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xi d'heures de calculs qui nous restait. C'est ainsi que nous avons choisi d'utiliser des tMD afin de simuler les deux transitions d'état. Comme ces simulations sont plus rapides mais potentiellement plus erronées, nous avons procédé à de nombreux tests pour les différents paramètres (calcul des RMSD, temps de simulation, atomes ciblés). Nous avons finalement gardé quatre simulations comme décrit plus haut, pour lesquelles nous avons fait le choix de cibler tous les atomes de la protéine, avec un re-calcul des forces toutes les 5 ns. biologiquement déjà bien décrits [START_REF] Liu | Allosteric Control of an Asymmetric Transduction in a G Protein-Coupled Receptor Heterodimer[END_REF] .

Quatrième partie : Études portant sur d'autres récepteurs mGlu

Dans cette partie, nous abordons plusieurs sujets liés aux récepteurs mGlu. Tout d'abord, nous discutons de la sensibilité aux ions chlorures du groupe-II (mGlu2 & mGlu3) et de son impact sur l'activité et la structure des récepteurs. Cette étude fournit des informations supplémentaires sur le mécanisme d'activation du groupe-II, en particulier pour le récepteur mGlu3 modulé par les ions chlorures, alors que le récepteur mGlu2 y est moins sensible.

Dans une seconde étude, nous avons focalisé nos recherches sur la caractérisation du mode de liaison de dérivés agonistes du récepteur mGlu4. Il en ressort un mode de liaison original pour le composé LSP4-2022, combinant le site orthostérique avec l'un ou l'autre des deux sites chlorure à proximité de la poche de liaison. Ce mode de liaison bitopique dans le VFD des récepteurs mGlu a été décrit pour la première fois dans cette étude. Enfin, nous abordons une étude réalisée sur un homologue mGlu chez la Drosophila, le récepteur Mangetout. Nous partageons la découverte du ligand endogène, l'arginine, conduisant à la déorphanisation du récepteur. Une analyse approfondie des modes de liaison a également été réalisée sur le ligand endogène et un agoniste compétitif, la canavanine [Figure 1-3], ainsi que sur la modulation de leur activité par l'ion calcium.

Cinquième partie : Études de transporteurs

Dans cette partie, nous discutons de deux articles publiés qui portent sur deux types différents de transporteurs membranaires. Le premier est Asc-1, un transporteur présynaptique situé à la fois dans les neurones et les astrocytes, qui joue un rôle dans la schizophrénie. Nous avons modélisé par homologie la protéine, pour ensuite étudier sa liaison à son agoniste, la D-sérine, ainsi qu'à un antagoniste compétitif et transportable, la SMLC. Nous avons aussi exploré par des simulations de dynamique moléculaire les premières étapes de la translocation à partir de l'état ouvert côté lumen.

Le second est le transporteur d'acide sialique (Sialine), un transporteur lysosomale situé dans une variété de cellules, dont les neurones, et qui, lorsqu'il est porteur de la mutation R39C, est responsable de la maladie de Salla. Nous nous sommes intéressés au mode de liaison d'un antagoniste non compétitif, LSP12-3129, qui a pour particularité originale de ne se lier que du côté cytosolique de la protéine, traversant ainsi passivement les membranes biologiques.

Conclusion et perspectives

Cette thèse est le parfait exemple de la grande variété de questions/sujets auxquelles la modélisation moléculaire est capable d'apporter des compléments de réponse. Au cours de cette thèse nous avons été en mesure de caractériser par des modèles par homologie et des dockings moléculaires, les modes d'interactions de plusieurs agonistes et antagonistes.

Notamment pour des récepteurs mGlu, impliqués dans de nombreuses neuropathologies, pour Mtt, présent uniquement dans le cerveau chez la Drosophila, et pouvant jouer un rôle dans le comportement, mais aussi pour des transporteurs de membranaires, comme Asc-1 impliqué indirectement dans la Schizophrénie, et finalement la sialine, responsable d'une grave maladie génétique, la maladie de Salla.

Résumé français

xiii Mais nous avons surtout réussi à montrer deux potentiels chemins de transition conformationnels pour le récepteur mGlu2, via une utilisation intensive de différentes techniques de dynamiques moléculaire. Cette étude fut riche en apprentissage et en rebondissements, alors qu'au cours de ces trois dernières années de nombreuse structures de cryo-microscopie électronique ont été publiées, nous forçant à nous adapter pour prendre en compte toutes les nouvelles informations structurales ! Tous ces résultats ont soit déjà été publiés, soit sont en cours de publication / écriture. Pour 

First part: Introduction

In this thesis, we present our investigations on metabotropic glutamate (mGlu) receptors, on a homologous protein in the Drosophila, the mangetout receptor (Mtt), and on two transporters, the alanine-serine-cysteine transporter (Asc-1) and the sialic acid transporter (sialin). Some of the studies are already published (or submitted), and will be briefly introduced before the article, followed by additional discussion and results analysis that were not included in the papers.

As mentioned by the title of this thesis, the main project was about understanding the activation mechanism of the metabotropic Glutamate 2 (mGlu2) receptor, using the most efficient computational methods. For all the projects we carried out, we used similar approaches and tools, which means that all the methodology described in this thesis is a common core.

The understanding of the activation mechanism of the mGlu receptors and the search for new ligands is the main topic of interest in our group. Indeed those receptors are related to several neurological disorders (Epilepsy, Schizophrenia, chronic neuropathic pain, Parkinson's disease), for which new treatments are always in demand, especially for treating younger populations 1,2 . On the other side, the homologous receptor, Mtt, present in the Drosophila, is also an interesting target, for being a sensory receptor for a toxic plant molecule, but also in the brain for a natural amino acid.

Those receptors are part of vast and complex signaling networks in which other types of proteins are involved, such as the membrane transporters. This is why we also investigated Introduction 2

Chapter 1: The class C GPCRs 1.1 Definition of the GPCRs

The mGlu and Mtt receptors that we have extensively studied in this thesis are members of the G-protein coupled receptors (GPCRs) family, and more precisely of the class C.

First, let us have an overview of the GPCRs: they have been widely studied up to the point that they represent now more than 17% of the targets for approved drugs (including the GPCR related proteins).This family is targeted by 30% to 40% of approved small molecule drugs on the market 3-5 . Interestingly, these drugs interact with only 16% (134 over ~800) of the receptors of this protein family, which makes 36% of the non-olfactory GPCRs. The GPCRs are membrane receptors that are divided into six classes (from A to F, IUPHAR/PBS nomenclature) 6 based on their sequence similarity and functions. They all share a common domain of seven transmembrane helices (7TM or TMD), which interacts with a heterotrimeric G-protein via its intra-cellular interface. Upon agonist binding at the The class C GPCRs 3 extracellular interface, the receptor changes its conformation to adopt an active state, a conformational switch that transmit the signal to the intra-cellular G-protein, which activates a specific signaling pathway (depending on the type of G-protein) [START_REF] Katritch | Structure-Function of the G Protein-Coupled Receptor Superfamily[END_REF] .

Members of the class C GPCRs

Receptors of class C make up a subclass of GPCRs with unique structural features and are only activated by small molecules and ions, while the other classes (A, B1, B2, and Frizzled) can also be activated by photons, peptides or proteins. In this class, we can find four receptor sub-families that are classified according to their endogenous ligand and the orphan receptors [Figure 1-1] 8,9 .

Metabotropic glutamate receptors

Also called mGlu receptors, it is the largest subfamily among the class C, containing eight members and separated into three groups according to their sequence identity, signaling pathway and pharmacological profile [Figure 1-2] 10, [START_REF] Niswender | Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease[END_REF] . They are glutamate specific transmembrane receptors located at the neuron's synaptic interface, oriented to the lumen.

Figure 12: Phylogenetic tree of the mGlu receptors. Label description: "M" stands for mGlu directly followed by the subtype number and after the underscore the specie, "HS" standing for Homo sapiens. In second, the UniProt code of the sequences. Finally the starting and last residue number.

The group I (mGlu1 & mGlu5) receptors are mainly postsynaptic, while group II (mGlu2 & mGlu3) and group III (mGlu4, mGlu7 & mGlu8) receptors are mainly presynaptic. In the group III, mGlu6 stands apart, as it is exclusively postsynaptic and located in the retina, allowing the ON-bipolar neuronal transmission [START_REF] Vardi | Evidence That Different Cation Chloride Cotransporters in Retinal Neurons Allow Opposite Responses to GABA[END_REF] .

