showed no significant 

differences for compound 21. However, compound 36 does not display a similar behavior: 

in the allosteric site, the binding-free energies are in the same range as for compound 21, but 

in the active site the binding-free energies of (R)-36 are much lower than in the allosteric 

one. This allowed us to hypothesize that compound 36 interacts less with the active site. 

Comparison of the docking conformations of compounds 21 and 36 in S and R configurations 

in the cavity showed that in the active site all four compounds are docked in the same place 

but with different conformations (see Figure 27.A). These poses were chosen considering 

the highest glide scores. Analysis of the top five poses obtained for each compound showed 

that they can display a similar conformation (Figure 27.B). For compounds (S)-21 and (R)-

21 this pose is not insignificant because even if it does not correspond to the highest glide 
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score it corresponds to the highest emodel score, another Maestro score function that is well-

suited for comparing conformers.183 Thus, these results lead us to the hypothesis that 

compounds 21 and 36 can interact in the same way at the active site of the hUCH-L1.  

 

Figure 27 - Docking poses of (S)-21 (orange), (R)-21 (yellow), (S)-36 (red) and (R)-36 

(purple) in the active site of hUCH-L1 inactive form (PDB: 2ETL, in green). Hydrogen atoms 

are not shown for clarity purpose. A: The best poses based on the glide score are presented 

for each compound. B: Based on the glide score: pose 3 of (S)-21, pose 4 of (R)-21 and poses 

2 of (S)-36 and (R)-36 are presented. 

The docking positions of compounds 21 and 36 at the active site showed interactions with 

Met6, Ile8 and Phe160 (Figure 25 and Figure 26). These results are different from the one 

demonstrated by Mitsui’s group, where an interaction with Cys90 was highlighted 

(enantiomer not specified).149 They suggested that compound 21 operates as to open a binding 

pocket.  However, the three amino acids identified were already highlighted by Boudreaux’s 

group as important for the interaction between hUCH-L1 and its substrate.184 They obtained 

the crystal structure of UbVMe substrate complexed to hUCH-L1 mimicking the 

intermediate position of the hydrolysis reaction of Ub with the targeted protein. The fact that 

the same interactions are observed in the docking of compounds 21 and 36 would mean that 

they are placed at the same place as the substrate. Since compound 21 has been described as 

an activating compound of hUCH-L1, it would not seem logical to block access to the 

substrate. Thus, the hypothesis that the substrate will rather go interact in the AS-1 is 

reinforced. 

A superposition of each best pose, obtained with the glide score, of the docking 

conformations of compounds 21 and 36 in S and R configurations in the allosteric site AS-1 

showed that they are placed in the same cavity but are in different conformations (Figure 

28). Analysis of all poses yielded after docking in hUCH-L1 showed no similar conformation 
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for all four compounds. In the AS-1, Arg129 and Lys123 appeared to be key amino acids as 

they interact with both compounds 21 and 36 (Figure 25 and 26). 

 

 

Figure 28 - Docking poses of (S)-21 (orange), (R)-21 (yellow), (S)-36 (red) and (R)-36 

(purple) in the AS-1 of hUCH-L1 inactive form (PDB: 2ETL, in green), defined by SiteMap. 

Hydrogen atoms are not shown for clarity purpose. 

A comparison of the docking poses with the crystallographic structures obtained for both 

compounds 21 and 36 molecules showed that they are not in the same conformation as in the 

crystal structures. This could be explained by the docking parameters chosen. In this work, 

rigid docking calculations were carried out meaning that the ligand in flexible conformation 

is docked in a rigid protein with no flexibility allowed. These parameters were chosen as the 

active site is not significantly altered upon binding of the substrate and because it is also a 

low time-consuming method.  

2.2.4 Influence of compound 36 on the enzymatic activity of hUCH-L1 

Now that compound 36 was characterized and that its interaction with UCH-L1 was studied 

in silico, it is important to assess its influence in vitro. The enzymatic hydrolase activity of 

UCH-L1 was studied with Ub-Rho substrate. First, an optimization of the conditions 

(concentration of UCH-L1 and of the substrate) was carried out. Then, the hydrolase activity 

of UCH-L1 in the presence of compound 36 was performed and the results are provided in 

Figure 29.  
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Figure 29 - Enzymatic activity of hUCH-L1 in the presence of compounds 21 and 36 at 100 

µM. No modulator (control) was defined as 100% activity. 

Early analysis of in vitro activity of compound 21 at 100 µM showed 15% activation of 

hUCH-L1 enzymatic activity, which corroborates with the results from the literature (11% at 

63 µM149). Compound 36 showed 13% of activation, very similar to compound 21. It follows 

that modulating the ester part of compound 21 does not affect the enzymatic activation of 

hUCH-L1.  

A deeper study of the hUCH-L1 enzymatic activity was then carried out with both 

compounds 21 and 36. An EC50 assessment was attempted for each compound with hUCH-

L1 but solubility problems were encountered. Furthermore, at higher concentrations (200-

300 µM), an inhibition of hUCH-L1 enzymatic activity was observed. Even though 

compounds that activate at lower concentration and inhibit at higher concentration exist, we 

do not think it is the case here. Indeed, during the experiment, precipitation of compound 21 

and 36 in the well was observed. The precipitate compound forms aggregates that 

destabilized hUCH-L1 and led to a non-active protein.185 

In the above context, we attempted a higher concentration of DMSO in the well to avoid the 

precipitation. The protein hUCH-L1 is tolerating, without interfering with the enzymatic 

activity, until 5% of DMSO but this was still not enough to avoid precipitation of compounds 

21 and 36 at higher concentrations. Different biocompatible solvents such as glycerol, PEG 

at different molecular weight and DMF were then tested to solubilize compounds 21 and 36. 

186 None of these solvents improved the solubility. Thus, a modulation of the physical and 

chemical properties was further performed by salification trials on both compounds 21 and 

36. This process is presented in the next Part II. 
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3. CONCLUSION 

We identified an agonist of the GLP-1R. To further study the 1,2,4-oxadiazole derivative 

22, its synthesis was carried out successfully. However, the compound was found to be a 

sticky oil and this physical state is rendered further characterization difficult. In order to 

perform further experiments with it, a modulation of the physical and chemical properties 

must be achieved. 

A subsequent virtual screening of hUCH-L1 with commercially available compounds was 

performed. Based on the GOLD score and the LE parameter, six small molecules were 

identified in this study. We demonstrated that Ritonavir, Lopinavir and Benserazide are 

inhibitors of UCH-L1 enzymatic activity. These compounds did not turn out to be activators 

as expected. Nevertheless, they could be potentially interesting to open new paths in the 

understanding of UCH-L1 implication in PD. 

Finally, the only compound described in the literature as activator of UCH-L1 was further 

studied as well as a derivative that was demonstrated a metabolite of compound 21. We first 

highlighted in silico that compounds 21 and 36 interact with an allosteric site instead of the 

active site as described in the literature.149 Indeed, in the active site, it was observed that the 

compounds interact with the protein in the same place as the substrate which should lead to 

an inhibition and not an activation of the protein. The docking results we have obtained for 

compound 21 in the allosteric site seem more adequate as this compound acts as an activator 

of hUCH-L1. Then, the synthesis of compound 36 starting from compound 21 was 

described. It allowed us to study further in vitro the behavior of these alanylpiperidine 

derivatives. We showed that compound 36 is an activator, in the same range of activation as 

compound 21. Thus, we were able to demonstrate that the modulation of the ester moiety of 

compound 21 into a carboxylic acid does not affect the activation properties on hUCH-L1.  

As the enzymatic essays were performed with the racemic mixture of compounds 21 and 

36, it should be interesting to test the enantiomers separately since a difference between both 

configurations were observed in silico for compounds 36. A deeper study of the modulators 

21 and 36 was not achieved as solubility problems were encountered. A modulation through 

salification of compound 36 must be done in order to improve the solubility.
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PART II: 

MODULATION OF THE 

PHYSICAL AND CHEMICAL 

PROPERTIES OF SMALL 

MOLECULES 
 

In this chapter, modulation assays of the physical and chemical properties of the small 

molecules studied in the last sections were investigated. A change in the physical aspect of a 

1,2,4-oxadiazole derivative was first performed. Then, alanylpiperidine derivatives were 

studied so as to solve the solubility problems that have been encountered previously. 

1. 1,2,4-OXADIAZOLE DERIVATIVES AS AGONIST OF GLP-1R 

As reported in last chapter, the synthesis of compound 22 yielded a sticky oil that rendered 

its handling difficult. This compound showed interesting in vitro properties regarding GLP-

1R. In order to perform further studies, to characterize the molecule and the interaction with 

GLP-1R, a change of the physical state has to be achieved. In order to obtain a solid 

formulation of compound 22, salification assays were performed. As compound 22 bears 

basic sites, acids were used to form a salt. This was achieved either through grinding or in 

solution, depending on the nature of the acid (solid or liquid). As a result, three cases are 

possible: (i) a salt, if there is deprotonation of the acid, (ii) a mixture, if there is no interaction 

between the two components and (iii) a co-crystal or co-amorphous system (CAM), if there 

are interactions between the two components. Some of the results were published in the 

patent under the reference (Appendix I): Wouters, J., Mambourg, K., Garcia-Ladona, J. Solid 

Formulation of a 1,2,4-oxadiazole derivative. WO2021009355 A1 (2021). 

1.1 Chloride salt 

Chloride ions are one of the mostly used anionic counter ions for the formation of salts.187 

Thus, salification assays were first performed with hydrochloric acid. The compound 

obtained was initially a powder that turned out to be hygroscopic, as it rapidly became 
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deliquiescent. An unstable solid when in contact with air humidity was obtained. Therefore, 

it was difficult to handle and no further characterization was possible on this sample. The 

hygroscopicity problem of chloride salts is known in the literature and thus, lately the 

chloride ion is replaced with other anions in order to overcome this complication.187  

1.2 Screening of various acids 

Salification assays were then performed by testing several acids available in the laboratory 

(Figure 30). The experiment was carried out for the liquid acids in ether solvent and for the 

solid acids through grinding of the two solids. The latter technique is actually very commonly 

used for the formation of salts.188  

 

Figure 30 - Structure of the acids (37-40 are solid acids and 41-43 are liquid acids) used for 

salification assays of compound 22. 

In most of the cases (liquid and solid acids), the resuling sample was still obtained as a sicky 

oil but in some cases the compound turned out to be a hygroscopic solid. However, the use 

of citric acid (CA) and saccharin (SA) was benefical. When they were both tested with 1 

equivalent (eq.) to compound 22, a sticky oil was achieved. Nevertheless, using 2 eq. yielded 

a stable solid powder. For an easier understanding in the manuscript, the powder of 

compound 22 ground with 2 eq. of citric acid will be named 22_2CA and compound 22 

ground with 2 eq. of saccharin will be named 22_2SA. 
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The two acids are interesting as both are used in pharamaceutical applications. Its low cost, 

large availability and its very low toxicity made citric acid a widely used molecule in 

pharmaceutical applications.151,189 In addition, saccharin is a GRAS compound. It is not used 

as much as citric acid in the pharmaceutical industries but there are still several API 

saccharinates described in the literature.190,191 Saccharin is an artificial sweetener, thus it can 

remove the bitter tastes of the API and therefore can be used in pediatric medications.191  

Currently, there is still a controversy about the safety of saccharin.192 Since it was discovered 

in 1879, it was linked to bladder cancer in rats and was thus banned 1970 by the Congress. 

Since then, after more than 30 human studies, no clear relationship in humans between 

saccharin intake and cancer was shown. Thus, in 2000, the National Toxicology Program of 

the National Institutes of Health removed saccharin from the carcinogen list.193 In that 

respect, the use of saccharin in this work is justified. 

1.3 Characterization of 22_2CA and 22_2SA 

A characterization of the resulting compounds was carried out in order to study their physical 

and chemical properties and to compare them to the starting compounds.  

First, depending on the grinding conditions, solid forms were obtained but with different 

composition for both samples. Indeed, the powder X-ray diffraction (PXRD) analyses 

showed the influence of the ball size (3 mm vs. 12 mm) during grinding. The powder patterns 

are represented in Figure 31.A for 22_2SA and Figure 31.B for 22_2CA. As compound 22 

is an oil, a large broad peak is observed as it is not a crystalline but an amorphous compound. 

  

The results for 22_2CA and 22_2SA ground with balls having a diameter of 3 mm showed 

the presence of an amorphous phase and the starting acid in the mixture. The amorphous 

phase could be (i) the amorphous compound 22, meaning that no reaction had occurred upon 

grinding or (ii) an amorphous salt or CAM system. In the second hypothesis the system is 

not in 1:2 proportions (22:acid) as there is excess of acid. However, it was later discovered 

that the grinding with a ball having a 12 mm diameter instead of 3 mm yielded an amorphous 

phase without an excess of the acid. The hypothesis is that a new amorphous phase is 

completely formed contrary to the case with the 3 mm balls where there was an incomplete 

reaction. A second hypothesis is that saccharin and citric acid became amorphous upon 

grinding. However, grinding of both SA and CA alone in the same conditions showed no 
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presence of amorphization in the powder pattern. In that respect, the new amorphous phase 

could be related to either an amorphous salt or a CAM system, depending on the interactions. 

A 

 

B 

 

Figure 31 - Powder patterns of (A) compound 22, saccharin and 22_2SA, ground either with 

a 3 mm or 12 mm ball and of (B) of compound 22, citric acid and 22_2CA, ground either 

with a 3 mm or 12 mm ball. The maximum intensity was normalized for better comparison. 
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Characterizations were then carried out to study the type of interactions taking place in 

22_2CA and 22_2SA. For each powder 1H NMR and 13C NMR spectra were recorded. In all 

cases, no deterioration of the compounds and no significant difference of chemical shift of 

the carbon near the protonated nitrogen were observed. This is leading to a first hypothesis 

that a CAM system is formed and not an amorphous salt. 