The group I postsynaptic activation leads to an increase of the cytosolic Ca 2+ concentration via the enzyme phospholipase C and the inositol 1,4,5-trisphosphate (IP3). It can also decrease the potassium release via its transporter. The less common presynaptic activation leads to a positive retro-control of the glutamate release. This group is playing an important role for the modulation of the synaptic plasticity 13, [START_REF] Wang | Group I Metabotropic Glutamate Receptor-Mediated Gene Transcription and Implications for Synaptic Plasticity and Diseases[END_REF] , and mGlu5 receptor is playing a role Introduction 4 in epilepsy [START_REF] Umpierre | Conditional Knock-out of MGluR5 from Astrocytes during Epilepsy Development Impairs High-Frequency Glutamate Uptake[END_REF] . The group I was shown to be a possible therapeutic target to treat addiction [START_REF] Olive | Metabotropic Glutamate Receptor Ligands as Potential Therapeutics for Addiction[END_REF] and reduce parkinsonian symptoms [START_REF] Wolfarth | The Role of Metabotropic Glutamate Receptor (MGluR) Ligands in Parkinsonian Muscle Rigidity[END_REF] .

The group II and III presynaptic activation induces a negative retro-control over the glutamate release while a postsynaptic activation (less common) inhibits the intake of Ca 2+ This role is important for avoiding excess activation of the postsynaptic receptors and therefore excitotoxicity. The group II and III receptors are involved in several pathologies, such as schizophrenia [START_REF] Maksymetz | Targeting Metabotropic Glutamate Receptors for Novel Treatments of Schizophrenia[END_REF] , anxiety [START_REF] Fendt | MGluR7 Facilitates Extinction of Aversive Memories and Controls Amygdala Plasticity[END_REF] , depression [START_REF] Mitsukawa | Metabotropic Glutamate Receptor Subtype 7 Ablation Causes Dysregulation of the HPA Axis and Increases Hippocampal BDNF Protein Levels: Implications for Stress-Related Psychiatric Disorders[END_REF] , addiction 21-23 , chronic neuropathic pain 24,25 , epilepsy 26,27 , Parkinson's disease 11,28,29 , and Alzheimer's disease 30 .

GABAB receptors

The GABAB receptors are binding gamma-aminobutyric acid (GABA), and are structurally different from the other receptor of class C, as they do not have a CRD, with instead VFDs directly connected to TMDs. Until recently, they were also the first example of heterodimers among the class C 31 . Indeed, in this sub-class, only GABAB1 can bind a ligand, when only GABAB2 is bound the G-protein complex [START_REF] Shen | Structural Basis of GABAB Receptor-Gi Protein Coupling[END_REF] . The presynaptic activation of the receptors will preferentially inhibit the calcium channels and the release of neurotransmitters [START_REF] Bettler | Molecular Structure and Physiological Functions of GABA B Receptors[END_REF] . On postsynaptic activation, they are mostly stimulating the opening of the potassium channels (GIRKs), thus equilibrating the ionic concentration and therefore reducing the action potential frequency [START_REF] Bettler | Molecular Structure and Physiological Functions of GABA B Receptors[END_REF] . They are also a target of interest for chronic pain conditions 34, [START_REF] Laffray | Impairment of GABAB Receptor Dimer by Endogenous 14-3-3ζ in Chronic Pain Conditions[END_REF] .

Calcium sensing receptors

The calcium sensing receptor (CaSR) has been showed to be essential to the modulation of the Ca 2+ concentration in tissues and controlling extracellular Ca 2+ homeostasis. However, it can also play a role in the regulation of hormone secretion, airway constriction, cardiovascular effect, cellular differentiation and proliferation [START_REF] Leach | CVIII. Calcium-Sensing Receptor Nomenclature, Pharmacology, and Function[END_REF] . For example, it can maintain the equilibrium of the parathyroid hormone (PTH) involved in osteoporosis 37 , while numerous pathological mutations have been identified [START_REF] Hannan | Identification of 70 Calcium-Sensing Receptor Mutations in Hyperand Hypo-Calcaemic Patients: Evidence for Clustering of Extracellular Domain Mutations at Calcium-Binding Sites[END_REF] . This broad variety of effects makes this receptor a key clinical target, explaining that only in the past year twelve cryo-EM structures were solved. Overall, the active and inactive CaSR homodimers are very similar to the mGlu5 receptor cryo-EM active and inactive structures 39-42 .

Taste receptors

The taste receptors type 1 (T1R) sub-family is composed of three members, responsible for the sweet and umami taste. They only forms heterodimers, with the T1R1/T1R3 dimer mediating the umami taste, while the T1R2/T1R3 dimer mediating the sweet taste [START_REF] Sanematsu | Structure, Function, and Signaling of Taste G-Protein-Coupled Receptors[END_REF] . To this date, only the VFD of those receptors has been solved by X-ray crystallography, and thus the dimerization interactions of the TMDs are yet unknown. This is a target of interest especially in the food industry, as novel comestible compound acting as positive allosteric modulators of the T1R2/T1R3 dimer, will increase the sweet taste of sucrose, which could help in reducing the overall amount of sugar needed in processed food.

The Drosophila mangetout receptor

In the Drosophila, only two homologous mGlu receptors are encoded in its genome. Not surprisingly, the first "deorphanized" homolog is binding glutamate, and is named Drosophila metabotropic glutamate receptor A (DmGluRA) [START_REF] Parmentier | Cloning and Functional Expression of a Drosophila Metabotropic Glutamate Receptor Expressed in the Embryonic CNS[END_REF] .

The mangetout (Mtt) receptor is the second one, but until recently its endogenous activating ligand in the brain was unknown, hence its previous name DmX (for Dro-mX) receptor [START_REF] Mitri | Divergent Evolution in Metabotropic Glutamate Receptors[END_REF] .

This receptor was only known as a sensitive receptor reacting only to an amino-acid derivative, L-canavanine, an agonist that has a repellant effect on the Drosophila [START_REF] Mitri | Plant Insecticide L-Canavanine Repels Drosophila via the Insect Orphan GPCR DmX[END_REF] . It appears that the endogenous ligand in the brain is L-arginine (from which L-canavanine is an analog), but can only activate the receptor in presence of high calcium concentrations. This is the reason why it was not initially considered as an agonist of Mtt.

L-canavanine is produced by some plants as a defensive mechanism. Indeed, the Lcanavanine can be toxic for some species, Homo sapiens included, because of its high similarity to the L-arginine [Figure 123]. The toxicity results from the incorrect integration of L-canavanine instead of L-arginine in the proteins, leading to potentially misfolded and non-functional proteins.

Figure 1-3: L-arginine and L-canavanine side-by-side. L-canavanine differs from L-arginine

by only one oxygen atom in the gamma position. Because the oxygen is more electro withdrawing than carbon, the pKa of the guanidinium is greatly reduced down to 6.9 (versus 12.1 for Larginine). Introduction 6

Specific features of the class C GPCRs

Among the GPCR family, the class C receptors are probably the most peculiar, presenting some unique features that have yet to be fully understood. The main and most visible specific feature is their large extracellular domain (ECD) that carries the orthosteric binding site, which is classically located in the transmembrane domain for all other GPCRs. The orthosteric binding site is the binding pocket for the endogenous agonists [START_REF] O'hara | The Ligand-Binding Domain in Metabotropic Glutamate Receptors Is Related to Bacterial Periplasmic Binding Proteins[END_REF] .

The transmembrane domain (TMD) in all GPCRs, including class C, is structurally well conserved, made of 7 transmembrane helices, and therefore called the 7TM domain. In class C this domain holds an allosteric binding site that can potentiate the activity of the ligands binding to the orthosteric site in the ECD [START_REF] Leach | Molecular Insights into Allosteric Modulation of Class C G Protein-Coupled Receptors[END_REF] .

Looking back at the ECD, we can separate it in two sub domains, the cysteine rich domain (CRD) that connects the TMD (or 7TM domain) to the Venus-flytrap domain (VFT domain or VFD), also called ligand binding domain (LBD). To the exception of GABAB receptors that do not have CRDs, with instead, their VFD connected via a short loop to their TMD [Figure 1234].

The VFD can be separated in two subdomains, the superior lobe (or lobe 1) and the inferior lobe (or lobe 2) that are connected by three very flexible hinges. The hinges allow for the rigid body motion of opening and closing of the VFD's lobes.

Lastly, in this class, the receptors are mandatory dimer to achieve the signal transduction.

Depending on the subtype, they can be homo or hetero dimers [START_REF] Delgado | Pharmacological Evidence for a Metabotropic Glutamate Receptor Heterodimer in Neuronal Cells[END_REF] . Over the past decade, the mGlu receptors activation mechanism has been highly investigated with innovative biological assay [START_REF] Doumazane | A New Approach to Analyze Cell Surface Protein Complexes Reveals Specific Heterodimeric Metabotropic Glutamate Receptors[END_REF][START_REF] Doumazane | Illuminating the Activation Mechanisms and Allosteric Properties of Metabotropic Glutamate Receptors[END_REF][START_REF] Olofsson | Fine Tuning of Sub-Millisecond Conformational Dynamics Controls Metabotropic Glutamate Receptors Agonist Efficacy[END_REF] , which made possible to describe several conformational states during the activation mechanism [START_REF] Xue | Major Ligand-Induced Rearrangement of the Heptahelical Domain Interface in a GPCR Dimer[END_REF] , as well as the kinetics of their transition from one to another [START_REF] Rondard | Dynamics and Modulation of Metabotropic Glutamate Receptors[END_REF] . Despite the increasing number of structures determined by cryogenic electron microscopy (cryo-EM), including for the mGlu receptors 56-59 , the motions of transition between the different possible conformations and states remain to be elucidated. Indeed the different steps that occur at an atomic level during conformational transitions cannot be solely described by static analysis of the conformations. This is what motivated the main study of this thesis, the simulation of possible transitions of the mGlu2 receptor.

In parallel, we also investigated the binding of several ligands, orthosteric agonists / antagonists, allosteric modulators, and ions. All those studies were carried out in order to explain the compounds activity, for improving them, but also to get a better understanding of the activation mechanism of the mGlu receptors.

It has been demonstrated that the mGlu receptors are involved in several neurological diseases and psychiatric disorders, making them promising therapeutic targets 15-24,11,25-30 .

Whereas for Mtt receptor, it is a Drosophila receptor originally well known for its sensor function in the bitter-sensitive gustatory neurons, activated by the L-canavanine, a plant insecticide. Nevertheless, the receptor was also found in the Drosophila brain, and we have characterized the binding mode of its endogenous ligand, arginine, and compared it with canavanine, depending on the presence or absence of Ca 2+ ions.

Structure

Amongst the entire family, there is an extremely high sequence similarity, with a 40% similarity for the VFDs, 38% for the CRDs, and 48% for the TMDs. However, from a structural point of view, all the domains have a pairwise RMSD lower than 2 Å. They all share a common binding site residue motif, responsible for the selectivity toward the Introduction 8 glutamate and homolog molecules [START_REF] Acher | Amino Acid Recognition by Venus Flytrap Domains Is Encoded in an 8-Residue Motif[END_REF] . The oligomerization of the receptors is required for the activation of the G-protein upon agonist binding. There are several possible combinations, as homodimer or heterodimer inside a group, and as heterodimer between group II and III receptors (mGlu2/4 & 2/7) 51,55,61 [Figure 12345]. The oligomers are covalently attached by a disulfide bridge in their α2-β6 loop [Annex 1] between conserved cysteines, although it does not appear to have any role in the oligomerization [START_REF] Xue | Major Ligand-Induced Rearrangement of the Heptahelical Domain Interface in a GPCR Dimer[END_REF] .

Interestingly, while all the subtypes have domains of similar length, it is not true for their Cterminal intra-cellular loop that could vary from less than 60 residues (group II & III) to more than 340 residues (group I). There is among the group II and III (except mGlu6 receptor) a high degree of sequence similarity, 68% & 69% respectively, while in the group I it is around 40% similarity. The similarity between the group II and III is low to medium, ranging from 27% to 40% in the aligned region, and better for group I between the two others, with 7% to 27%, in both cases. This could explain, partly, why group II and III only bind one type of G-protein, the Gαi/o, while group I receptors can bind also to Gαs & Gαq/11, with a preference for the later 11, [START_REF] Hermans | Signalling and Regulatory Properties of the Group I Metabotropic Glutamate Receptors: Prototypic Family C G-Protein-Coupled Receptors[END_REF] . 

Conformational dynamics

Mechanism

The activation mechanism is sensibly the same across the entire class C and for the Mtt receptor [Figure 123456]. First, it is worth mentioning that the ECD was showed to be in a constant dynamic equilibrium between an active and a resting state [START_REF] Olofsson | Fine Tuning of Sub-Millisecond Conformational Dynamics Controls Metabotropic Glutamate Receptors Agonist Efficacy[END_REF] .

With this information in mind, the mechanism starts with the binding of an agonist to the receptor in the resting open-open (Roo) state. The ligand binds to the orthosteric site of the 

Activation kinetics

The kinetics of the activation is more difficult to investigate than the mechanism itself. Nevertheless, several independent studies lead to similar results, using the highly sensitive light detection approach, Fluorescence resonance energy transfer (FRET) Conversely and less discussed, is the inactivation time and mechanism. In a recent study using FRET sensors on the C-terminal tail of the mGlu1 receptor [START_REF] Grushevskyi | Stepwise Activation of a Class C GPCR Begins with Millisecond Dimer Rearrangement[END_REF] , it was shown that first there is the dimeric rearrangement to the resting state in 40 ms, and only then the activated TMD is switching in 900 ms back to an inactive state [Figure 123456789]. Interestingly, in this Chapter 2: Metabotropic glutamate receptors and Mangetout receptor 11 study they were able to measure an activation rearrangement of the dimer of less than a millisecond, which is much less than what was previously described [START_REF] Olofsson | Fine Tuning of Sub-Millisecond Conformational Dynamics Controls Metabotropic Glutamate Receptors Agonist Efficacy[END_REF] . However, this information is to take with prudence, as the sensors were located on the intracellular region of the receptor, and would be less sensitive to the extracellular domain motions. 

Chapter 3: Membrane transporters

On the other hand, we have also studied two transmembrane transporters, one involved in regulating the concentration of a neurotransmitter at the synaptic interface, the Alanineserine-cysteine transporter (Asc-1), and the other one regulating the lysosomal concentration of sialic acids, the sialic acid transporter (sialin). Those two receptors are member of the large protein group called solute carrier (SLC) which contains more than 550 members divided into 66 families 74 .

Classification, structure and activation mechanism

Moreover, the sialin transporter is also classified in the major facilitator superfamily (MFS), as it is a member of one of the 16 SLC families part of this superfamily. On top of being the largest, the MFS is also the most diverse superfamily of secondary active transporters. They all share a common scaffold of twelve transmembrane α-helices arrange in bundles of six connected by a long intra-cellular loop [START_REF] Drew | Structures and General Transport Mechanisms by the Major Facilitator Superfamily (MFS)[END_REF] . 

Interestingly the

Related diseases

In the context of this study, the Asc-1 transporter is indirectly related to Schizophrenia. The transporter itself is not responsible for any of the Schizophrenia symptoms, but is under investigation as a potential target to help alleviate those symptoms. Indeed Schizophrenia can be in part explained by a hypofunction of the N-methyl-D-aspartate (NMDA) receptors, which bind L-glutamate and D-serine/glycine 79, [START_REF] Gonda | Basic Pharmacology of NMDA Receptors[END_REF] . The transport function or uptake inhibition of D-serine by Asc-1 could help to increase the synaptic D-serine concentration in order to stimulate the hypofunctioning NMDA receptors, which would alleviate Schizophrenia symptoms.

Chapter 3: Membrane transporters 13 In contrast, the sialin is directly involved in the rare genetic Salla disease [START_REF] Verheijen | Encoding an Anion Transporter, Is Mutated in Sialic Acid Storage Diseases[END_REF] . Due to a single mutation in the N-terminal tail (R39C) [START_REF] Aula | The Spectrum of SLC17A5-Gene Mutations Resulting in Free Sialic Acid-Storage Diseases Indicates Some Genotype-Phenotype Correlation[END_REF] , the transporter becomes deficient with a lower activity (-80%) and its lysosomal localization is impaired. The lysosomal trafficking defect is probably resulting in the protein quality control that recognize a destabilization induced by the mutation. Indeed this mutation is localized near the long intra-cellular loop connecting two-helix bundles. The predominance of this mutation in the Salla disease patients, suggests that chaperon molecules could facilitate the passage of the protein quality control in order to restore the lysosomal trafficking. Even so, the transporter will still not be 100% active, this would tremendously reduce the patients' symptoms, quality of life and life expectancy. 