Infrared spectroscopy (IR) was then further applied. The vibrational frequency of specific 

bonds was examined in order to understand whether the resulting amorphous species 

22_2CA and 22_2SA could be a salt. The major characteristic vibrational frequencies of the 

starting compounds are indicated in Table 8 and the IR spectra for 22_2CA and 22_2SA are 

gathered in Figure 32. 

Table 8 - Major vibrational frequencies of compound 22, saccharin and citric acid (s stands 

for stretching, b for bending, sym for symmetric and asym for asymmetric). 

Compound 22 Saccharin Citric acid 

Bond 

Vibrational  

frequency  

[cm-1] 

Bond 

Vibrational  

frequency  

[cm-1] 

Bond 

Vibrational  

frequency  

[cm-1] 

CAr-H (s) 2935 N-H (s) 3096 (C)O-H (s) 3494 

C-H (s) 2800-2856 C-H (s) 2953 (C=O)O-H (s) 3288 

C-H (b) 1416 C=O (s) 1716 C=O (s) 
1743  

1697 

C-N (s) 1322 C=C (s) 1594 C-O(H) (s) 1138 

C-F (s) 1116 
SO2  

(sym & asym s) 

1334  

1174 
  

 

Banerjee et al.190 demonstrated that in saccharin salts, the C=O situated next to the 

deprotonated nitrogen of saccharin has a frequency of 1690 cm-1 instead of 1720 cm-1 (1716 

cm-1 in our conditions). In the IR spectra of 22_2SA (Figure 32.A) a vibration peak at 1738 

cm-1 is noticed thus strongly suggesting that 22_2SA is not in a salt form. However, there are 

interactions between the two components as a shift of the absorption peak is observed. 

Indeed, in the literature it is demonstrated that the frequency of C=O stretching shifts towards 

1730 cm-1 when saccharin is in interactions.190,194 The absorption peak corresponding to the 

N-H stretching is not observed in 22_2SA but a shift of the other characteristic absorption 
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peaks is noticed. The appearance of these new peaks could be due to the interactions between 

compound 22 and saccharin. 

Furthermore, for compound 22_2CA, if a salt was formed with compound 22, the citric acid 

moiety should have absorption peaks around 1570 and 1400 cm-1 corresponding to the 

asymmetric and symmetric stretching of C=O from COO- instead of 1750 cm-1 of the 

COOH.195,196  Experimentally (Figure 32.B), vibrations at 1743 cm-1 for citric acid and 1723 

cm-1 for 22_2CA were observed. This leads us to believe that the mixture is not a salt and 

that there are interactions between the two compounds as a shift of the absorption peak is 

observed.197 The (C=O)O-H stretching could be also considered but the absorption peaks in 

this area of the spectra are not strong and thus it is difficult to analyze them.  

The results obtained with IR spectroscopy led to the hypothesis that species 22_2CA and 

22_2SA are not an amorphous salt but a CAM system. Indeed, shifts of the vibrational peaks 

are observed, suggesting that the amorphous phase is presenting interactions, such as 

hydrogen bonds and Van der Waals interactions, between compound 22 and either citric acid 

or saccharin.  
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Figure 32 - IR spectra of (A) compound 22, saccharin and 22_2SA (from top to bottom) and of (B) compound 22, citric acid and 22_2CA (from 

top to bottom). Both followed of a magnification in the 3000 cm-1 regions.

A 

 

 

B 
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The thermal behavior of 22_2CA and 22_2SA was then assessed. For that purpose, differential 

scanning calorimetry (DSC) analysis coupled to a thermogravimetric analysis (TGA) were 

performed (Appendix B). For both samples, an endothermic peak is observed around 50-60°C with 

22_2CA and around 60-65°C with 22_2SA. It corresponds to the glass transition temperature (Tg) 

with an enthalpy relaxation. These results are consistent with the macroscopic observations made 

with a Kofler bench. An increase of the Tg is observed for 22_2CA and 22_2SA compared to 

saccharin (Tg of 20°C198) and citric acid (Tg of 11°C199) meaning that a stabilization of the 

amorphous system has occurred.161 Furthermore, the obtained DSC curve of 22_2CA resembles 

the DSC curve of a CAM system with citric acid in the literature.200 Beyond the Tg, the samples 

start to degrade at 140°C for 22_2CA, 15°C below the degradation of citric acid (155°C) and at 

210°C for 22_2SA, 10°C below the degradation temperature of saccharin (220°C). These results 

reveal that the thermal behavior of both samples is indeed different form that of the two starting 

compounds (compound 22 and either citric acid or saccharin).   

Furthermore, a verification of the hygroscopicity of both samples was carried out. As most of the 

salification experiments with various acids leads to hygroscopic compounds, a preliminary 

characterization of this specification was carried out. The samples were left in ambient air at room 

temperature (19 ±2°C) and relative humidity of 60 ± 5% for two weeks (Figure 33).  

 

Figure 33 - Pictures of 22_2CA (top) and 22_2SA (bottom) left at air for two weeks. 
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Both 22_2CA and 22_2SA behaved similarly: after a week, the powder started to become sticky 

and no changes are observed upon two weeks. In order to better characterize the hygroscopicity of 

both samples, dynamic vapor sorption (DVS) technique could be performed. The change in mass 

of the samples is analyzed over time and during the variation of the surrounding vapor 

concentration. This could allow us to study the quantity of water absorbed by the sample.  

Finally, a morphological examination was performed. The surface of both samples 22_2SA and 

22_2CA was investigated by N2 physisorption and SEM imaging. This allowed to determine the 

porosity and the specific surface area of the samples. The specific surface area is a quite important 

parameter in the study of pharmacological compounds.201,202 It was demonstrated that a high 

specific surface leads to a higher dissolution rate. A drug that dissolves fast can be rapidly absorbed 

within the gastrointestinal transit time.  

The results obtained with N2 physisorption analysis are gathered in Figure 34 and the high 

magnification of the sample’s surface obtained with SEM are represented in Figure 35. 

 

Figure 34 - Nitrogen adsorption-desorption isotherms of 22_2SA (black) and 22_2CA (grey) 

samples. 
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Figure 35 - Pictures of 22_2SA and 22_2CA taken by a SEM. 

The adsorption-desorption isotherms (Figure 34) of the samples show that the volume of absorbed 

N2 is low over the entire relative pressure range with a slight increase towards high relative 

pressure. This isotherm (type 3) is indicative of a non-porous material and of the presence of a 

slight interparticle porosity. However, the small volume of nitrogen adsorbed (10 cm3/g) could 

confirm that the detected porosity corresponds to interparticle porosity and not an intrinsic porosity 

of the analyzed material. The SEM pictures (Figure 35) show that the small interparticulate 

porosity is caused by agglomeration of the particles and not due to a porous nature of the material. 

Furthermore, the N2 physisorption technique allowed us to determine the specific surface area of 

22_2CA and 22_2SA. The results are gathered in Table 9 and it showed that 22_2SA and 22_2CA 

have similar specific surface area. 

Table 9 - Different parameters obtained for 22_2SA and 22_2CA after N2 physisorption. (n.d. not 

determined) 

 SA CA 22_2SA 22_2CA 

Specific surface area (m²/g) 10 n.d. 22 27 

Total pore volume (cm³/g) 0.011 n.d. 0.022  0.024 

Average pore width (nm) 4.3 n.d. 4.3 4.3 

 

The specific surface area is higher for 22_2SA compared to saccharin (10 m²/g). At first, the 

grinding was assumed to increase the specific surface area but after grinding of saccharin in the 

same conditions the specific surface area is slightly lower (7 m²/g). The different parameters could 

not be recovered with the citric acid (before and after grinding) as the results were within the 

detectable limit of the device. Thus, the formation of 22_2SA and 22_2CA increases the specific 
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surface area of the sample. Solubility assays should now be performed in order to quantify the 

impact of this specific surface area. 

2. ALANYLPIPERIDINE DERIVATIVES AS MODULATORS OF UCH-L1 

During the enzymatic activity assessment of compounds 21 and 36, solubility problems were 

encountered. This caused complication in the in vitro study that was carried out. The solubility 

parameter is important in the development of new pharmaceutical molecules. Low solubility is 

unfavorable for the development of the drug as it limits its absorption in the body and can limit the 

oral bioavailability.202 To enhance low-solubility issues of drugs, several approaches exist: (i) 

chemical modifications such as prodrugs or salt formation or (ii) formulation with 

cyclodextrins.168,203–205 In this case, the chemical modifications approach will be carried out. 

Compound 21 is actually a prodrug of compound 36. Previous tests performed by Abaxys 

Therapeutics, the company we are collaborating with on this project, showed that compound 21 

forms the metabolite 36 when conditions mimicking the liver are applied. The use of a prodrug is 

not suitable in this case as compound 21 has a problematic solubility. Additionally, compound 36 

bears a carboxylic moiety which renders its transformation into a salt feasible. Therefore, in the 

remainder of this section, the second approach of salt and co-crystal formation will be performed. 

2.1 Co-former and counter ion selection 

There is a wide range of possible co-formers/counter ions that may form salts or co-crystals with 

the API 36. In order to decide which co-former and counter ion to select, three criteria were 

considered: (i) H-bond propensity (HBP) or pKa>3, (ii) biocompatibility and (iii) solubility. The 

followed decision pathway is represented in Figure 36. As there was only a small quantity of 

compound 21 purchased, and by extension a small quantity of compound 36, only few salification 

and co-crystallization tests were possible to realize.  

As mentioned earlier, compound 36 bears a carboxylic group meaning that basic molecules with a 

difference of pKa higher than 3 should be used to form a salt. Furthermore, the biocompatibility 

of the chosen counter ions must also be taken into consideration. A screening of the literature 

showed that the most commonly studied counter ion in the pharmaceutical sector for an acidic 

moiety is the sodium ion.151 This screening also showed that amino acids are also a valuable choice 

to form pharmaceutical salts.206 They present low toxicity and thus are included in the GRAS list. 
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They also present a good solubility in water and are affordable. Therefore, three amino acids - 

histidine, arginine and lysine - were selected. 

 

Figure 36 - Decision pathway used for the selection of co-former and counter ions in order to form 

a salt and/or co-crystals of compound 36. 

A co-crystal can also be formed with co-formers that interact with compound 36. For that purpose, 

in order to determine which co-former can be interesting, the HBP method was used. It determines 

the probability of hydrogen bond formation between molecules included in the CSD and 

compound 36. The co-crystal is more likely to be formed when the Δpropensity is high. The limitation 

for a favorable prediction is Δpropensity >0.02 and between -0.02 and 0.02, a gray area exists where 

the formation of the co-crystal is achieved with less certainty. A result under -0.02 is unfavorable 

to form a co-crystal between both species. The results highlighted 39 molecules that could 

potentially form hydrogen bonds with compound 36, with a Δpropensity score higher than -0.02. As 

the biocompatibility criterion also has to be taken into consideration, the molecules were further 

selected among the EAFUS and GRAS lists. Finally, as the aim is to modulate the solubility of 

compound 36, the last criterion that has to be taken into account is the solubility of the co-former. 

Based on these three criteria, a total of 15 compounds could be potentially tested to form co-

crystals with compound 36. As only a small amount of compound 36 was available, a selection of 

three compounds attracted our attention in this list: caffeine, saccharin and citric acid. Caffeine 

was chosen because it was obtained with a high Δpropensity score of 0.3. Saccharin and citric acid 

were selected because they were easily available in the laboratory and they showed interesting 

results with the 1,2,4-oxadiazole compound. The different co-formers that were selected for the 
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salification and co-crystallization tests are represented in Figure 37. As they are all solid 

compounds, mechanochemistry was also used as a method to form salts or co-crystals.188 

 

Figure 37 - Structures of co-formers used for salification and co-crystallization of compound 36. 

 

2.2 Salification and co-crystallization of compound 36 

The salification and co-crystallization assays were first performed without added solvent i.e. by 

neat grinding (NG). PXRD patterns of all ground powders were compared to the one of the starting 

materials and powders that are not leading to new diffraction pattern were further ground by liquid 

assisted grinding (LAG). All powders leading to new diffraction patterns were used in the 

crystallization experiment and were further characterized by thermal analysis. Similar powder 

patterns were obtained in all the cases compared to the starting reagents (Appendix C), except for 

the grinding of compound 36 with lysine (36_Lys) and sodium bicarbonate (36_Na), represented 

in Figure 38. 

The grinding assays with sodium bicarbonate and lysine were performed in LAG with water and 

ethyl acetate respectively. In both cases, a powder was obtained and analyzed by PXRD. In the 

case of 36_Lys, an amorphous phase is observed in the powder diffraction pattern, rendering the 

comparison of the peaks less simple than for 36_Na. As a result of the LAG, a new crystalline 

phase was observed in both cases. Indeed, the appearance and disappearance of peaks (highlighted 

in grey in Figure 38) in the powder pattern of 36_Na and 36_Lys can be observed when compared 
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to the two starting compounds. Therefore, recrystallization assays were carried out but no crystals 

suitable for SXRD were obtained for neither of the samples.  

A 

 

B 

 

Figure 38 -Normalized PXRD diffraction pattern of (A) 36, sodium bicarbonate and 36_Na (from 

top to bottom) and of (B) 36, lysine and 36_Lys (from top to bottom). In grey are highlighted the 

different peaks of 36_Na and 36_Lys compared to the starting reagents. 
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In order to confirm the presence of a new crystalline phase, the thermal behavior of 36_Na and 

36_Lys was then examined (Figure 39). The thermal behaviors of the starting material are 

represented in Appendix D. 

 

Figure 39 - DSC and TGA thermograms of (A) 36_Na and (B) 36_Lys. The DSC curve is in red 

line and the TGA one in blue dotted line. 