Second part: Methodology

In this part, we will have a general description of the diverse methods we have used for all the studies we carried out. How the methods work and their parameters will be discussed in details. However, the parameter values for each study will not be discussed here, but rather in the relevant study chapters.

Most of the studies in this manuscript follow the same protocol, with first the construction of a homology model and / or the refinement of a known structure. Secondly, when needed for the experiment, one or multiple dockings were performed. From these protein ligand complexes, we usually launch molecular dynamics (MD) simulations in order to assess the stability of the ligands poses. In some cases, when we wanted to explore protein motions, we had to use unconventional methods, such as Gaussian accelerated MD (GaMD), as well as targeted MD (tMD). 

Sequence alignment

The first step as in any homology modelling approach, is to find a homologous threedimensional (3D) structure template, one must perform a sequence alignment search in structure databases. This relies on searching databases, and aligning sequences to prepare for model building.

It is possible to distinguish two types of alignment methods, global and local.

A global alignment will attempt to align the entire sequence of amino acids, from beginning to end, by aligning each letter once. Ultimately it will produce a results whether there is similarity or not between the sequences. This makes this method suitable almost exclusively when sequences are roughly the same size and already have good similarity.

On the other hand, a local alignment only takes into account parts of the sequences that share similarity, but will not give any result if there is absolutely no similarity between the sequences. This makes this method suitable when comparing non-homologous proteins of different length that have one or more similar domains, and therefore it is the perfect method for searching in a database.

Both, global and local alignment methods are using algorithms based on dynamic programming, like the reference NEEDLEMANN-WUNSCH and SMITH-WATERMAN algorithms respectively.

In both cases, substitution matrix are used for scoring each amino-acid (AA) pairs, with penalties for gaps and mismatch. The scoring penalties may vary whether the mismatched AA are sharing common properties (low penalty) or not (high penalty). The most famous matrices, used in this thesis, are the BLOSUM (BLOcks Substitution Matrix) [START_REF] Henikoff | Performance Evaluation of Amino Acid Substitution Matrices[END_REF] . They were created from existing sequence alignment databases, and they can be distinguished by their final number (BLOSUM80 / BLOSUM62 / BLOSUM45 / BLOSUM30) based on the level of similarity of the sequences used to build the matrix. Low numbered BLOSUM matrix should be used to align distant protein sequences. In our studies, we used the BLOSUM62 by default as it was shown to give the best overall results 83 .

Sequence similarity search in a database

Homology Modeling requires 3D templates; it is therefore necessary to search for templates in a database, such as the Protein Data Bank (PDB) [START_REF] Berman | The Protein Data Bank[END_REF] . For this, the most commonly used method is BLAST (Basic Local Alignment Search Tool) [START_REF] Altschul | Basic Local Alignment Search Tool[END_REF] , which performs local alignment search against the entire PDB database (among others). This tool uses the heuristic technique of the k-tuple, allowing for extremely fast results when comparing a sequence against an entire database.

For distant sequence similarity searches, methods like PsiBlast (Position-Specific Iterated BLAST) [START_REF] Schaffer | Improving the Accuracy of PSI-BLAST Protein Database Searches with Composition-Based Statistics and Other Refinements[END_REF] allow users to construct and perform a search with a custom, position-specific, scoring matrix which can help find distant evolutionary relationships.

Pairwise alignment

Whether only two sequences are compared or multiple, pairwise alignment will always be used (as a first step in the case of multiple alignment). For this alignment, two different methods are available within Discovery Studio, a fast and a slow.

In this thesis we chose the fast method, which is a hybrid approach, using the heuristic technique of the k-tuple, which gives extremely fast results, yet not necessarily optimal, but immediately followed by a global alignment with a Needleman-Wunch algorithm (dynamic programming) [START_REF] Wilbur | Rapid Similarity Searches of Nucleic Acid and Protein Data Banks[END_REF] .

Multiple alignment

In order to align multiple sequences, a progressive pairwise alignment algorithm was used, called Align123, integrated to Discovery Studio [START_REF]Discovery Studio Modeling Environment[END_REF] . The algorithm is based on CLUSTAL-W [START_REF] Thompson | Improving the Sensitivity of Progressive Multiple Sequence Alignment through Sequence Weighting, Position-Specific Gap Penalties and Weight Matrix Choice[END_REF] , however, it adds a term for scoring a secondary structure match to the multiple sequence alignment score, improving the sensitivity. It is a three steps method, were first, each possible pairwise alignments (fast method) are processed in order to build a distance matrix. Then from this matrix, a guide tree is computed by using the method of the neighbor joining [START_REF] Saitou | The Neighbor-Joining Method: A New Method for Reconstructing Phylogenetic Trees[END_REF] . This gives an unrooted tree with branch length proportional to the estimated divergence along each branch. Thus in a second time the root is placed at a central position with a mid-point method [START_REF] Thompson | Improved Sensitivity of Profile Searches through the Use of Sequence Weights and Gap Excision[END_REF] , and normalized weights are assigned to each sequences.

Finally, the sequences are re-aligned according to the tree branching order.

Alignment refinement

Whereas it is possible to discuss extensively the precision of the existing alignment methods, for almost every alignments a manual inspection and correction is required, especially for long sequence alignments, but also for medium to low sequence similarities. Those manual corrections tend to lower the global scores, but they help to move insertions and deletions out of secondary structure elements of the templates, which leads to better models. We are also being careful with the prolines and glycines alignment, as they induce α-helix breaks and flexibility respectively. Finally, we are verifying the cysteines, which can form disulfide bridges with each other's, maintaining the protein secondary, tertiary and even quaternary structure.

Model building and selection

Once we have an optimal alignment between the model and the structural template sequences, we can proceed to homology model building. In order to create our models, we used MODELER as implemented in Discovery Studio [START_REF] Šali | Comparative Protein Modelling by Satisfaction of Spatial Restraints[END_REF] . From a sequence alignment of the sequence to be modeled with one or multiple template structures, MODELER is able to generate several models that are then ranked according to their PDF (Probability Density Function) Total energy (the lower the better).

Template preparation

Before starting to use the template structure for making a homology model, we first need to ensure that the template is correct. To that end, we used the Prepare Proteins protocol as implemented in Discovery Studio, which is performing a series of optimization to a structure:  Cleans the protein, by standardizing atom names, removing alternate conformations (disorder), and inserting missing main and side-chain atoms  Optimize side-chain conformation for residues with inserted atoms  Optionally removes water molecules  Optionally models missing loop regions based on SEQRES information  Optionally predicts titration site pKs and protonate the structure at the specified pH Chapter 1: Homology modelling 19 

Building

To build the models, MODELER first defines geometric restraints based on the template(s) features (feature PDFs): bond lengths, bond angles, dihedral angles, and non-bond distances.

Then, user defined number of random starting conformations are generated by using each equivalent atoms from at least one the template, based on the alignment(s) (the mean coordinates are used when there is multiple templates), and a CHARMm residue topology library for the undefined atoms. For generating different starting conformations, a random coordinate shift is applied to each atom (± 4 Å).

Then the objective function, which is the natural logarithm of the molecular PDF (product of the feature PDFs), follows optimization iterations aiming to minimize it. In order to do so, in the first 2000 iterations, conjugate gradient minimization is applied to satisfy sequentially the local restraints and progressively the longer-range restraints. In this thesis all the models were build using a high optimization, meaning that following the conjugate gradient minimization, more than 4000 iterations of simulated annealing molecular dynamics simulation are performed, thus refining even more the objective function.

Model selection

In all projects of this thesis, the number of models generated by MODELER was set to 100.

Then we selected the 10 best-ranked models according to their PDF Total energy, and evaluated them with the Verify Protein (Profiles-3D) protocol in Discovery Studio, based on the VERIFY3D algorithm 93,94 . This algorithm compares the 3D structure of the models against their 1D amino-acids sequence. This checks the environment of each residues in the models and calculates their profile score based on a pre-calculated scoring matrix.

The scoring matrix is calculated from a database of known structures [START_REF] Lüthy | Secondary Structure-Based Profiles: Use of Structure-Conserving Scoring Tables in Searching Protein Sequence Databases for Structural Similarities[END_REF] ; each of the 20 AA from those structures has a score depending of its environment (six basic environment classes, 1 exposed, 2 partially-exposed and 3 buried) [Figure 2-1], and its secondary structure (alpha helix, beta sheet, other), for a total of 18 different combinations. The AA profile score in the matrix is a probability to find the residue with this secondary structure and environment in the known good structures (the higher the better).

The final Verify score is the sum of all the AA score, which can be compared to the expected high and low scores of known good structures of similar length. 

Loop optimization

In most mGlu structures, either from X-ray or cryo-EM, we find missing residues, from a couple residues to entire loops. When only 1 to 4 contiguous residues are missing, we rebuilt them by using the Discovery Studio Insert Loop algorithm, followed by a short local minimization.

However, for longer loops we used MODELER to refine them. The refinement protocol works in a similar fashion as the building protocol for the missing loops. Focusing the optimization of the objective function only on a loop, allows for larger exploration of the conformational space, increasing the chances to find low energy conformations. Our workflow for the loop is roughly the same than for the model building as we set MODELER for generating 100 models and followed the same selection process. The principle of molecular docking is to explore the different possible interactions a compound or a series of compounds can make within a defined protein pocket.

GOLD stands for Genetic Optimisation for Ligand Docking, which means that it uses a genetic algorithm in order to optimize a set of random poses. Indeed, in a first step it generates random poses based on pharmacophore features: donor / acceptor features and hydrophobic features. Then it ranks those initial poses by their fitness score, and maps each ligands/protein geometry into binary strings, together making a chromosome [Figure 2-2].

Then, along a recursive optimization step, those chromosomes are going through mutations and crossovers, with a selection pressure toward the fittest chromosome parents [START_REF] Jones | Molecular Recognition of Receptor Sites Using a Genetic Algorithm with a Description of Desolvation[END_REF] . During that process, the child chromosomes that have a better fit are replacing the least-fit ones.

One of the main limitation with conventional docking methods is the lack of flexibility of the binding site, and only the flexibility of the ligand will be explored within a rigid environment. However, GOLD allows specifying up to 10 flexible side-chains within the defined binding site, at the cost of computation time, as the search space becomes larger. In all our dockings, the flexible side-chains are chosen in priority for the long or bulky highly exposed residues, especially in the regions for which interaction data (i.e. co-crystalized molecule) are not available. 

Chapter 3: Preparing for simulations

From a newly generated model, with or without docked ligand(s), some additional steps are required prior to be able to run a MD simulation. Indeed, the surrounding environment of a protein in biological conditions plays a critical role in its behavior. To fit as best as possible the biological conditions of our proteins, we used the online toolset CHARMM-GUI, which, among other things, offers a step by step workflow for building systems with lipid membranes 99 :

 Step 1, read the protein PDB file.

 Step 2, orient the protein on the Z-axis and center the transmembrane domain on 0.

 Step 3, select the lipid types and the membrane size on XY.

 Step 4, build the membrane, water box and ions.



Step 5, assemble all the system components and generates the simulation input files.



Step 6, equilibration of the system (performed by the user on his machine).

This tool provides the most extensive choice of lipids to date, with more than 430 available lipids, with 2000 conformations for each of them. Indeed during the building process the lipid conformations are randomly chosen, which helps during the equilibration.

The size XY, or the surface area of the membrane, will determine, on each leaflets separately, the number of lipids based on their own head surface area [Figure 23].

An equilibration cascade is required before running any simulations, and input files are provided for CHARMm and NAMD simulation algorithms. It consists in general in 6 simulations with gradually reduced constraints. To perform molecular simulations, several approaches exist, from ab initio quantum mechanics (QM) to molecular mechanics (MM). Whereas in the QM approach atoms' core and electron are explicitly described, in the MM approach the atoms are described as punctual charges, with a mass and a radius. Despite being more precise, QM simulations are not suitable for large protein simulations, due to their high computational cost. Nowadays simulations in the microsecond time scale are near routine, but they were still emerging when this thesis was started in 2018. Nevertheless, even with microsecond's simulations, some molecular motion remains unachievable, especially for large proteins in multimeric complex. That limitation of conventional Molecular Dynamics (MD) simulation led us to look for other technics allowing for a greater conformational sampling, and we found two methods, the brand new Gaussian accelerated MD method and the targeted MD method.

First, let us have an overview of all the components of MD simulations.

Forcefield and energy function

In molecular mechanics, a forcefield is a set of rules that will allow the calculation of the potential energy for all the atoms in the simulated system. Those rules are determined from various sources such as NMR experiments, X-ray crystallography, but also quantum mechanics simulations, which makes the forcefields empirical.

The forcefield rules allow computing the energy terms of each atoms of the system. We can distinguish two types of terms, and the potential energy of the system [Figure 234], is the sum of all those terms:  The bonded terms, for covalent bonds, that include the bond distance, angle, dihedral and improper.

 The non-bonded terms, for short and long-range interactions, that include electrostatic interactions and van der Waals (vdW) interactions.

There is a variety of published forcefields, from very generic (all purpose), to highly optimized for specific molecular environment. In this thesis, we used for all our simulations the charmm36 or 36m forcefields 100,101 . It is a highly optimized forcefield for protein, peptide and nucleic acid simulation in explicit environment (water, ions, and lipids). The version 36m is further optimized for a better accuracy in sampling the backbone conformations of disordered proteins. This improvement is welcome in the context where we are working with models that are intrinsically less ordered than crystal or cryo-EM structures, and especially in the rebuilt loop regions and connecting regions.

The forcefield contains all the atom types of amino acids, nucleic acids, water models, ions, lipids, sugars. However, for organic compounds, the charmm36 forcefield does not have the proper molecule templates, allowing the assignment of the atom types. In that situation, we used a protocol called MATCH that is able to derive the atom types and partial charges based on known similar compounds. Nevertheless, this method may fail if the compound are too exotic. 

Short and long range non bonded interactions

In order to calculate the forces applied on an atom, it is necessary to compute the energies of its non-bonded interactions on short and long ranges. For the van der Waals and electrostatic potential energies, different methods are used for the long-range distances [Figure 2345].

The van der Waals interactions are truncated when reaching the defined cutoff (12 Å).

However, to smooth the potential energy, a switching distance is defined (10 Å), from which a smoothing function is applied to reach 0 at the cutoff distance. The electrostatic interactions are calculated at every time step under the defined cutoff distance (also 12 Å), and periodically after the cutoff, with the Particle Mesh Ewald method suitable for the periodic boundary conditions. 

Periodic boundary conditions

The Periodic Boundary Conditions (PBCs) allow the simulation program to consider the input system as virtually infinite. Without PBC, the peripheral atoms are facing void, and additional constraints on the boundaries are required to avoid the system explosion. On the contrary, with PBC the peripheral atom are interaction with the image atoms of the opposite face, hence when an atom diffuse through one face, it re-appears by the opposite face [Figure 23456]. Therefore, in such conditions the system boundaries are unrestrained.

In addition, the PBCs are required during a simulation under constant pressure and temperature (NPT) as the volume of the system needs to be dynamically readjusted. This phenomenon is especially noticeable during the equilibration of systems with a membrane, as the newly built membrane lipid tails can be stretched in an organized fashion. During the early stages of the equilibration, as the entropy increases, the lipids become less organized and stretched, causing the membrane to shrink slightly along the Z-axis, and thus the volume of the system decreases to maintain a constant average pressure of 1 atm. 

Minimization

In order to obtain an appropriate initial system, a minimization is usually applied before running any MD simulations. Indeed, it allows correcting all the bad geometries from the model approximation, but also the clashes from the membrane building and the solvation.

The goal is to minimize the global energy of the system to a local minimum. In this thesis, three methods were used with their degree of convergence:  The Steepest Descent, a computationally inexpensive method to apply to poor starting conformations. This method is usually not able to converge to a local minimum, but allows removing bad geometries and atom clashes.

 The Conjugate Gradient, based on the first methods, it takes into account the previous iterations, which allows for a better convergence to a local minimum, if the initial conformation is not too far. It is not suitable to remove the bad geometries and atom clashes. The Adopted Basis Newton-Raphson (NR), a more memory intensive method that allows the best convergence to a local minimum, providing that the initial conformation is already close.

As all the methods have their advantages and disadvantages, they can be used in combination from the less converging to the best, hence producing the best possible starting conformation for the MD simulations.