For 36_Na, a first weight loss can be observed at 50°C accompanied by an endothermic peak. This 

is probably caused by the water solvent used for the LAG grinding but also by the evaporation of 

water molecules formed by the acid-base reaction between sodium bicarbonate and compound 36:  

NaHCO3 + 36H  36-Na+ + H2O + CO2   

Furthermore, the Eppendorf tube in which the grinding took place popped open at the end of the 

experiment which may be related to pressure build-up caused by the formation of CO2 from the 

above-mentioned reaction. These observations can confirm that the salification of 36 was 
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achieved, at least partially.   

A second endothermic peak accompanied by a weight loss is seen around 155°C. It can be 

correlated with an evaporation of water molecules trapped in the crystalline packing or to the 

melting point of the remaining sodium bicarbonate.207 In the second hypothesis, the salt formation 

is not in ratio 1:1 and sodium bicarbonate is still in excess. A small endothermic peak is also 

noticed at 220°C, corresponding to the melting temperature of compound 36. Finally, a last 

endothermic peak seen at 305°C corresponds to the melting point of the sample. After the melting, 

a drastic loss of weight can confirm that a degradation of the sample has occurred. The loss 

observed between 300 and 350° is equivalent to 50%, which can correspond to the elimination of 

the sulfonamide moiety forming an acrylamide, known to arise in cooked food.208  

These results suggest that there is an excess of compound 36 in addition to 36_Na and thus the 

new crystalline phase is not in stoichiometry 1:1. Going back to the powder pattern of 36_Na 

reveals that all the peaks of compound 36 are found in the pattern of 36_Na except the peak situated 

at 42° that could still be due to background noise. 

As for 36_Lys, a first endothermic peak accompanied by a weight loss and correlated with the 

evaporation of water is seen at 50°C. Indeed, the starting reagent lysine was not totally anhydrous 

and thus in the DSC of lysine the same thermal behavior is observed (Appendix D). The 

endothermic peak at 165°C corresponds to the melting point of 36_Lys. Then, a last endothermic 

peak at 224°C is observed in the DSC curve. It could correspond to both or one of the reagents, as 

the melting points of lysine and compound 36 are 223°C and 226°C respectively. During the 

crystallization assays of 36_Lys, crystals of compound 36 were obtained. Thus, we can assume 

that the peak observed at 224°C is most likely related to the melting temperature of compound 36. 

Furthermore, a degradation can be observed at a temperature higher than 225°C as the weight loss 

decreases.  

 

Furthermore, a verification of the hygroscopicity of both samples was carried out. The samples 

36_Lys and 36_Na were left in ambient air at room temperature (19±2°C) and relative humidity 

of 60±5% for two weeks. A solid acid was still observed for 36_Na contrary to 36_Lys which 

turned out to be deliquescent. 

Thus, in both cases for 36_Lys and 36_Na, a new crystalline phase was obtained but with an excess 

of compound 36. A further purification and/or grinding experiments with different ratios of the 



RESULTS AND DISCUSSION: PART II 

81 

 

starting compounds should be performed. This was not possible to achieve as compound 36 was 

entirely used in order to generate the preliminary results. Once the new pure crystalline phase is 

obtained further characterization should be performed in order to study the type of interactions 

between both compounds and the hygroscopicity of each sample. Solubility assays should then be 

carried out and their results should be compared to the solubility of compounds 21 and 36. 

3. CONCLUSION 

In conclusion, the physical and chemical properties of both small molecules studied in this work, 

the 1,2,4-oxadiazole derivative 22 and the alanylpiperidine derivative 36, were modulated.   

In the case of the GLP-1R agonist, the objective was to modulate the physical state for an easier 

handling. It was achieved by yielding a powder, through the formulation of a CAM system. Most 

of the grinding tests either led to deliquescent solids or did not lead to a change in the physical 

state. However, in the presence of citric acid or saccharin in 2 eq., a powder was obtained. 

Characterizations of the 22_2SA and 22_2CA powders were then performed: a thermal study by 

DSC/TGA, a structural characterization via PXRD, NMR and IR and finally morphological 

examination through N2 physisorption and SEM. It can be concluded that a CAM system rather 

than an amorphous salt was formed in both 22_2CA and 22_2SA samples. This new formulation 

of compound 22 as a CAM system is rather interesting for pharmaceutical purposes as a major 

problem with new drugs is their solubility and therefore their bioavailability.209,210 Thus, the 

amorphous phase confers the advantage to improve the solubility compared to the crystalline phase 

of the same compound. However, the amorphous phase is unstable as it can crystallize. For that 

purpose, CAM systems are used to stabilize the amorphous phase. This new formulation of 

compound 22 changed the physical state yielding a powder that was easy to handle, which can 

allow now to further perform in vitro and in vivo experiments on compound 22. 

Furthermore, these results look promising as in the literature saccharin and citric acid are already 

studied for modulation of the physical and chemical properties through CAM systems. Previous 

results reported an enhancement of the solubility, the dissolution rate and the physical stability 

when drug-drug CAM were prepared in combination with either saccharin (SA) or citric acid 

(CA).200,211 Some examples such as Repaginide:SA211; Indomethacin:CA212; Paracetamol:CA213 

and acyclovir:CA214 can be cited. Agonists of GLP-1R are studied already in different 

formulations, such as encapsulation and cyclodextrins,215,216 thus for the first time a CAM system 

formulation is described for an agonist of GLP-1R.  
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Finally, Hossain’s group studied the difference of NG and LAG on their ketoconazole – 

dicarboxylic acid system and observed that NG resulted in CAM systems whereas LAG generated 

co-crytals.217 Thus, if the amorphous forms of 22_2SA and 21_2CA prove to be problematic later 

on, a grinding in LAG conditions could be performed so as to achieve a crystalline form of the 

mixture. 

  

The objective of the salification and co-crystallization trials of compound 36 were to modulate 

its solubility. Two new crystalline phases were obtained upon grinding with lysine and sodium 

bicarbonate. For 36_Na, the salt form is expected as water and CO2 generated by the acid-base 

reaction were detected. The grinding with lysine yielded a new crystalline phase, compound 

36_Lys, but the determination of the salt or co-crystal formation was not achieved.  

Further grinding assays should be performed in different ratios for both systems in order to obtain 

the pure salt or co-crystal. It was not possible in our case as amounts of compound 21, and by 

extension 36, were not sufficient for conducting further studies. Once the pure compounds will 

be characterized, their solubility should be assessed and compared to compounds 21 and 36.  

 

Finally, compounds 22_2SA, 22_2CA and 36_Lys showed hygroscopicity properties after being 

left in ambient at air for two weeks. A deeper characterization of the hygroscopicity of all the 

compounds (including 36_Na) should be performed using the dynamic vapor sorption (DVS) 

technique. This could allow us to study the quantity of water absorbed by each sample. This 

description is important for later formulations such as the excipient selection and packaging 

requirement to control the moisture penetration.218 
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PART III: 

DANIO RERIO UCH-L1 AN 

ALTERNATIVE MODEL 

TOWARDS THE STUDY OF 

HOMO SAPIENS UCH-L1 

MODULATORS 
Zebrafish species (Danio rerio) are gaining in popularity as robust in vivo models for the use in 

the modeling of neurodegenerative diseases because of the accessibility of the embryos, their 

transparency allowing the use of non-invasive imaging and especially because of the genetic 

similarity with humans.169,170 As UCH-L1 is related to neurodegenerative disease, zebrafish have 

been used as in vivo models to study UCH-L1.169 As it was never described or studied in the 

literature, in this section we are interested in UCH-L1 from Danio rerio species in order to study 

the protein and to compare it to UCH-L1 from Homo sapiens.  

1. SEQUENCE AND STRUCTURAL ANALYSIS OF HUMAN AND ZEBRAFISH   

UCH-L1 PROTEINS  

UCH-L1 from Danio rerio species (zUCH-L1) has a length of 233 amino acids and a mass of 

24659 Da. The amino acid sequence alignment of the hUCH-L1 and the zUCH-L1 orthologues is 

represented in Figure 40. The alignment shows a similarity of 79% and an identity of 66% between 

both sequences and a full conservation of the catalytic residues (Cys90, His161 and Asp176). 

Given this percentage of identity, building a 3D structure of zUCH-L1 is conceivable by 

comparative modeling. 
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Figure 40 - Sequence alignment of Homo sapiens (hUCH-L1) and Danio rerio (zUCH-L1) UCH-

L1 proteins. Conserved residues between both species are highlighted in red background. 

Secondary structure elements from crystallographic structure 2ETL are represented in upper line: 

α-helices as springs, β-strands are rendered as arrows and strict β-turns as TT letters. The catalytic 

residues are highlighted by a star and the catalytic loop by a plus sign. 

Homology modeling, based on two known structures of hUCH-L1, was used as a technique for 

this purpose. Both structures are represented in Figure 41. The first X-ray structure (PDB: 2ETL) 

seen in Figure 41.A corresponds to the inactive form where the distance between two residues 

from the catalytic triad Cys90 and His161 is 8 Å. The second, seen in Figure 41.B, is an X-ray 

structure of hUCH-L1 complexed with the ubiquitin vinyl methyl ester (UbVMe) substrate (PDB: 

3KW5), that shows an active form of the protein. In the presence of a substrate, Boudreaux et al.184 

demonstrated that the distance between the above-mentioned catalytic residues is 4 Å due to a 

domino rearrangement, leading to an active form (represented in the Introduction of the thesis: 

Figure 8). 
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Figure 41 – Secondary structures representation of (A) hUCH-L1 X-ray structure (PDB: 2ETL) 

and (B) hUCH-L1-UbVMe complex X-ray structure (PDB: 3KW5). UbVMe is shown in orange 

and the catalytic triad in sticks. 

In that respect, we generated the homology models of zUCH-L1 for both forms in the presence 

(active form) or in the absence (inactive form) of ubiquitin (Ub): zUCH-L1(a) and zUCH-L1(i) 

respectively (Figure 42). These models show a structure similar to that reported for the hUCH-

L1. In order to measure the similarity between two protein structures, the estimated root-mean-

square deviation (RMSD) can be calculated. For both homology models compared to the crystal 

structures, the RMSD values are 1.105 Å and 0.861 Å for zUCH-L1(i) and zUCH-L1(a) 

respectively.  

Two main features are observed (Figure 42): (i) the presence of two lobes, one with five α-helices 

(right) and one with two α-helices and five β-strands (left) and (ii) a secondary structure helix-β-

helix sandwich fold. Both active and inactive models reveal small structural differences in two 

important sites (the active and distal sites) compared to hUCH-L1 orthologue. In the homology 

models, the active site and its surrounding appear as in the originally reported hUCH-L1. However, 

a slightly different conformation of the loop above the catalytic cleft was noticed compared to the 

crystal structure of hUCH-L1. This is caused by an extra amino acid present in the loop of zUCH-

L1 (see the sequence alignment in Figure 40). As the loop has been related to the substrate 

selection that can be ubiquitinated by hUCH-L1, this difference could have an impact on the effect 

of ligands in the active site.108 In the distal site, the only difference in the homology models is the 

presence of a methionine (Met201) instead of a threonine (Thr205) in hUCH-L1 (Figure 40 and 

Figure 42). This difference is located in the distal site, where there is an interaction with the 
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Figure 42 - 3D structure of homology models zUCH-L1(i) and zUCH-L1(a). Secondary structure 

representation of the superposition between X-ray structure of (A) hUCH-L1 (2ETL in green) and 

homology model zUCH-L1(i) (from 2ETL, in blue) and (B) hUCH-L1-UbVMe complex (3KW5, 

hUCH-L1 in green and UbVMe in orange) and homology model zUCH-L1(a) (from 3KW5, in 

blue). Two magnifications are illustrated: the catalytic triad and the loop in light blue and the distal 

site in red. Residues of interest are represented in sticks.  
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ubiquitin substrate.119 In order to ensure that this difference is not significant, a docking of the 

substrate was performed. Boudreaux’s group119 obtained the crystal structure of hUCH-L1 in the 

active form with the ubiquitin substrate linked to a vinyl methyl ester (VMe) group forming a 

thioether bond with Cys90 of hUCH-L1(Figure 42.B). For this purpose, the docking of UbVMe 

in zUCH-L1(a) was performed using the ZDOCK server.219 As we are not interested in the covalent 

bond but in the position that the ubiquitin substrate takes in the protein zUCH-L1(a), the docking 

performed is mimicking the intermediate position before reaction of Cys90 with VMe forming the 

covalent bond. The results suggest that the substrate is positioned in the same way as in hUCH-L1 

(Figure 43). Superposition of the docking pose in zUCH-L1(a) with hUCH-L1 crystal structure 

showed an RMSD of 1.025 Å. Despite the difference in amino acid, the β-hairpin of the UbVMe 

is placed in the distal site. This suggests that zUCH-L1 exhibits the same enzymatic function as 

hUCH-L1. 

For both zUCH-L1 models, the quality of geometry, using PROCHECK220, showed that 97% of 

the residues are placed in the “most favorable” and “favorable” regions of the Ramachandran plot 

and between 1 to 1.6% in the disallowed areas (Appendix E). 

 

Figure 43 - Representation of the methodology used to study the UbVMe substrate in the zUCH-

L1(a) model. Starting from zUCH-L1(a) in light blue, protein-protein docking of UbVMe substrate 

was performed with ZDOCK server.219 The first docking pose of UbVMe is shown in yellow. To 

this, superposition of X-ray structure hUCH-L1-UbVMe complex (3KW5, in green hUCH-L1 and 

in orange UbVMe) was performed. 
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2. DOCKING OF REFERENCE LIGANDS IN THE HUMAN AND ZEBRAFISH      

UCH-L1 PROTEINS  

Three effective inhibitors (LDN-57444, LDN-91946 and TCID) and one activator were chosen as 

reference ligands (structures represented in Figure 44). The dockings were performed in both 

hUCH-L1 and zUCH-L1, at pH 7.4 thus LDN-91946 and TCID are deprotonated. LDN-57444 and 

LDN-91946 are described as competitive and uncompetitive inhibitors respectively in the 

literature,123,143 thus the docking in the inactive and active form respectively was studied. For TCID 

and the activator no information is given, their docking was investigated in the inactive form of 

the enzymes. 

 

Figure 44 - Previously reported UCH-L1 ligands. 

The docking pose locations of the reference ligands in 3D models of zUCH-L1 and hUCH-L1 

(Figure 45) are different when comparing the inactive and active forms of zUCH-L1. In zUCH-

L1(i) (Figure 45.A,C-D), the results indicate that for every obtained pose, the ligands favored 

interactions near the active site. However, in zUCH-L1(a) (Figure 45.B), the compound LDN-

91946 is docked further forward from the active site as it is hindered by the substrate UbVMe. The 

locations of the docking poses are also different when comparing the same ligand in both 

orthologues. The results for the compounds 15, 17 & 21 (Figure 45.A,C-D) in zUCH-L1(i) show 

that the ligands are right above the active site whereas in hUCH-L1, the ligands are well inside the 

structure. Additionally, the docking poses obtained for compound 16 (Figure 45.B) in both 

orthologues are also different.  

Docking results for the activator 21 and inhibitor TCID 17 (Figure 45.C-D) show that, in hUCH-

L1, both compounds interact with Ile8 and LDN-57444 15 interacts with the catalytic site. In 

zUCH-L1, the three ligands show an interaction with the amino acids from the α-helix next to the 

catalytic site. A second interaction with Cys85 from the catalytic triad is observed for compounds 

17 and 21. As the docking poses are different between both orthologues, no retained interactions 
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are observed.   

Mitsui’s group described an interaction between the activator 21 and Cys90 of hUCH-L1.149 The 

docking results obtained in hUCH-L1 did not show this interaction because this compound is 

observed in different conformations from Mitsui’s results. As a different program was used by this 

group, a slight difference in the results is not surprising. However, it is comforting to observe the 

interaction with Cys90 in the docking results of activator 21 in zUCH-L1. It reinforces the idea 

that zUCH-L1 should have a similar behavior than hUCH-L1. 

Docking results for LDN-91946 16 (Figure 45.B), in both human and zebrafish proteins, did not 

indicate interactions with the catalytic site and show different interactions between docking results 

in both orthologues.  

As mentioned before, the loop above the active site in the homology model is in a slightly different 

conformation compared to the one in the hUCH-L1. To ensure that it is not only the homology 

model built by Maestro that gives this loop conformation, the homology models of zUCH-L1 were 

also built with the SWISS-MODEL web service221 for comparison. A different conformation of 

the loop is still observed compared to the model obtained with Maestro and the crystallographic 

structure of hUCH-L1. This disparity in the modeling of the loop may be caused by the lack of 

secondary structures in it. In addition, the docking of the reference compounds was also performed 

with the SWISS-MODEL homology model in order to study if the loop conformation has an 

impact on the localization of the docking positions. No significant differences were observed. The 

second investigation of the loop was focused on Glu150, that is pointing in the tunnel above the 

catalytic site in zUCH-L1(i) (Figure 42). The assumption made is that the hindrance caused by 

this amino acid is blocking the ligands forward compared to the poses obtained with hUCH-L1. 

To ensure this hypothesis, a conformer of zUCH-L1(i) was generated with Glu150 pointing in the 

opposite direction (RMSD: 1.145Å compared to hUCH-L1 inactive form, Appendix F) and the 

docking of LDN-57444 was conducted in zUCH-L1(i) “open form”. The two best poses obtained 

are positioned as in hUCH-L1, further inside the tunnel (Appendix F). The remaining three poses 

are placed similarly in zUCH-L1(i). These results clearly suggest that the ligands are interacting 

in the same way in both proteins.  
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Figure 45 - Superposition of docking results of previously reported UCH-L1 ligands in 3D 

homology model of zUCH-L1 in blue secondary structure representation with UbVMe in yellow 

(A,C-D: zUCH-L1(i) and B: zUCH-L1(a)) and crystallographic structure hUCH-L1 in green 

ribbon representation with UbVMe in orange (A,C-D: 2ETL and B: 3KW5). For each result, 

interactions with the protein are highlighted. (A) LDN-57444 15, (B) LDN-91946 16, (C) TCID 

17 and (D) Activator (S)-21: in green corresponds to the docking pose in hUCH-L1 and in blue 

corresponds to the docking pose in zUCH-L1. 
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In order to evaluate the ligand-protein affinity through the binding-free energy, MM-GBSA 

calculations on the docking poses for each compound (LDN-57444 15, LDN-91946 16, TCID 17 

and activator 21) in both forms of hUCH-L1 and zUCH-L1 proteins (Table 10) were carried out. 

A higher affinity of LDN-57444 15 for the inactive forms of hUCH-L1 and zUCH-L1 proteins is 

observed. This is consistent with the results that LDN-5744 is a competitive inhibitor.123 LDN-

91946 expressed a higher affinity for the active forms of hUCH-L1 and zUCH-L1, which is 

consistent with the uncompetitive characteristic of the inhibitor.143 TCID has a similar behavior in 

both forms of the proteins and activator 21 showed higher affinity in the inactive forms of hUCH-

L1 and zUCH-L1. Furthermore, if the binding-free energies for each compound in the forms 

studied for the docking are compared, a ranking can be realized. A higher affinity is observed for 

LDN-57444 inhibitor compared to the other ligands (around -40 kcal/mol). This substantiates that 

it is one of the most potent inhibitors of UCH-L1. Activator 21 showed an affinity of around -30 

kcal/mol, slightly higher than TCID and LDN-91946 with binding-free energy in the same range, 

around -25 kcal/mol. A comparison between both species (in each form separately) for the same 

ligand reveals similar binding-free energies (ΔGbinding) with slight differences. A difference of 4 

kcal/mol was judged to be not significant as for each ligand the ΔGbinding is differing of ~4 kcal/mol 

between each pose obtained (Appendix A). 

Table 10 – MM-GBSA calculations of the affinity between the two studied proteins (hUCH-L1 

and zUCH-L1 in both inactive and active forms) and the reference ligands: LDN-57444 15, LDN-

91946 16, TCID 17 and activator (S)-21.  

 ΔGbinding [kcal/mol] 

 Inactive form Active form 

 hUCH-L1 zUCH-L1 hUCH-L1 zUCH-L1 

LDN-57444 15 -38.9 -41.0 -26.3 -30.3 

LDN-91946 16 -17.9 -20.1 -25.0 -24.0 

TCID 17 -20.4 -28.3 -20.6 -24.0 

Activator (S)-21 -26.7 -27.9 -20.6 -21.2 

 

It can be concluded that a limitation of the homology model is the modeling of a loop with different 

amino acids as there is no secondary structural elements. In that respect, it will be interesting to 



RESULTS AND DISCUSSION: PART III 

92 

 

conduct molecular dynamic simulation of this loop in order to find its preferential position or to 

obtain the crystal structure of zUCH-L1. Furthermore, the disparity in the loop has no significant 

impact on the binding-free energies when comparing zUCH-L1 homology models to the hUCH-

L1 crystal structures. zUCH-L1 proteins show a behavior similar to that of hUCH-L1 regarding 

the same ligands. It allowed us to assume that both hUCH-L1 and zUCH-L1 proteins should have 

a similar behavior in vitro in the presence of the same ligands.  

3. RECOMBINANT EXPRESSION AND PURIFICATION OF ZUCH-L1  

Considering that zUCH-L1 has shown a similar performance in silico compared to the human 

analogue, in vitro enzymatic activities were carried out. For that purpose, zUCH-L1 protein was 

produced in E. coli. and purified with a GST-tag, allowing to follow a similar purification protocol 

as described in the literature.108 During the purification process, zUCH-L1 showed similar elution 

profile compared to hUCH-L1 (Appendix G). The cleavage of the GST-tag allowed a near full 

removal of contaminants. The SDS-PAGE gel with fractions for every step of the process is 

represented in Figure 46. 

 

Figure 46 - SDS-PAGE gel of every step in the production and purification of zUCH-L1 with 

coomassie stain. Different amounts of protein were loaded in each well. BI: before induction, AI: 

after induction with 0.5 M IPTG, 1 and 2: Flow through from purification of zUCH-L1-GST by 

GSTrap, 3: protein fraction collected after purification by GSTrap, 4: protein fraction collected 

after cleavage of GST-tag by PreScission protease 5: GST tag and contaminant collected after 

cleavage of zUCH-L1-GST.  
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4. ACTIVITY OF RECOMBINANT ZUCH-L1 

The analysis of zUCH-L1 mediated DUB activity using Ub-Rho substrate, showed a saturable 

kinetic with constants similar to hUCH-L1. The plot of the initial velocity against substrate 

concentration is shown in Figure 47 for zUCH-L1 and hUCH-L1. The kinetic parameters that 

came out of fitting the Michaelis-Menten equation to the experimental data are reported in Table 

11. The kinetic analysis of zUCH-L1, compared to the human protein, showed a slightly lower 

affinity for the Ub substrate. The turnover number kcat is five times higher for zUCH-L1 compared 

to hUCH-L1. This tends to indicate that zUCH-L1 is converting more substrate into the product 

per seconds compared to the hUCH-L1. The Michaelis-Menten constant Km obtained for hUCH-

L1 is very similar to the ones reported in the literature.222–224 However, kcat values of hUCH-L1 in 

the literature showed a difference of 5 to 10-fold with our experimental conditions. The difference 

in the results can be due to the specific conditions that were used in this work compared to the 

ones detailed in the literature. 

 

Figure 47 – Variation of the initial velocity as a function of Ub-Rho concentration. Best fit 

Michaelis-Menten equation is shown as a solid line (results for one experiment performed in 

triplicates): (A) zUCH-L1 and (B) hUCH-L1. 

Table 11 - Kinetic parameters of hUCH-L1 and zUCH-L1 for the hydrolysis of Ub-Rho110. 

Comparison to the kinetic parameters obtained by Case et al.222, Boudreaux et al.224 and Luchansky 

et al.223 of hUCH-L1 hydrolysis of Ub-AMC. 

  Km [nM] Vmax [nM/s] kcat [s
-1] kcat/Km [s-1 µM-1] 

zUCH-L1 Our work 71.2 ± 9.5 20.0 ± 6.2x10-5 0.010 ± 3.1x10-4 0.14 

hUCH-L1 Our work 31.9 ± 3.6 18.3 ± 3.4x10-5 0.0018 ± 3.4x10-5 0.05 

 Literature222–224 35-47 - 0.01-0.03 0.29-0.74 
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5. EFFECT OF UCH-L1 REFERENCE LIGANDS IN VITRO 

In vitro assays of zUCH-L1 and hUCH-L1 using LDN-57444 15, LDN-91946 16 and TCID 17 

revealed dose-dependent inhibitory activities (Figure 48.A-B). The estimated inhibition constant 

(Ki,app) and IC50 values for each compound in both proteins are reported in Table 12. 

The results in Table 12 show similar Ki of the same ligands in both proteins. These results support 

the idea that both proteins have a similar behavior when interacting with ligands. Furthermore, the 

Ki,app estimated values obtained in hUCH-L1 are in the same range as the ones in the literature. 

The small differences can be correlated to the different approaches used to calculate the Ki. In this 

work, the inhibition constants were estimated whereas in the literature, these constants were 

measured experimentally. Interestingly, a stronger inhibition for TCID was also achieved in our 

experimental condition in hUCH-L1. In fact, IC50 values were used in the literature in order to 

describe TCID inhibition, values that are strongly influenced by experimental conditions. In this 

work, Ki values were estimated so as to characterize inhibition.  
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Figure 48 - Dose response curves of inhibitors LDN-57444 15, LDN-91946 16 and TCID 17 in 

(A) hUCH-L1 and (B) in zUCH-L1. Hydrolase activity of hUCH-L1 (C) and zUCH-L1 (D) in the 

presence of activator 21 at 63 µM. No inhibitor (control) was defined as 100% activity.  

Table 12 - Effect of compounds LDN-57444 15, LDN-91946 16, TCID 17 and activator 21 on the 

hydrolase activity of zUCH-L1 and hUCH-L1. Results are compared to the one described in the 

literature for hUCH-L1. 

 IC50 (µM) Ki, app (µM) Literature 

 zUCH-L1 hUCH-L1 zUCH-L1 hUCH-L1 hUCH-L1 

LDN-57444 15 14.6± 1.9 7.7± 0.6 8.6± 1.1 3.0± 0.2 
Ki measured: 400 

nM123  

LDN-91946 16 62.5± 13.6 66.7± 6.0 13.2± 1.3 41.0± 3.6 
Ki measured: 3-90 

µM143 

TCID 17 5.3± 0.6 10.2± 0.9 3.1± 0.3 3.4± 0.3 IC50: 75 µM123  

Activator 21 115% 63 µM 108% 63 µM  - 111% at 63 µM149 
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The incubation of recombinant hUCH-L1 and zUCH-L1 with 63 µM of compound 21 

demonstrated a stimulatory effect on their protease activity (Figure 48.C-D). Results of enzymatic 

assays of hUCH-L1 in the presence of compound 21 are consistent with hUCH-L1 results already 

described in the literature by Mitsui et al. (111%149 vs 108% in this work, at the same 

concentration). Compound 21 was here tested as a racemic mixture. It will be interesting to further 

investigate the enzymatic activity of each enantiomer separately. Indeed, one of the stereoisomers 

may have the desired beneficial effects, while the other may lead to undesirable side effects.225 A 

well-known example is thalidomide. The compound was sold as a racemic mixture but it turned 

out that (S)-thalidomide has teratogenic effects.226  

6. CONCLUSION 

In conclusion, we have characterized zUCH-L1 protein for the first time and we have demonstrated 

to behave similarly as hUCH-L1 regarding the same ligands. A structural homology model was 

built for both inactive and active forms of zUCH-L1. It allowed us to study the docking of four 

reference ligands compared to the docking in the crystal structures of hUCH-L1 in the active and 

inactive forms. MM-GBSA calculations allowed us then to compare the binding free-energy of 

each compound in both proteins. The results showed that zUCH-L1 has a similar behavior in silico 

regarding the same ligands compared to the hUCH-L1 protein. The same ligands were then studied 

in vitro on both proteins. They showed once again a similar action regarding different kind of 

modulators: inhibitors and an activator. In this section, we were able to demonstrate that zUCH-

L1 is a good alternative model to hUCH-L1. These results support that zebrafish is a potential 

good in vivo model to study UCH-L1 ligands.  