Molecular Dynamics

Principle

While minimization is a search for local energy minimum, molecular dynamics is an exploration of the energy landscape at given physical parameters, such as the temperature, volume or/and pressure. With this method, we can follow on a timeline the motions of a molecular system, which can be used to study the conformational transitions of proteins, and molecular interactions for example.

MD algorithms operate in cycles of 𝑛 iterations with a specified integration time 𝛿𝑡 between each iterations [Figure 234567].

Figure 2-7: Computation cycle of a molecular dynamics algorithm. The computation cycle will run for a number of iteration defined by the user.

The method is based on the integration of Newton's law of motions. In the Newton's second law of motion [Equation 2-1], the force 𝐹 ⃗ 𝑖 is applied to a particle 𝑖 of mass 𝑚 𝑖 , acceleration 𝑎 𝑖 ⃗⃗⃗⃗ and position 𝑟 ⃗ 𝑖 .

Equation 2-1: Newton's second law of motion.

𝐹 𝑖 ⃗⃗⃗ = 𝑚 𝑖 × 𝑎 𝑖 ⃗⃗⃗⃗ = 𝑚 𝑖 × 𝛿𝑣 𝑖 ⃗⃗ ⃗⃗ 𝛿𝑡 = 𝑚 𝑖 × 𝛿 2 𝑟 𝑖 ⃗ ⃗⃗ 𝛿𝑡 2 𝑎 𝑖 ⃗⃗⃗⃗ = 𝛿𝑣 𝑖 ⃗⃗⃗⃗ 𝛿𝑡 ⇒ 𝑣 𝑖 ⃗⃗ ⃗⃗(𝑡) = 𝑎 𝑖 ⃗⃗⃗⃗ × 𝑡 + 𝑣 𝑖 ⃗⃗ ⃗⃗(𝑡 0 ) ⇒ 𝑟 𝑖 ⃗ ⃗⃗(𝑡) = 𝑣 𝑖 ⃗⃗ ⃗⃗ × 𝑡 + 𝑟 𝑖 ⃗ ⃗⃗(𝑡 0 ) ⇒ 𝑟 𝑖 ⃗ ⃗⃗(𝑡) = 𝑎 𝑖 ⃗⃗⃗⃗ × 𝑡 2 + 𝑣 𝑖 ⃗⃗⃗⃗(𝑡 0 ) × 𝑡 + 𝑟 𝑖 ⃗ ⃗⃗(𝑡 0 )
Therefore, to calculate the trajectory of the particle all is needed is the initial position, the initial velocity, and the acceleration that can be determined by the potential energy function

[Equation 2-2].

Equation 2-2: Partial derivative of the potential energy function U

𝐹 𝑖 ⃗⃗⃗ = - 𝛿𝑈 𝛿𝑟 𝑖 ⃗ ⃗⃗ ⇒ 𝑎 𝑖 ⃗⃗⃗⃗ = - 1 𝑚 𝑖 𝛿𝑈 𝛿𝑟 𝑖 ⃗ ⃗⃗
As the potential energy is a function of all the atomic positions, the equation of motion needs to be solved numerically. Then position, velocity and acceleration can be approximated by

[Equation 2-3].

Equation 2-3: Taylor series expansion

𝑟 ⃗(𝑡 + 𝛿𝑡) = 𝑟 ⃗(𝑡) + 𝑣 ⃗(𝑡)𝛿𝑡 + 𝑎 ⃗(𝑡) 𝛿𝑡 2 2 + ⋯ 𝑣 ⃗(𝑡 + 𝛿𝑡) = 𝑣 ⃗(𝑡) + 𝑎 ⃗(𝑡)𝛿𝑡 + 𝑏 ⃗ ⃗ (𝑡) 𝛿𝑡 2 2 + ⋯ 𝑎 ⃗(𝑡 + 𝛿𝑡) = 𝑎 ⃗(𝑡) + 𝑏 ⃗⃗ (𝑡)𝛿𝑡 + 𝑐 ⃗(𝑡) 𝛿𝑡 2 2 + ⋯
The algorithm used by NAMD for integrating the equations of motion is the Velocity Verlet Then, in order to perform a MD simulation, as stated previously, the atoms in the system need to be given initial velocities, which are randomly distributed based on the setup temperature. Furthermore, the integration time 𝛿𝑡 (time step) determines the accuracy of the simulation, as a small time step allows the fastest molecular motions to be simulated, such as the elongation vibration of a covalent hydrogen bond, which occurs in 1 fs.

To reduce the computation time, the SHAKE algorithm can be used, which constraints the hydrogens' bond length, allowing a time step of 2 fs 104 .

Thermodynamic ensembles

To solve the Newton's equations of motion, the MD simulation are performed in thermodynamics ensembles with constant parameters, the most used being the number of atoms N, the temperature T, the volume V or the pressure P. It exist different thermodynamic ensembles that are suitable for specific situations and systems 105 :

 The canonical NVT ensemble, where the number of atoms N, the volume V and the temperature T are set to be constant. It is usually used during the first equilibration steps in order to optimize the molecules contacts, allowing for better inter-molecular interaction, especially on large systems with an artificially generated membrane.

 The isothermal-isobaric (NPT) ensemble, where the number of atoms N, the pressure P and the temperature T are set to be constant. Used during both the equilibration steps and productions, this ensemble is the closest to real laboratory conditions, and allows comparison with experimental thermodynamic quantities.

 The isothermal-isobaric with constant lateral surface area of membranes ensemble (NPAT), particularly essential to equilibrate membrane systems, maintaining the integrity of the membrane while avoiding water penetration in it.

 The isothermal-isobaric with constant lateral surface tension of membranes ensemble (NPγT), when experimental data of the surface tension of a lipid mixture is known, this ensemble provides more accurate simulations regarding the membrane diffusion and the degree of freedom of the embedded molecules. When the surface tension is unknown it also allows to increase (or decrease) artificially the surface tension to explore different fluidity and intra-membrane motions of the embedded molecules.

Pressure and temperature control

In the NPT NAMD simulations, the pressure and the temperature are maintained by the algorithms Langevin Piston 106 and Langevin Dynamics respectively. With the Langevin Piston, the pressure is adjusted by changing the size of the simulation cell. For the Langevin Dynamics, the temperature is controlled by a friction coefficient and random forces.

Gaussian accelerated Molecular Dynamics

During a conventional MD simulation high energy barriers might prevent the system to explore the conformational landscape. This is why several biased approaches have been developed in order to overcome the energy wells. Among them, the metadynamic technic called accelerated Molecular Dynamics (aMD) 107-111 and the improved approach Gaussian accelerated Molecular Dynamics (GaMD) 112-114 . With this technics, only an energy bias is applied to the potential energy of the system, meaning that prior knowledge of the reaction coordinates is not requiered to run simulations. The difference between aMD and GaMD methods is the shape of distribution of the boost potential. Because in GaMD it follows a

Gaussian distribution, the reweighting of the potential energy that follows the simulations is more accurate, and make it possible to use the approach on large proteins. 

𝑘 ≡ 𝑘 0 1 𝑉 𝑚𝑎𝑥 𝑉 𝑚𝑖𝑛 𝑘 0 = 𝑚𝑖𝑛(1.0, 𝑘 0 ′ ) = 𝑚𝑖𝑛 (1.0, 𝜎 0 𝜎 𝑉 * 𝑉 𝑚𝑎𝑥 -𝑉 𝑚𝑖𝑛 𝑉 𝑚𝑎𝑥 -𝑉 𝑎𝑣𝑔 ) 𝑖𝑓 𝐸 = 𝑉 𝑚𝑎𝑥 𝑘 0 = 𝑘 0 ′′ ≡ (1.0 - 𝜎 0 𝜎 𝑉 * 𝑉 𝑚𝑎𝑥 -𝑉 𝑚𝑖𝑛 𝑉 𝑎𝑣𝑔 -𝑉 𝑚𝑖𝑛 ) 𝑖𝑓 𝐸 = 𝑉 𝑚𝑖𝑛 + 1 𝑘
With GaMD in Equation 2-5, when the system's potential energy 𝑉(𝑟) is lower than the energy threshold E, then a boost potential ∆𝑉(𝑟) is added to obtain a modified potential 𝑉 * (𝑟). It is possible to modulate the strength of the boost by modulating the upper limit of This GaMD approach was shown to be suitable to investigate small protein folding, but also more accurate than aMD for large systems with ligand binding events and protein state transition 112,114-117 .

When performing GaMD simulations, a reweighting of the potential energy is required in order to retrieve its original form. Several approaches have been evaluated, and the Cumulant Expansion to the second order was demonstrated to be the best 118 . 