It will be now interesting to study in vivo the behavior of these four modulators in zebrafish models. 
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The aim of this work was to study activators of UCH-L1 and an agonist of GLP-1R. They were 

synthesized and their physical and chemical properties were investigated. A further study of UCH-

L1 activators in interaction with the protein was also carried out. 

In the case of GLP-1R, our objective was to identify and study small molecules that activate the 

receptor as a therapeutic target of PD. The first objective was achieved as we identified compound 

22 as a new agonist of GLP-1R. This 1,2,4-oxadiazole derivative is not insignificant as a compound 

bearing this 1,2,4-oxadiazole scaffold is already known as agonist of GLP-1R.105  

As to perform further in vitro and in vivo studies, the synthesis of compound 22 was successfully 

achieved (Figure 49). However, the final physical state of the compound (a sticky oil) rendered 

its handling and further characterization difficult. For that purpose, a formulation of this compound 

into a CAM system was achieved by grinding it with saccharin or citric acid. CAM systems show 

common properties with co-crystals; in both systems, intermolecular interactions between the API 

and the co-former such as hydrogen bonds, π-π stacking, or van der Waals interactions are formed. 

The difference between co-crystals and CAM systems is that the latter is an amorphous solid that 

does not have a long-range order in the arrangement of the component. Both systems are 

nevertheless used in order to modulate the properties of the API, such as the physical stability and 

the dissolution rate.200,227 The advantage of the amorphous phase is the higher solubility that can 

be obtained compared to the crystal structure of the same compound. This new formulation of 

compound 22 offers a solid compound that is now easy to handle, will facilitate the deeper 

characterizations and allow the in vitro and in vivo studies to be performed. Several formulations 

of peptide agonists of GLP-1R, such as encapsulation or complexation with cyclodextrins, were 

already tested in order to improve the properties of the latter.215,216 However, the CAM formulation 

is a first in the study of GLP-1R agonist and most importantly offers interesting properties 

regarding bioavailability since superior dissolution profiles are usually reached.  

This project allowed us to highlight a novel agonist of GLP-1R. In order to ensure that the powder 

formulation do not impact the biological properties of compound 22 regarding GLP-1R activation, 

a biological evaluation should be performed. Furthermore, the stability should still be 

characterized in order to ensure that the amorphous phase does not tend to crystallize. 



 GENERAL CONCLUSIONS AND OUTLOOKS 

  

 

100 

 

 

Figure 49 - Synthesis and CAM formulation of the 1,2,4-oxadiazole derivative 22 with 

saccharin (SA) and citric acid (CA). 

 

The second objective was to identify and study small molecules that activate UCH-L1 as a 

therapeutic target of PD. For that purpose, two approaches were investigated: (i) a virtual screening 

of UCH-L1 as to identify new scaffolds that could enhance the enzymatic activity and (ii) the study 

of the only compound described in the literature as an activator if this enzyme. 

The virtual screening performed on UCH-L1 showed three compounds potentially interacting with 

the protein: Ritonavir, Lopinavir and Benserazide. After an in vitro evaluation, we demonstrated 

for the first time that these compounds are inhibitors of UCH-L1. These results did not allow us to 

achieve our objective of identifying new activators. However, they are still interesting in regards 

to a therapeutic strategy in PD177.   

Furthermore, the results of the virtual screening displayed four catecholamine-derived compounds. 

It may therefore be interesting in future work to study catecholamine derivatives as potential 

modulators of hUCH-L1. 
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The second class of molecules that we investigated were alanylpiperidine compounds as activators 

of UCH-L1 (Figure 50). The study focused on compound 21, the only activator described in the 

literature149 and its derivatives. The synthesis of compound 36 through a saponification reaction 

was achieved starting from compound 21. Then, most importantly, we demonstrated that 

compound 36 is an activator of UCH-L1. The objective of identifying new activator compounds 

of UCH-L1 was achieved. The study of these two compounds 21 and 36 proved that the change of 

the ester group into a carboxylic acid does not impact UCH-L1 enzymatic activity. Furthermore, 

we demonstrated that these activators interact with an allosteric site instead of the active site as 

described in the literature for compound 21.149 Indeed, the in silico interactions in the active site 

are similar to the ones observed in the crystal structure of hUCH-L1 with the suicide substrate 

UbVMe.184 This suggests that compounds 21 and 36 are not interacting in the active site otherwise 

they would have shown an inhibitory activity as they block the substrate and its hydrolysis. The 

allosteric site was highlighted in silico and demonstrated that both compounds are placed in the 

same position and thus interact with the same amino acids (Lys123 and Arg129) in the pocket. 

 

Figure 50 - The in vitro and in silico results of compounds 21 and 36 and the synthesis reaction 

of the latter. 
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Crystallizing the complex composed of molecules 21 or 36 and hUCH-L1 may confirm the 

position in which the molecules interact within the protein. The result can then be compared with 

those of the in silico studies performed in this work. Preliminary attempts were already carried 

out. Potential co-crystals were obtained in condition with hUCH-L1 and molecule 36 but presented 

a poor diffraction pattern. 

As the activator and its analogue are chiral compounds, it would be interesting to study each 

enantiomer separately in order to assess their influence on the activity of UCH-L1. Indeed, a 

stereoisomer can have the desired beneficial effects while the other can lead to undesired side 

effects, such as a different expected affinity towards the proteins. The best-known example is the 

thalidomide incident.228 In the purpose of obtaining the enantiomers separately, either asymmetric 

synthesis of the desired compound can be carried out or at the end of the synthesis, chiral resolution 

can be used to separate the two enantiomers. Compared to the asymmetric synthesis approach, the 

disadvantage of the chiral resolution is the 50% yield of each enantiomer. Separating enantiomers 

can also be done by either crystallization in the form of enantiomerically pure crystals or 

conducting a reaction with a chiral compound so as to form diastereoisomers that can be easily 

separated by conventional physical and chemical characterizations. 

Furthermore, based on the docking results obtained for compounds 21 and 36 (in both cavities and 

for both configurations), three parts of the alanylpiperidine derivative interacting with UCH-L1 

protein were identified (Figure 50). This highlights the possible substitution sites as to obtain other 

derivatives of compounds 21 or 36 with regards of finding new activator compounds. 

Depending on the configuration of compounds 21 and 36, different poses and interactions are 

observed. Thus, the asymmetric center is the first part that can be highlighted (Figure 50, in red). 

Then, the tolyl group was shown to interact with Phe residues through π-π stacking (Figure 50, 

highlighted in green). Finally, the ester or carboxylic acid moiety can also interact through 

hydrogen bonds with Arg, Lys and the main peptide chain (Figure 50, highlighted in blue). These 

three highlighted parts can be modulated to change the interactions with the protein and thus the 

enzymatic behavior. In the presence of a carboxylic moiety, an easier functionalization of this 

functional group can be performed. In order to decide which part to functionalize and which 

functional group to choose, the fragment-based drug design approach can be used as a means to 

obtain derivatives of compounds 21 or 36. It consists in the identification of small fragments that 
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can bind with the target to obtain a high activity.229 Then, according to the selected small 

fragments, the final compounds can either be synthesized or bought. In the first case, the synthesis 

of compound 21 would allow us to modulate the final compound easily as only the starting 

molecule bearing the desired function should be changed. In that respect, a preliminary trial of this 

synthesis was conducted. Continuing the procedure is therefore necessary as much as evaluating 

the cost efficiency of such a procedure. Buying the desired derivatives from Aurora230 is another 

practical alternative to the synthesis.  

The objective was also to modulate the physical and chemical properties of the identified activators 

as a potential therapy in PD. In that respect, the solubility is an essential parameter during the 

development of pharmaceutical drugs. It was stated that between 70 to 90% of drug candidates 

under development display a low solubility causing a low bioavailability of the drug.209,210 

However, solubility problems were encountered when a further characterization of the enzymatic 

activity of hUCH-L1 in the presence of both compounds 21 and 36 was performed. Hence, the 

improvement of the solubility is essential in order to study the exact behavior of compounds 21 

and 36 but also in general during the development of an API. A common way to improve the 

solubility and dissolution rate of drug candidates is through salification. The equivalent to salt 

formation for non-ionizable drugs is co-crystallization. The modulation of the physical and 

chemical properties was assessed by salification experiments conducted on compound 36 since it 

bears a carboxylic acid moiety. Mechanochemistry has proven to be a method of choice in our case 

as it is increasingly used in salification assays.188,231 We obtained two new crystalline phases with 

two counter ions: lysine and sodium bicarbonate.  

In the case of 36_Na, in view of the CO2 loss, salt formation (or its partial formation) is suggested. 

In the case of 36_Lys, a new crystalline phase similar to the one of compound 36 is observed in 

the powder pattern. The objective was not completely achieved, as the solubility of compound 36 

should be now assessed to ensure these new crystalline phases are interesting regarding the 

development of a pharmaceutical drug. 

The counter ions chosen are however interesting regarding to pharmaceutical application, sodium 

being the most widely used counter ion for acidic molecules in oral formulations. They usually 

show a high solubility in water.232 Lysine is also highly used in salt formation compared to other 

basic amino acids. It is used in salts with different therapeutic agents, such as antibiotics, analgesic 
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and anti-inflammatory compounds. Ibuprofen and Voltaren Gel® are common examples of known 

drugs of sodium and lysine salts.233 Furthermore, it was demonstrated that between 2002 and 2006 

15% of the injectable salts were in lysine salt form while the sodium salt was used for oral and 

parenteral formulation.151,233 Thus, depending on the type of counter ion used, different 

administration routes can be possible.   

Several characterizations should be performed as to allow the further study of these compounds. 

For 36_Lys, the new crystalline phase can simply be a polymorph of 36 in ethyl acetate. In that 

perspective, a verification of compound 36 ground in the LAG solvent can be performed. The 

similarity in the powder pattern can also come from an excess of compound 36 in the sample. This 

suggests that the salt or co-crystal resulting from the new powder pattern is not in 1:1 ratio (36: 

lysine). Supplementary experiments should be performed with several ratios of both reagents. This 

was not possible in this work as the quantity of compound 21 and therefore 36 was not sufficient 

for further experiments. Once the salt or co-crystal is obtained without excess of compound 36, 

solubility experiments should be performed. If a better solubilization is obtained, the deeper 

enzymatic characterization will then be carried out.   

Furthermore, the hygroscopicity of both compounds should be assessed by DVS as 36_Lys was 

found to be deliquescent after two weeks. 

Finally, the last chapter was dedicated to the study of Danio rerio UCH-L1 (zUCH-L1) as an aim 

to test the UCH-L1 modulators in zebrafish in vivo models. We described zUCH-L1 protein for 

the first time (Figure 51). We started with an in silico study and since the crystal structure of the 

protein is not known, a homology model was obtained starting from the crystal structures of Homo 

sapiens UCH-L1 (hUCH-L1) in the active and inactive form. It allowed us to perform docking of 

selected reference ligands and to compare the results obtained with hUCH-L1. The protein 

production and purification were carried out in the same conditions as the one described for hUCH-

L1.123 This allows us to describe the enzymatic activity of zUCH-L1 in vitro by testing the same 

reference ligands as the one studied in silico. We demonstrated in silico and in vitro a similar 

behavior of zUCH-L1 against the same reference ligands compared to hUCH-L1. Up till now, 

zUCH-L1 was not characterized in the literature, thus these results allowed us to strengthen the 

use of zebrafish in vivo models in the study of UCH-L1 enzymatic activity. 
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Supplementary characterizations of zUCH-L1 can be performed so as to compare it further to 

hUCH-L1. These characterizations can include the study of the oligomeric states and their different 

enzymatic activities. As a monomeric form, hUCH-L1 was shown to function as a deubiquitinase. 

However, at high concentration the protein dimerizes showing a ligase activity with a reduced 

hydrolase activity. Furthermore, the crystallization of zUCH-L1 must be performed as it will allow 

us to confirm or refute the structure of the homology model. In the meantime, a study of the loop 

above the catalytic site can be performed by molecular dynamics. It will allow to study further its 

position in zUCH-L1 which can impact the docking results. Finally, in vivo testing of the reference 

ligands and the new activator 36 on zebrafish model constitutes the most important perspective of 

this work. It will allow us to validate the obtained in vitro results and understand the experimental 

behavior of these activators in living models.  

 

Figure 51 - Homology modeling of Danio rerio UCH-L1 based on the sequence alignment with 

Homo sapiens UCH-L1. Results of the Michaelis-Menten analysis of zUCH-L1 and of the in silico 

and in vitro studies performed with compounds 15, 16, 17 and 21. 
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At the end of this work small molecules were studied first in regards to GLP-1R. We characterized 

a new agonist of GLP-1R. The modulation of its physical and chemical properties to a CAM 

system allowed to change the physical state of the compound, yielding a powder that was easy to 

handle. That formulation opens now the possibility to new studies and further characterizations as 

GLP-1R agonist. Furthermore, in the study of small molecules as therapeutic option in PD, 

activators of UCH-L1 were investigated. We were able to demonstrate a new compound with 

activation properties regarding UCH-L1 enzymatic activity. This compound was shown to interact 

with an allosteric site in UCH-L1 described for the first time. As an aim to study the modulators 

in zebrafish in vivo models, the protein UCH-L1 of this species was characterized for the first time 

and even demonstrated to behave similarly to hUCH-L1. These results confirm the use of zebrafish 

models for further studies. 
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1. SOLVENTS AND CHEMICALS 

Compounds LDN-57999 15, LDN-91946 16, TCID 17 and Activator 21 were purchased from 

Evotec SE or obtained by Abaxys Therapeutics S.A. All solvents and reagents used in protein 

production, purification, enzymatic reactions and synthesis were purchased from 

MilliporeSigma/Merck KGaA, Fisher Scientific International Inc, TCI and Tebu-bio. They were 

used without any further purification.  