Figure 2-8: Representation of the potential energy of the conformational space. This is a hypothetical representation of modified potential energy functions (V*(r)) at a maximum potential for threshold energy (E = Vmax) and for different boost potential coefficient (k0)

Targeted Molecular Dynamics

While with the previous technic, any knowledge of the reaction coordinate was not necessary, with targeted molecular dynamics (tMD) simulations, a target structure is required 119 . Using this approach, a defined subset of atoms in the system will be steered toward a target subset of atoms. Therefore, in the target structure, only the targeted molecules are required, in which each atoms can be individually set to a target group, or not. In this equation, the 𝑅𝑀𝑆𝐷(𝑡) is the best-fit distance from the target at time t, while the 𝑅𝑀𝑆𝐷 * (𝑡) is the theoretical distance from the target, that decreases linearly to zero over time, leading the system to its target. The spring constant is 𝑘 and it is scaled down by the number of targeted atoms 𝑁. We used the method as integrated in NAMD, with the suggested spring constant of 200 kcal/mol/Å 2 .

Trajectory analysis

Software

Several software and python packages were used to perform the analysis:

 Discovery Studio (2018 to 2020) [START_REF]Discovery Studio Modeling Environment[END_REF]  ProDy 120,121

 MDAnalysis 122,123  Bio3D 124

System preparation for analysis

In our studies, only the global motion of the protein are of interest, thus reducing their size was more practical for the analysis, and sometime mandatory. Therefore, after a simulation, we cleaned the systems by removing from the trajectories all solvent and membrane molecules, to leave only the protein and its ligand when present. This allowed us performing some analysis that would have been impossible to perform otherwise, mainly due to computer memory limitation and long loading times for each trajectories.

In addition, each trajectory frame is realigned to the starting conformation of the system, in order to remove for some analysis the noise produced by the natural drifting of molecules during a simulation.

Collective variable monitoring

When we already have some knowledge of the key residues involved in the protein motion or a ligand interaction, we simply monitored specific properties of those residues. With our toolset, we could monitored Cα -Cα atom distances, angles between 3 Cα atoms and dihedral between 4 Cα atoms. The main benefit of those analyses is that they are not sensitive to the drift of the system in the simulation box over time, making them fast methods for evaluating the evolution of a simulation while running. The Root Mean Square Deviation (RMSD) is the average distance between two atomic structures. It is used in general to follow the deviation of a structure from its origin during a MD simulation, but it is not restricted to that specific application. Therefore, in order to obtain the lowest RMSD possible, a prior superimposition of the two structures is recommended, greatly reducing the noise induced by the structure drifting during the simulation. The RMSD is computed according to [Equation 2-8], where N is the number of atoms, and 𝛿 𝑖 is the distance between the atom 𝑖 and its reference. 

Dynamical Cross-Correlation Matrix

In this method an all atom pairwise matrix of the correlation of the atomic fluctuations is calculated, and can be displayed with a gradient of colors according to the degree of correlation (1) or anti-correlation (-1). When analyzing the matrix graphic, one can observe a strong correlation diagonal, with cross-correlation patterns surrounding it. Those crosscorrelation patterns are usually visible among contiguous residues in the same secondary structure, with a triangular pattern for α-helices, and as plume pattern for β-strands.

However, the interesting positive and negative correlations are found off diagonal, and reveal for example domain-domain relative motions.

The main drawback is that it is impossible to know precisely the type of motions that are correlated or anti-correlated (translation, rotation) without looking at the trajectory.

Potential of Mean Forces

The potential of mean forces (PMF) is the representation of the free energy surface along a set of specified coordinates during a simulation 125 . The coordinates can be atom distances,

Second part: Methodology 34 bond angle, dihedral angle or radius of gyration for example. To compute the energy map of our simulations we used a python script called PyReweighting, developed at the Miao Lab (https://miaolab.ku.edu/). This script also allows a convenient reweighting of the potential energy of GaMD simulations using the statistical method of the cumulant expansion to the second order 112,118,126 . For all machines, we performed extensive benchmarks in order to be able to plan the simulation schedule during the three years. For the local computation, the benchmark showed clearly the benefit of using GPUs, whether for NAMD or CHARMm [Figure 2345678910.

For the supercomputer Joliot-Curie, the benchmark was a necessity in order to assess the amount of computing hours spent on the simulations, and thus find the sweet spot between efficiency and yield [Figure 2-11]. We found that 720 cores was the best tradeoff given our limited amount of hours for such a project. To build the Acc model, we followed an iterative process, and built in total three models.

The first two models were not used in the study as they allowed us to refine our workflow in order to obtain the final model. As the process was iterative, only the differences from one model building description to the other will be detailed.

First Acc model

This was the starting point of the thesis, in 2018, and at this time, only crystal structures obtained by X-Ray crystallography were solved for the mGlu family.

To crystalize a membrane protein, it needs to be extracted from the membrane by a detergent, then to be purified and stabilized in a homogenous population. This process is widely known to be extremely difficult, as the detergent in excess can lead to protein denaturing, but also because large multimeric and flexible proteins are difficult to obtain in a purified homogeneous conformational state.

(a) The Venus Flytrap Domain

Because of the aforementioned difficulties, the mGlu receptors crystal structures were solved only as isolated domains. Hence, this left us with the necessity to build a model in order to have a full-length structure that we could use for molecular dynamics simulations.

In the case of mGlu2, the only structures available were for the VFD or the ECD, but none for the TMD. We decided to pick the structure with the best resolution for the Acc state, 4XAQ, a VFD only structure [Table 3-1]. Despite being the highest resolution crystal structure, some preparation work had to be done. Indeed as reported in Table 3-1, on each chains, two amino acid mutations needed to be reverted to the original sequence, 23 residues were missing in the α2-β6 loop, and on one chain a small two residues loop was missing. The α2-β6 loop was rebuilt and refined with MODELER, and we selected two more residues before and two after to be refined with the Model building and refinement 39 loop (ALA108-ILE136). As the loop on each chain was refined simultaneously, we restrained the refinement to be symmetrical on the residues' Cα, and specified a 2 Å distance between the sulfur atoms of the CYS121 that are reported to form a disulfide bridge.

Rebuilding the loop is done uniquely with the goal of having a model without gaps; however, the structural accuracy compared to the real biological structure is not guaranteed.

We verified the top ten models with Verify Protein (Profile-3D), to assess the validity of the models, and all were above the "Verify expected high score" for a protein of this size (> 428). Therefore, we selected the model with the best PDF Total energy out of one hundred (Verify score of 498 > 428) [Table 3-2]. We also monitored the Ramachandran map to check for the percentage of residues in disallowed regions of the map [Table 3-3]. Unfortunately, the grafted CRD had 19 residues missing. Therefore, we searched an mGlu3

receptor crystal structure with a longer CRD. In Table 3-4, all the structures starting by "2E" have a CRD and the structure 2E4U, in addition to have the best resolution, has a CRD seven residues longer than 5KZQ. Thus, we grafted the last seven residues of 2E4U to our model, and then mutated the residues to match the mGlu2 sequence [Figure 3-1].

Once again, we computed the Verify score for the ECD (VFD + CRD) and found a score of 547, well above the expected high score of 493 [Table 3-5]. In addition, the number of Ramachandran outliers increased only by four, for a total of 8 outliers overs the 1073 residues of the ECDs dimer [Table 3-6].

(c) The Transmembrane Domain

The last domain to model was the TMD, but the only structures we found after a BLAST search, were from the group I mGlu receptors. Thus, we made a homology model of this domain, using crystal structure 4OR2 of the mGlu1 receptor, which had the highest sequence identity (51%, versus 48% for mGlu5 receptor) [Table 3-7].

The alignment was then further manually refined in order to position correctly the two insertions within the ECL2 [Annex 3]. In addition, the missing ICL2 was built. Then we made a dimer with the TMD model by facing the transmembrane helices 6, as descried for an active state receptor [START_REF] Xue | Major Ligand-Induced Rearrangement of the Heptahelical Domain Interface in a GPCR Dimer[END_REF] . We also made sure of clearing any clashes between side-chains at the interface of the two protomers [Figure 3-2].

(d) Domains assembly

We carried out assembling the ECDs to the TMDs, and for this first attempt, we made the hypothesis that the extra-cellular loop 2 (ECL2) of the TMDs was tightly interacting with the last beta hairpin motif of the CRDs, in each protomer respectively [Figure 3-3].