2. CHARACTERIZATION 

2.1. 1H NMR and 13C NMR spectroscopy 

The NMR spectra were obtained either with JEOL JNM 400 MHz or 500 MHz or with a Bruker 

Avance 500 MHz (1H NMR at 500 MHz or 400 MHz and 13C NMR at 100 MHz or 126 MHz). 

The samples were prepared by dilution in deuterated solvent in a standard quartz tube (5 mm) at 

room temperature (18-22°C). Spectra were resolved with JEOL’s Delta software. Chemical shifts 

(δ), calibrated from the deuterated solvent, are given in ppm and the coupling constant (J) in Hertz 

(Hz). The multiplicity is noted as follows: s (singulet), d (doublet), t (triplet), q (quadruplet), dd 

(double doublet), dt (double triplet), m (multiplet) and br (broad). Assignment to protons was 

accomplished by H-H correlation COSY and assignment of carbon through H-C correlation 

HMQC and HMBC. 

2.2. Infrared spectroscopy 

IR spectra were recorder either on a Bruker tensor 27 equipped with a Specac attenuated total 

reflection (ATR) accessory, or with a Perkin Elmer “Spectrum two” Fourrier transform infrared 

spectrometer (FT-IR) also coupled to ATR technique. Wavenumbers (�̅�) are given in cm-1. 

2.3. Chromatography 

Thin layer chromatography (TLC) was performed with aluminum-backed 2 mm thick Merck silica 

gel 60 F254 plates. The compounds were detected under UV light at 254 nm or KMnO4 solution (3 

g of KMnO4, 20 g of K2CO3, 5 mL NaOH 5 % and 300 mL of water). The retention factor Rf was 

determined by dividing the distance of the product spot by the distance of the reference spot.  

Flash purification chromatography columns were performed under pressure using Davisil silica 

gel (40-63 µm particles size). The ratio of the different solvents is expressed in volume. 
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2.4. Powder X-ray diffraction (PXRD) 

PXRD data were collected at room temperature on a Panalytical X’Pert Pro diffractometer 

(Bragg−Brentano geometry, X’Celerator detector), using Cu Kα radiation (λ = 1.54184 Å) at 45 

kV and 30 mA. Each sample was collected at 2θ angles from 4 and 40° with a step size of 0.0167°. 

2.5. Single-crystal X-ray diffraction (SCXRD) 

Selected crystals were mounted on Oxford Diffraction Gemini Ultra R diffractometer using Mo 

Kα radiation (λ=0.71073 Å) with Ruby CCD detector at 295(2) K. Analytical absorption correction 

was performed with CrysAlis PRO234, based on expressions derived by Clark & Reid235. Structures 

were solved using SHELXT236 and refined with SHELXL237 within OLEX2238 and SHELXLE239. 

Non-hydrogen atoms were refined anisotropically. All H atoms, except one of the -OH group in 

36, were refined using a riding model, with C—H = 0.93 (aromatic), 0.96 (methyl) or 0.98 Å 

(tertiary carbon). Coordinates of the hydrogen atom of the -OH group were refined. The isotropic 

atomic displacement parameters of the hydrogen atoms were set at 1.5 Ueq of the parent atom for 

the methyl and alcohol groups, and at 1.2 Ueq otherwise. 

2.6. Thermal properties assessment  

The thermal properties were assessed by DSC coupled to a TGA on a Mettler Toledo TGA/DSC 

3+ apparatus. Solid samples (mass about 5-10 mg) were placed in 100 µL aluminum sample pans. 

The analysis was performed from 25 to 300°C (or 350°C) at a scanning rate of 5 or 10°C/min using 

nitrogen (60 mL/min) as purge gas. The results were analyzed with STARe software (version 

16.20). 

2.7. LC-MS 

High-performance liquid chromatography (HPLC) couplet to mass spectrometry (MS) was 

performed with an Agilent 1200LC-MSD VL apparatus (compounds 22-29) or with HPLC alliance 

Waters 2695 (Compounds 21 and 36). LC separation was achieved for compounds 22-29 with an 

Eclipse XDB-C18 column (5 µm, 4.6 mm x 15 mm) with a guard column (5 µm, 4.6 mm x 12.5 

mm) or for compounds 21 and 36 with a Waters Xbridge C18 column (3.5 µm, 2 mm x 50 mm). 

A gradient mobile of water/acetonitrile from 95:5 to 5:95 was used with (for compounds 22-29) 

or without (compounds 21 and 36) 0.1% ammonium hydroxide and 0.1 formic acid. MS analysis 
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was conducted with an electrospray ionization (ESI) source. Spectra were acquired in positive and 

negative ionization mode with UV/Vis detector.  

2.8. Elemental analysis 

Elemental analysis (C, N, H) was performed with Perkin Elmer 2400 apparatus. The analyses were 

performed by V. Charles (PC2 platform - UNamur). 

2.9. Nitrogen physisorption 

Isotherms of nitrogen absorption and desorption were recorded at -196°C (liquid nitrogen) with a 

volumetric adsorption analyzer Micromeritics 3Flex. The specific surface was calculated with 

Brunauer-Emmett-Teller (BET) method in the relative pressure of 0.05 – 0.25. Before the measure, 

all samples were degassed at 60°C, 0.1 Torr during 8 h. 

2.10. Scanning electron microscopy (SEM) 

SEM images were carried out on a JEOL JSM-6010LV at 15 kV with SEI detector to study the 

morphology of the sample surface. 

3. BIOINFORMATICS TOOLS AND COMPUTATIONAL DETAILS 

3.1. Sequence alignment and homology modeling 

Sequence alignment was performed using ESprint web site and the identity and similarity 

parameters were obtained from EMBOSS Needle.240,241 The homology models were build using 

Prime application of Maestro version 2019-1 (Schrödinger LLC).242 The template used for the 

homology models of zUCH-L1 are hUCH-L1 crystal structures from the inactive (PDB entry: 

2ETL, chain A) and active forms (PDB entry: 3KW5, chain A). The obtained models were named 

as zUCH-L1(i) and zUCH-L1(a), respectively. For all homology models, the quality of geometry 

was validated by the online server PROCHECK.220 

3.2. Docking 

For both proteins (hUCH-L1 and zUCH-L1 models), the methodology for docking of reference 

ligands is the same. The proteins were prepared with Protein Preparation Wizard workflow using 

OPLS3e force fields within Maestro suite.242,243 Binding sites were determined with SiteMap tool 

of the Maestro version 2019-1 (Schrödinger LLC).181 It was run to detect up to 5 top-ranked 
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binding sites with at least 15 site points per site using a standard grid method. All compounds were 

prepared with LigPrep tool generating possible states at pH 7.4, retaining specific chirality using 

OPLS3e force field within Maestro suite.243–245 The docking location was confined in a box of 10 

Å around the catalytic triad (hUCH-L1: Cys90, His161 and Asp176; zUCH-L1: Cys85, His157 

and Asp172). Docking was performed in Maestro Glide tool using Ligand Docking with Extra 

Precision.183,246 The top docking poses were assessed at first through the glide score and for each 

docking, the first pose is the retained one. MM-GBSA calculations were performed for the retained 

docking poses with Maestro Prime tool using VSGB solvation and OPLS3e force field.243,247 

The docking protein-protein of UbVMe (PDB entry: 3KW5, chain B) with homology model 

zUCH-L1(a) was performed with ZDOCK online server.219 The best scored pose was then 

prepared through Protein Preparation Wizard from Maestro version 2019-1 (Schrödinger LLC). 

3.3. Virtual screening 

Virtual screening was performed using Genetic Optimization for Ligand Docking, GOLD, 

software (CCDC, Cambridge, UK).248 The crystal structure of hUCH-L1 (PDB entry: 2ETL, chain 

A) was prepared by removing water and Cl ions. The binding site was defined around Cys90 within 

a 10 Å sphere. The database ZINC was used as an input library.174 A subset of this chemical library 

was selected with compounds that are approved by the FDA (around 3000 molecules). The 

protonation state of all compounds was fixed at pH 7.0. A total of 10 docking solution were 

generated using the GOLD score.249  

4. RECOMBINANT UCH-L1 EXPRESSION AND PURIFICATION 

Plasmid of hUCH-L1 was a gift from C. Das group (Purdue University, USA) and plasmid of 

zUCH-L1 was bought on GenScript. Both proteins, hUCH-L1 and zUCH-L1, have a GST-UCH-

L1 DNA construct in pGEX-6p-1 vectors. Each plasmid was transformed in Escherichia coli strain 

Rosetta (DE3) BL21 competent cells. Transformed cells were grown in LB medium with 

ampicillin (100 mg/mL) and chloramphenicol (34 mg/mL) at 37°C overnight. After reaching an 

optical density of 0.6, protein expression was inducted at 20°C for 20 hours by addition of IPTG 

0.2 mM for hUCH-L1 and 0.5 mM for zUCH-L1. Cells were harvested by centrifugation (30 min, 

4°C, 5000 rpm) and were lysed by sonication (20 MHz, 10 cycles of 30 seconds sonication and 30 

seconds resting) in a lysis buffer (PBS pH 7.4 with lysozyme 10 µg/mL). The lysate was 
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centrifuged (1 h, 4°C, 10000 rpm) and the supernatant was filtered with 0.45 µm and 0.22 µm 

filters. The protein was then purified using Glutathione Sepharose resin (GE Healthcare), 

following the manufacture’s protocol. Fractions that contained the desired protein were mixed and 

dialyzed against Tris.HCl 50 mM pH 7.5, NaCl 150 mM, DTT 1 mM and EDTA 1 mM overnight. 

Cleavage of GST tag was performed with PreScission protease 1 µL/100 µg of tagged protein. The 

protein was then again purified using Glutathione Sepharose resin (GE Healthcare), following the 

manufacture’s protocol. The proteins were aliquoted into small volume and stored at -80°C. The 

fractions collected from the purifications were followed by SDS-PAGE. 

5. ENZYMATIC ACTIVITIES 

The enzymatic activity of UCH-L1 was evaluated through hydrolysis reaction of a ubiquitin 

substrate couplet to Rhodamine 110 (Figure 52). The fluorescence of the released Rhodamine110 

is then monitored. 

  

 

Figure 52 - Representation of Ub-Rho110 assay to evaluate the enzymatic activity of UCH-L1. 

Illustration adapted from Hassiepen et al.250 

5.1. UCH-L1 kinetic studies 

Enzymatic reactions were performed in black 96-well immuno plates (ThermoFisher 7605) in a 

final reaction volume of 100 µL. The protein was diluted in reaction buffer (Tris.HCl 50 mM pH 

7.4, EDTA 1 mM, DTT 1 mM and BSA 0.1 mg/mL) and 15 µL are added in the wells as to reach 

a final concentration of 1.0 nM/well (hUCH-L1) and 0.2 nM/well (zUCH-L1). Enzymatic activity 

assays were performed with an increasing final concentration of Ub-Rho ranging from 4 µM to 

100 nM. The reaction is then read immediately after substrate addition for 30 minutes at 25°C 

using SpectraMax iD3 (Molecular Device, 485 nm/535 nm). Michaelis-Menten parameters were 

determined by plotting the reaction rate against the concentration of substrate Ub-Rho and fitting 

Michaelis-Menten curve (GraphPad, San Diego, California, USA, version 5.04). The apparent 

inhibitor constant (Ki,app) was calculated through the server IC50-to-Ki.
251 Values of Kcat were 
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calculated from Vmax values using Rhodamine 110 calibration curve to convert units of 

fluorescence to molarity (Figure 53). 

 

Figure 53 - Calibration curve of the fluorescence against different concentration of 

Rhodamine110. 

5.2. UCH-L1 modulators assays 

In order to verify the tendency of the in silico results, kinetic studies of UCH-L1 enzymatic activity 

were performed in the presence of the four reference compounds. Reactions were performed in 

black 96-well immuno plates (ThermoFisher 7605) in a final reaction volume of 100 µL. The 

protein was diluted in reaction buffer (Tris.HCl 50 mM pH 7.4, EDTA 1 mM, DTT 1 mM and 

BSA 0.1 mg/mL) and 15 µL are added in the wells for a final concentration of 1.0 nM/well (hUCH-

L1) and 0.2 nM/well (zUCH-L1). Then, 100% DMSO (3 µL) or diluted inhibitor (3 µL) with 

increasing final concentration ranging from 0.3 µM to 300 µM are added to the wells. Assays for 

the activators 21 and 36 were performed at a fixed concentration of 63 µM. The protein with the 

ligand is incubated for 15 minutes at 25°C. The reaction is initiated by the addition of the substrate 

Ub-Rho, 25 µL is added in the wells for a final concentration of 50 nM per well. The reaction is 

then read immediately after substrate addition for 30 minutes at 25°C using SpectraMax iD3 

(Molecular Device, 485 nm/535 nm). IC50 values were determined by fitting a four parameters 

dose-response curve to a plot of UCH-L1 enzymatic activity in percentage against the reference 

compound concentration (GraphPad, San Diego, California, USA, version 5.04).  
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6. ALANYLPIPERIDINE DERIVATIVES 

6.1. Synthesis and crystallization  

Ethyl 1-(N-(methylsulfonyl)-N-(p-tolyl)-alanyl)piperidine-4-carboxylate 21  

 

The product was crystallized by slow evaporation from non-anhydrous ethyl acetate, which 

provided colorless plate-like crystals suitable for SCXRD. Crystal data, data collection and 

structure refinement details of compound 21 are summarized in Table 13.  

TLC: Rf ≈  0.9(Cy/EtOAc/CH3COOH: 4.5/4.5/1)  

 

1H-NMR (CDCl3): 7.53 (t, J1=7.5, 1H, CHarom), 7.33 (d, J1=7.5, 1H, CHarom), 7.20 (d, J1=8.0 2H, 

CHarom), 5.35-5.29 (m, 1H, CαH), 4.41-4.26 (m, 1H, ½CH2Npip), 4.18-4.13 (m, 2H, CH2Npip), 4.06-

3.93 (m, 1H, ½CH2Npip), 3.34-3.18 (m, 1H, CHpip), 2.93 (s, 3H, SO2Me), 3.00-2.82 (m, 1H, CHpip), 

2.62-3.51 (m, 2H, OCH2), 2.31 (s, 3H, PheMe), 2.06-1.90 (m, 2H, CH2pip), 1.77-1.62 (m, 1H, 

CH2pip), 1.26 (m, 3H, CH2Me), 1.14 (m, 3H, CαMe).  

13C-NMR (CDCl3): 169.1 (COOEt), 168.7 ((C=O)N), 139.1 (CAr), 133.2 (CAr), 132.3 (2CAr), 

129.9 (2CAr), 60.9 (OCH2CH3), 54.3 (CαH), 45.7 (CHpip), 45.1 (CHpip), 41.8 (CHpip), 39.1 

(SO2CH3), 28.7 (CHpip), 28.0 (CHpip), 21.3 (PheCH3), 17.8 (CαCH3), 14.3 (CH2Me)   

LC-MS (ESI+): for [M+H]+ calculated 397.18 and found 397.5   

Mp: 169.9 °C  

Elemental analysis: calculated: C 57.56%; H 7.12%; N 7.07% and found: C 57.35%; H 7.04%; 

N 7.12% 
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Table 13 - Experimental details. 

 21 

Crystal data  

Chemical formula C19H28N2O5S 

Mr 396.49 

Crystal system, space group Triclinic, P1̅ 

Temperature (K) 295 

a, b, c (Å) 8.5368 (6), 9.6594 (6), 13.5173 (12) 

α, β, γ (°) 75.947 (6), 79.302 (6), 74.554 (5) 

V (Å3) 1033.47 (14) 

Z 2 

Radiation type Mo Kα 

Μ (mm-1) 0.19 

Crystal size (mm) 0.79 x 0.18 x 0.05 

Data collection  

Diffractometer Oxford Diffraction Xcalibur, Gemini Ultra R 

Absorption correction Analytical 

CrysAlis PRO234, based on expressions derived by Clark & 

Reid235. 

 Tmin, Tmax 0.923, 0.991 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

13200, 6870, 4304 

Rint 0.026 

(sin /)max (Å
-1) 0.762 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.054, 0.158, 1.02 

No. of reflections 6870 

No. of parameters 248 

H-atom treatment H-atom parameters constrained 

ρmax, ρmin (e Å-3) 0.34, -0.37 

Computer programs: CrysAlis PRO234, SHELXT 2014236, SHELXL 2016237, Mercury252, publCIF253 . 
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1-(N-(methylsulfonyl)-N-(p-tolyl)-alanyl)piperidine-4-carboxylic acid 36 

 

Operating procedure:  

In a round bottom flask, compound 21 (405.1 mg, 1.02 mmol, 1.0 eq) dissolved in 8 mL of THF 

was added to a solution of LiOH (81.9 mg, 3.40 mmol, 3.4 eq) dissolved in 5 mL of water. The 

mixture was stirred at room temperature for 8 h. The resulting mixture was washed with ether. The 

aqueous phase was then acidified with HCl 37% to a pH of 2 and extracted with dichloromethane. 

The combined organic phases were dried over anhydrous Na2SO4 and concentrated under vacuum 

to yield 351.0 mg of a white solid. The product was crystallized by slow evaporation from 

methanol, which provided colorless plate-like crystals suitable for SCXRD.   

Yield: 93%  

TLC: Rf ≈  0.56 (Cy/EtOAc 5/5+ 10% acetic acid)  

1H-NMR ((CD3)2SO): 12.32 (s, 1H, COOH), 7.39 (d, 2H, J=8.0, CHAr), 7.20 (d, 2H, J=8.0, CHAr), 

5.20 (s, 1H, CαH), 4.03 - 3.15 (m, 4H, 2CH2Npip), 2.96 (s, 3H, SO2Me), 2.79 (m, 1H, CHpip), 2.31 

(s, 3H, PheCH3), 1.83-1.36 (m, 4H, 2CH2pip), 1.03 (d, J=7.0, 3H, CαMe)  

13C-NMR ((CD3)2SO): 169.1 (COOH), 168.7 ((C=O)N), 138.2 (CAr), 133.5 (CAr), 132.0 (2CAr), 

129.4 (2CAr), 53.3 (CαH), 44.5 (2CHpip), 41.3 (CHpip), 40.2 (SO2CH3), 28.5 (2CHpip), 20.7 

(PheCH3), 16.8 (CαCH3)   

Mp: 223.1 °C  

IR: ν̅ (cm-1) 3268, 2936, 1736, 1640, 1316, 1142, 1121  

Elemental analysis: calculated: C 55.44%; H 6.57%; N 7.60%; determined: C 55.33%; H 6.84%; 

N 7.47% 

The product was crystallized by slow evaporation from non-anhydrous ethyl acetate, which 

provided colorless plate-like crystals suitable for SCXRD. Crystal data, data collection and 

structure refinement details of 36 are summarized in Table 14.  
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Table 14 - Experimental details. 

 36 

Crystal data  

Chemical formula C17H24N2O5S 

Mr 368.44 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 295 

a, b, c (Å) 12.1013 (2), 12.3092 (2), 12.4348 (3) 

α, β, γ (°) 90, 100.546 (2), 90 

V (Å3) 1820.97 (6) 

Z 4 

Radiation type Mo Kα 

Μ (mm-1) 0.21 

Crystal size (mm) 0.77 x 0.18 x 0.11 

Data collection  

Diffractometer Oxford Diffraction Xcalibur, Gemini Ultra R 

Absorption correction Analytical 

CrysAlis PRO234, based on expressions derived by Clark & 

Reid235. 

 Tmin, Tmax 0.882, 0.980 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

29518, 6284, 4779 

Rint 0.026 

(sin /)max (Å
-1) 0.761 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.043, 0.126, 1.02 

No. of reflections 6284 

No. of parameters 232 

H-atom treatment H atoms treated by a mixture of independent and constrained 

refinement 

ρmax, ρmin (e Å-3) 0.29, -0.29 

Computer programs: CrysAlis PRO234, SHELXT 2014236, SHELXL 2016237, Mercury252, publCIF253 . 
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6.2. Salification of compound 36 

The grinding conditions with NaHCO3 were beforehand optimized as only small amount of 

compound 36 was in our possession. The optimization was carried out with diclofenac as it is also 

bearing a carboxylic acid and that was well studied in the laboratory. In that respect, the frequency, 

the grinding ball and the solvent were optimized with this system before applying the optimal 

conditions in the system with the alanylpiperidin derivative 36. 

36_Na 

Operating procedure: In a 2 mL Eppendorf tube, 36 (1.0 eq), sodium bicarbonate (1.0 eq), two 

of 3 mm and seven of 2 mm stainless steel grinding balls were added. The Eppendorf tube was 

then placed in the grinding machine (Retsch MM 400 Mixer Mill apparatus), equipped with two 

grinding jars. The grinding was then performed for 90 min at 30 Hz. The grinding was with 20 µL 

of water.  

Aspect: White solid  

Mp : 305°C 

36_Lys 

Operating procedure: In a 2 mL Eppendorf tube, 36 (1.0 eq), lysin (1.0 eq), two of 3 mm and 

seven of 2 mm stainless steel grinding balls were added. The Eppendorf tube was then placed in 

the grinding machine (Retsch MM 400 Mixer Mill apparatus), equipped with two grinding jars. 

The grinding was then performed for 90 min at 20 Hz. The grinding was with 20 µL of ethyl 

acetate. 

Aspect: White solid  

Mp : 165°C 
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7. 1,2,4-OXADIAZOLE DERIVATIVE 

7.1. Synthesis of compound 22 

Synthesis of tert-butyl 3-{[(methylsulfonyl)oxy]methyl}piperidine-1-carboxylate (24) 

 

Operating procedure:  

Triethylamine (0.98 mL, 7.03 mmol, 1.5 eq) was added dropwise to a solution of the piperidine 

(1.00 g, 4.65 mmol, 1.0 eq) in 7.5 mL of anhydrous dichloromethane at 0°C under argon 

atmosphere. The reaction mixture was stirred at rt for 15 min and then methanesulfonyl chloride 

(0.43 mL, 5.55 mmol, 1.2 eq) was added slowly at 0°C. The reaction mixture was stirred for 2 h 

at rt. The residue was then filtrated and the solid was washed with dichloromethane. The organic 

phases were washed with brine, dried over MgSO4 and the solvent was evaporated under reduced 

pressure in order to yield 1.314 g of 24 as a yellow oil.  

Yield: 93%  

TLC : Rf = 0.66 (DCM/EtOAc: 9/1)  

1H-NMR (CDCl3): δ 4.05-4.13 (m, 2H, CH2Npip), 3.92 (d, J=13.2, 1H, 1/2CH2Npip), 3.78-3.84 

(dt, J1=4.4, J2=13.2, 1H, 1/2CH2Npip), 3.02 (s, 3H, CH3), 2.89-2.96 (m, 1H, 1/2CH2OMs), 2.77-

2.82 (dd, J1=13.2, J2=9.6, 1H, 1/2CH2OMs), 1.92-2.00 (m, 1H, 1/2CH2,pip), 1.79-1.86 (m, 1H, 

1/2CH2,pip), 1.63-1.71 (m, 1H, 1/2CH2,pip), 1.46 (s, 9H, 3CH3), 1.41-1.53 (m, 1H, 1/2CH2,pip), 1.25-

1.36 (m, 1H, 1/2CH2,pip)   

Spectral data in agreement with the literature reference.171 
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Synthesis of tert-butyl 3-(morpholin-4-ylmethyl)piperidine-1-carboxylate (25) 

 

Operating procedure:  

A solution of 24 (1.262 mg, 4.30 mmol) and morpholine (5.0 ml, 0.8 ml/mmol) was heated at 80°C 

for 2 h under argon atmosphere. The reaction mixture was evaporated and the residue was 

dissolved with ethyl acetate. The organic solution was washed with water and brine, dried over 

Na2SO4, filtered and the solvent was removed under reduced pressure to yield 1.15 g of 25 as a 

yellow oil.  

Yield: 94%  

TLC : Rf ≈ 0.30 (Cy/EtOAc: 1/1)  

1H-NMR (CDCl3): δ (ppm) 4.08 (s, 1H, 1/2CH2Npip), 3.94 (d, J=17.6, 1H, 1/2CH2Npip), 3.70 (s, 

4H, 2CH2Omorph), 2.78 (t, J=13.2, 1H, 1/2CH2Npip), 2.36-2.43 (m, 5H, 1/2CH2Npip, 2CH2Nmorph), 

2.15 (m, 2H, CH2,morph), 1.80-1.61 (m, 3H, CH2,pip, CH), 1.45 (s, 10H, 3CH3, 1/2CH2,pip), 1.09 (m, 

1H, 1/2CH2,pip).   

13C-NMR (CDCl3): δ (ppm) 155.0 (C=O), 79.3 (C(CH3)3), 67.2 (2CH2Omorph), 62.4 (CH2,morph), 

54.2 (2CH2Nmorph), 52.2 (CH2Npip), 45.0 (CH2Npip), 33.2 (CH), 29.6 (CH2,pip), 28.6 (3CH3), 24.9 

(CH2,pip). 

LC-MS (ESI+): for [M+H]+ calculated 285.21 and found 285.2  

Mp: 58-59 °C  

IR: ν̅ (cm-) 2975, 2936, 1689, 1365, 1271, 1167, 1125 
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Synthesis of 3-(morpholin-4-ylmethyl)piperidinium trifluoroacetate (26) 

 

Operating procedure:  

Trifluoroacetic acid (TFA) (6.0 ml, 87.4 mmol, 19 eq) was added to a solution of 25 (1.150 g, 4.04 

mmol) in anhydrous dichloromethane (77 mL) under argon atmosphere. The reaction mixture was 

stirred at rt for 17 h. Then, the solvent was removed under reduced pressure. The excess of TFA 

was removed by azeotropic distillation with dichloromethane (x2), toluene and the resulting 

residue was dried under vacuum to afford the trifluoroacetate salt 26 as a brown solid (2.171 g).  

TLC : 0.10 (Cy/EtOAc: 1/1)  

1H-NMR (methanol-d4): δ 4.00-3.88 (m, 4H, 2CH2Omorph), 3.54 (d, J=12.8, 1H, 1/2CH2Npip), 3.40 

(d, J=12.8, 1H, 1/2CH2Npip), 3.21-3.40 (m, 4H, 2CH2Nmorph), 3.11-3.19 (dd, J1=2.8,  J2=6.8, 2H, 

CH2,morph), 2.94 (td, J1=12.4, J2= 3.2, 1H, 1/2CH2Npip), 2.79 (t, J=12.4, 1H, 1/2CH2Npip), 2.30-2.40 

(m, 1H, CH), 1.95-2.02 (m, 2H, CH2,pip), 1.72-1.84 (m, 1H, 1/2CH2,pip), 1.33-1.44 (m, 1H, 

1/2CH2,pip).  

13C-NMR (methanol-d4): 64.8 (2CH2Omorph), 60.7 (CH2,morph), 53.7 (2CH2Npip), 47.3 (CH2Npip), 

44.9 (CH2Npip), 30.2 (CH), 27.7 (CH2,pip), 22.7 (CH2,pip). 
 

Mp: 343.15 K  

IR: ν̅ (cm-) 3431, 1670, 1455, 1432, 1200, 1171, 1130 
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Synthesis of N-hydroxy-4-(trifluoromethyl)benzenecarboximidamide (28) 

 

Operating procedure:  

4-Trifluoromethylbenzonitrile (1.004 g, 5.88 mmol, 1.0 eq) in 22 mL of ethanol was added to 

hydroxylamine hydrochloride (2.444 g, 35.2 mmol, 6.0 eq) and sodium hydrogen carbonate (1.485 

g, 17.7 mmol, 3.0 eq) in 22 mL of water. The mixture was stirred at 100°C for 1 h. Then, the 

solvents were evaporated from the cooled mixture under reduced pressure and ice-cold water was 

poured on the residue. The precipitate was collected by filtration, washed with cooled water and 

dried to yield 28 1.06 g of as a light blue powder.  

Yield: 89%  

TLC : 0.54 (Cy/AcOEt: 1/1)  

1H-NMR ((CD3)2SO): δ 9.93 (s, 1H, OH), 7.90 (d, 2H, J=8.0, 2CHar), 7.74 (d, 2H, J=8.0, 2CHar), 

6.00 (s, 2H, NH2)  

Spectral data in agreement with the literature reference.254 
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Synthesis of 5-(chloromethyl)-3-[4-(trifluoromethyl)phenyl]-1,2,4-oxadiazole (29)  

 

Operating procedure:  

Benzamidoxime 28 (860 mg, 4.21 mmol, 1.0 eq) and N,N-diisopropylethylamine (DIPEA) (1.2 

mL, 6.32 mmol, 1.5 eq) in 27 mL of anhydrous toluene were added to a solution of chloroacetyl 

chloride (0.44 mL, 5.53 mmol, 1.3 eq) in 5 mL of anhydrous toluene at 0°C under argon 

atmosphere. The mixture was stirred at reflux for 2 h. Then, the solvent was evaporated from the 

cooled mixture. The resulting residue was then purified by flash column chromatography (Cy to 

Cy:EtOAc, 9:1) to yield 671.0 mg of 29 as a yellow oil.  

Yield: 61%  

TLC : 0.75 (Cy/EtOAc: 3/1)  

1H-NMR (CDCl3): δ 8.17 (d, J=8.2, 2H, 2CHAr), 7.71 (d, J=8.2, 2H, 2CHAr), 4.72 (s, 2H, CH2).  

13C-NMR (CDCl3): 175.0 (C(O)=N), 168.1 (C(N)=N), 133.4 (CCF3), 129.7 (CAr), 128.0 (2CHAr), 

126.1 (2CHAr), 123.8 (CF3), 33.4 (CH2)  

Spectral data in agreement with the literature reference.255 
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Synthesis of 4-{[1-({3-[4-(trifluoromethyl)phenyl]-1,2,4-oxadiazol-5-yl}methyl) piperidin-3-

yl]methyl}morpholine 22 

 

Operating procedure:  

DIPEA (2.7 mL, 15.5 mmol, 6.1 eq) and 26 (1.580 g, 3.83 mmol, 1.5 eq) were added to a solution 

of 29 (671 mg, 2.55 mmol, 1.0 eq) in 27 mL of anhydrous acetonitrile under argon atmosphere. 

The reaction mixture was stirred at reflux for 2 h. Then, the solvent was evaporated from the cooled 

mixture. The residue was dissolved in ethyl acetate and washed with brine. The organic layer was 

dried over Na2SO4, filtered and the solvent was evaporated under reduced pressure. The residue 

was purified by flash column chromatography (DCM to DCM:MeOH, 98:2) to yield 40.9 mg of 

compound 22 as a pale yellow syrup.  

Yield: 48%  

TLC : 0.67 (DCM/MeOH: 9/1)   

1H-NMR ((CD3)2SO): 8.22 (d, 2H, J=8.0, 2CHAr), 7.95 (d, 2H, J=8.0, 2CHAr), 3.98 (dd, 2H, 

J1=15.0, J2=23.0, CH2,pip), 3.52 (m, 4H, 2CH2Omorph), 2.93 (d, 1H, J=9.0, 1/2CH2Npip), 2.78 (d, 

1H, J=10.0, 1/2CH2Npip), 2.62 (m, 4H, 2CH2Nmorph), 2.36-2.23 (m, 3H, CH2morph, 1/2CH2Npip), 

1.88 (t, 1H, J=10.0, 1/2CH2Npip), 1.79 (s br, 1H, CH), 1.65-1.58 (m, 2H, CH2pip),1.52-1.43 (m, 1H, 

1/2CH2pip), 0.89-0.81  (m, 1H, 1/2CH2pip).  

13C-NMR ((CD3)2SO): δ 177.8 (C(O)=N), 166.5 (C(N)=N), 130.0 (q, CCF3), 127.9 (2CHAr), 126.2 

(2CHAr), 125.2 (q, CAr), 122.5 (q, CF3), 66.2 (2CH2Omorph), 62.3 (CH2morph), 57.6 (CH2Npip), 53.7 

(2CH2Nmorph), 53.3 (CH2Npip), 52.7 (CH2pip), 32.6 (CH), 28.3 (CH2pip), 24.5 (CH2pip).
 

LC-MS (ESI+): for [M+H]+ calculated 411.20 and found 411.2  

IR: ν̅ (cm-) 2935, 2800, 2856, 1416, 1322, 1116  
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7.2. Salification of compound 22 

Synthesis of 22_Cl 

A 2 M HCl in Et2O (3 mL/mmol) solution was added dropwise to a solution of the free amine 22 

in anhydrous Et2O (6 mL/mmol) under argon atmosphere. For 3 h, the mixture was allowed to 

stand. The hydrochloride salt can be isolated by evaporation of the solvent and followed by drying 

under vacuum to yield an off-white solid which in contact with humidity of the air became rapidly 

deliquescent. 

Mp: 206-207°C  

Elemental analysis: calculated: C 46.25%; H 6.02%; N 10.79%; determined: C 46.47%; H 5.99%; 

N 10.91%  

Synthesis of 22_2CA 

In a grinding jar, 22 (201 mg, 0.490 mmol, 1.0 eq), citric acid (188 mg, 0.976 mmol, 2.0 eq), and 

a grinding ball (Zirconium oxide, 12 mm of diameter) were added. The jar was then placed in the 

grinding machine (Retsch Mixer Mill 400), equipped with another grinding jars. The dry grinding 

was then performed for 90 min at 30 Hz to afford an off-white solid.  

1H-NMR ((CD3)2SO): δ 8.23 (d, 2H, J=8.2, 2CHAr), 7.95 (d, 2H, J=8.2, 2CHAr), 4.02 (dd, 2H, 

J1=23.0, J2=15.0, CH2pip), 3.66 (m, 4H, 2CH2Omorph), 2.92 (d, 1H, J=9.0, 1/2CH2Npip), 2.78 (d, 1H, 

J=9.0, 1/2CH2Npip), 2.72 (d, 4H, J=15.5, 2*CH2CA), 2.62 (m, 8H, 2*CH2CA, 2CH2Nmorph), 2.38-

2.45 (m, 2H, CH2morph), 2.22 (t, 1H, J=9.0, 1/2CH2Npip), 1.96 (t, 1H, J=9.0, 1/2CH2Npip), 1.90 (s 

br, 1H, CH), 1.66-1.45 (m, 3H, 1/2CH2pip, CH2pip), 0.89-0.97 (m, 1H, 1/2CH2pip).  

13C-NMR ((CD3)2SO): δ 177.8 (C(O)=N), 175.0 (2COOHCA), 171.4 (4COOHCA), 166.6 

(C(N)=N), 130.0 (q, CCF3), 128.0 (2CHAr), 126.2 (2CHAr), 125.0 (q, CAr), 122.8 (q, CF3), 72.3 

(2C(OH)CA), 65.2 (2CH2Omorph), 61.3 (CH2morph), 57.1 (CH2Npip), 53.0 (2CH2Nmorph), 52.6 

(CH2Npip, CH2pip), 43.0 (4CH2,CA), 31.9 (CH), 28.1 (CH2pip), 24.2 (CH2pip). 

Tg: 55-57 °C (degradation from 140°C)  

IR: ν̅ (cm-) 3458, 2951-3000, 1724, 1577, 1325, 1121   

Elemental analysis: calculated: C 48.37%; H 5.20%; N 7.05%; determined: C 47.32%; H 5.09%; 

N 6.55% 
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Synthesis of 22_2SA 

In a grinding jar, 22 (150 mg, 0.365 mmol, 1.0 eq), saccharin (135 mg, 0.737 mmol, 2.0 eq), and 

a grinding ball (Zirconium oxide, 12 mm of diameter) were added. The jar was then placed in the 

grinding machine (Retsch Mixer Mill 400), equipped with another grinding jars. The dry grinding 

was then performed for 90 min at 30 Hz to afford an off-white solid. 

1H-NMR ((CD3)2SO): 8.22 (d, 2H, J=8.2, 2CHAr), 7.96 (d, 2H, J=8.2, 2CHAr), 7.89 (d, J=7.0, 6.4, 

2H, CHAr,Sacc), 7.79-7.73 (m, 6H, CHAr,sacc), 4.20 (s, 2H, CH2,pip), 3.82 (s br , 4H, 2CH2Omoprh), 

3.23 (s br, 3H, 2CH2Nmoprh), 3.07-3.03 (m, 3H, 1/2CH2Npip, CH2morph), 2.91 (s, 1H, 1/2CH2Npip), 

2.44 (t, 1H, 1/2CH2Npip), 2.25 (t, 1H, 1/2CH2Npip), 2.14 (s br, 1H, CH), 1.73-1.69 (m, 3H, 

1/2CH2pip, CH2pip), 1.08 (d, 1H, J=10.0, 1/2CH2pip) 

13C-NMR ((CD3)2SO): δ 176.6 (C(O)=N), 166.6 (C(N)=N), 164.7 (C=Osacc), 142.5 (CAr,sacc), 133.2 

(CAr,sacc), 133.1 (CAr,sacc), 131.7 (CCF3), 131.4 (CAr), 129.9 (2CHAr), 128.0 (CAr,sacc), 126.4 (2CHAr), 

124.9 (q, CF3), 123.6 (CAr,sacc), 120.1 (CAr,sacc), 63.2 (2CH2Omorph), 59.1 (CH2morph), 55.8 (CH2Npip), 

52.4 (CH2Npip), 51.9 (CH2pip), 51.7 (2CH2Nmorph), 29.9 (CH), 26.9 (CH2pip), 23.0 (CH2pip) 

Tg: 62-63 °C (degradation from 210°C)  

Elemental analysis: calculated: C 52.57%; H 4.54%; N 10.82%; determined: C 51.25%; H 4.52%; 

N 10.35%  

IR: ν̅ (cm-) 3951-3000, 2869, 1738, 1576, 1324, 1147, 1117 
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Figure 54 - Docking poses of (R)-36 in the allosteric site of hUCH-L1 inactive form (PDB: 2ETL). 

Representation of pose 1, 2 and 3 in pink, blue and green respectively. 

Table 15 -Raking based on the glide score of top 3 poses obtained for the docking of (R)-36 in the 

AS-1 of hUCH-L1 inactive form, defined by SiteMap. Values of ΔGbinding were obtained by MM-

GBSA calculations. 

Pose number Color ΔGbinding [kcal/mol] 

1 Pink -20.0 

2 Blue -19.5 

3 Green -23.0 
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Figure 55 - DSC/ TGA curves of compound (A) 22_2CA and (B) 22_2SA. The DSC curve is in 

red line and the TGA one in blue dotted line. 
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Figure 56 - PXRD diffraction pattern of (A) 36_SA, saccharin and 36 (from top to bottom), of (B) 

36_CA, citric acid and 36 (from top to bottom) and (C) 36_Arg, arginine and 36 (from top to 

bottom). 
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Figure 57 - PXRD diffraction pattern of (A) 36_His, histidine and 36 (from top to bottom) and of 

(B) 36_Caffeine, caffeine and 36 (from top to bottom). 
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Figure 58 - DSC/ TGA curves of compound 36, sodium bicarbonate and lysine (from top to 

bottom). The DSC curve is in red line and the TGA one in blue dotted line  
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Figure 59 - Ramachandran plot for both zUCH-L1 models (A) zUCH-L1(i) and (B) zUCH-L1(a). 

Glycines are plotted as triangles, prolines are plotted as squares, all other residues are plotted as 

circles. The red, yellow and white regions are the favored, the allowed and the disallowed regions 

respectively. 

Table 16 - List of amino acids that are in the disallowed regions of zUCH-L1(i) and zUCH-

L1(a) homology models. 

zUCH-L1(i) zUCH-L1(a) 

Phe103 Cys71 

Asp152 Asp152 

Lys65 Ser24 

Glu35  
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Figure 60 – Superposition of 3D structures in secondary structure representation of hUCH-L1 

inactive form (green), zUCH-L1(i) (dark blue) and zUCH-L1(i) "open form" (light blue). Residues 

of interest are represented in sticks. 

 

Figure 61 - Docking results of LDN-57444 in zUCH-L1(i) in "open form". Protein in secondary 

structure representation and LDN-57444 for poses 1 to 5 in purple, yellow, orange, green and red 

respectively. Hydrogen atoms are not shown for clarity purpose.
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Figure 62 - Elution profile of zUCH-L1-GST by GSTrap. At 16 mL, buffer A (PBS, pH 7.4) was 

eluted with buffer B (Tris.HCl 50 mM, NaCl 500 mM, DTT 1 mM, GSH 20 mM, pH 8.0). 

 

Figure 63 - Elution profile of zUCH-L1 by GSTrap. At 50 mL, buffer A (Tris.HCl 50 mM, NaCl 

150 mM, DTT 1 mM, EDTA 1 mM, pH 7.4) was eluted with buffer B (Tris.HCl 50 mM, NaCl 

500 mM, GSH 20 mM, pH 8.0). 
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