Chapter 1: Model building and refinement 43 In this hypothesis, the connecting loop between the CRD and the TMD is passing under the ECL2. This was designed to obtain more contacts and constraints between the CRDs and the TMDs, so that the ECDs would act as a lever for repositioning the TMDs upon state transition. The connecting loop was also refined and the best ranked among one hundred models was selected.

Finally, we copied structural chloride ions from 4XAQ & 4XAR, and sodium ions from 5CNI and 5C5C (calcium ions transformed). 

Second Acc model

We made a second model in order to explore another hypothesis for connecting the ECDs to the TMDs, but also to improve some building steps.

(a) The Venus Flytrap Domain

For the VFD, we proceeded in the same way as the first model.

(b) The Cysteine Rich Domain

For modelling the CRDs, we went deeper in the analysis of the existing structures. First, we superimposed all the structures with a CRD according to the inferior lobe of their VFD in order to gain information about the CRD orientation depending on the closed (mGlu3) or open (mGlu2) state [Figure 34]. 

Looking at the superimposed ECDs of

Chapter 1:

Model building and refinement 45 From the 100 generated models, we selected the one with the lowest PDF Total Energy, regardless of the Verify scores that were all bellow the expected high score [Annex 6 & Annex 7]. Those poor scores were mainly due to the lack of hydrophobic contacts at the inter-domain interface, and we found two N-glycosylation sites were in the vicinity of the CRD, and one in the domain itself [Figure 345]. As the CRD is made of nearly 40% of hydrophobic residues that are all exposed to the solvent, one hypothesis could be that the glycosylation shields, at least partially, those residues from the solvent. We were still confident to use this model, as its structure and sequence is near identical to the template (RMSD 0.5 Å, similarity of 85%), which itself has a poor Verify score (9.9).

To reattach the CRD to the VFD, we used the second protomer of the closed state crystal structure 2E4X [Figure 34]. We chose this particular protomer (green trace in Figure 34), because the spatial position of its CRD was the further away from the one of the open state mGlu2 receptor crystal structure 5KZQ, previously used. We rebuilt the loop connecting the VFD to the CRD. Finally, we fixed the disulfide bridge of CYS234 -CYS518 and minimized the connecting loop SER489 -CYS500 along with two residues before and after. (c) The Transmembrane Domain

We kept the mGlu1 receptor 4OR2 structure as a template for the homology modelling.

However, we made several modification in the alignment:

 The first 12 residues from the template were kept (LEU556 -TRP567) In conclusion, despite we could not predict the correct relative position between the VFD and the TMD, we observed a spontaneous correction of their position in only a few This brief analysis reinforced the idea that the model would have made a good approximation, had it not been for the cryo-EM structure. Third part: Metabotropic Glutamate receptor 2 activation mechanism 48 



Third Acc model

Given that full-length structures were published, and because we were not yet too advanced in our simulations, we decided to rebuild the model. We followed a similar approach than for the second model but we used the PDB structure 6N51, of the mGlu5 receptor, as a template to properly positon all the domains. 

(b) The Cysteine Rich Domain

The CRD was built in the same way as the second model; however, we used the mGlu5 receptor cryo-EM structure, 6N51, as a scaffold to reattach the CRD to the VFD [Figure 345678. Nevertheless, the loop connecting the VFD to the CRD was missing (TRP487-CYS500), so we grafted the loop from crystal structure 5KZN. To that end, we first made a superimposition of the VFDs on their inferior lobe, and noticed that the last two residues of our model did not superimpose well, and deleted them. Then we aligned and superimposed the first and last three connecting residues for a more refined grafting [Figure 345678].

Finally, we fixed the disulfide bridge of CYS234 -CYS518, and performed a local minimization.

(c) The Transmembrane Domain

We previously used the crystal structure 4OR2 of the mGlu1 receptor for its slightly better sequence identity. However, for this new model, we decided to use the TMD of the new fulllength cryo-EM structure of mGlu5 receptor, as we are using this structure for assembling all the domains together. Using this new template reduced the approximations when connecting the ECD to the TMD. Interestingly, with this new template, the ICL2 is fully resolved, and is even 2 residues longer than mGlu2 receptor [Annex 13 red square]. We also slightly corrected the alignment of the ECL3 [Annex 13 yellow square].

From the 100 generated models, we selected the model 91, which had the lowest PDF Total energy. We noticed a higher PDF Total energy and lower Verify score than previously, which we could associate with the lower resolution and sequence identity of the cryo-EM 

Roo model

Then we built the Roo model of mGlu2 receptor. This was mainly possible due to the release of the cryo-EM structure 6N52, a full-length mGlu5 receptor dimer. Indeed prior having this structure to use as a template, we could not position with enough confidence the TMDs, as well as select the proper VFD opening angle and CRD position.

For this model, we decided to have a completely different approach, and decided to build directly a full homology model of one protomer, using several templates superimposed to 6N52.

(a) The Venus Flytrap Domain

We selected the crystal structure 5CNI because of its lowest average B-factor (chain A 41.15), deleted the hinge residues (see Annex 1 for the residues' number), and superimposed each lobes to the scaffold 6N52. The loop from TRP487 to SER498 was grafted from 5KZQ, as its VFD opening angle is similar to 6N52.

(b) The Cysteine Rich Domain

We selected the crystal structure 2E4U because of its lowest average B-factor (chain B 65.8) and no missing residues in the CRD, and then superimposed to the scaffold 6N52.

(c) The Transmembrane Domain

We selected the crystal structure 6FFI because of its lowest average B-factor (chain B 27.5), then we deleted the inserted crystallization protein and superimposed to it the scaffold 6N52.

Moreover, we also deleted the first 11 residues (SER568 to PRO578) and the ECL2 (GLU715 to ASN737) as they were not superimposing well with 6N52.

(d) Model building

Since MODELER allows for multi-template model generation, it is able to select the best fitting template for each regions of the model. Hence, in the hinge regions, for all the connecting points and the ECL2, MODELER could use the 6N52 template. Thus, most of the model is based on crystal structures that are superimposed to the cryo-EM structure 6N52, which is also the template to connect all the domains.

For the model building, the VFD was selected to be copied as is, with the exception of the connecting regions of the VFD-CRD loop (Ile485-Pro490 and Ala497-Ser498), in order to leave the algorithm optimize them.

We selected the model 90 over the 100 model generated, as it had the 8 th lowest PDF Total Energy and the lowest DOPE score, but it had also among the top ten poses, the 3 rd lowest We created a dimer by superimposing the model to the 6N52 dimer structure. However, we had to refine the α2-β6 loop to have a symmetrical loop with a disulfide bridge. Finally, we minimized with the Conjugate Gradient four times 5000 steps, with reducing constraints over the protein backbone from 10 kcal/mol to 0 kcal/mol.

Figure 3-10: Template structures and the final dimer model. (A) In green the cryo-EM template structure of mGlu5 receptor, in orange domains of crystal structures of mGlu2 (VFD, PDB 5CNI), mGlu3 (CRD, PDB 2E4U) and mGlu5 (TMD, PDB 6FFI). (B) Full length dimer in Roo state,

embedded in an implicit membrane. First protomer in green, second protomer in blue, ions and ligand as vdW spheres.

Building the system

Ligand selection and docking

In order to perform the molecular dynamics simulations, we decided to use a more potent agonist than the glutamate. The first compound we tried to use was co-crystalized in the VFD template of mGlu2 receptor 4XAQ. It is a compound from Eli Lilly, LY354740, which has an activity 30 to 100 time better than glutamate. Unfortunately, we could not properly type it with the charmm36 forcefield, therefore we used close analog, the 3'Me-CCG [Figure 34567891011. For the Acc model, as we used 4XAQ for the VFD, we simply kept the ligand in the binding site and performed the chemical modification for transforming it into 3'Me-CCG. For the Roo model, we superimposed the crystal structure of 4XAQ to our model according to the superior lobe of the VFD (one chain at a time), copied the ligand to the model, modified the ligand to 3'Me-CCG, and finally performed a local minimization of the protein side chains in the binding site (ligand was constrained).

Membrane and solvent

The system was built with CHARMM-GUI as described in the methodology. We chose a lipid composition of 90% POPC and 10% Cholesterol for better membrane fluidity, a NaCl concentration of 0.15 M, boundaries distances from the protein of 20 Å on the Z-axis and around 15 Å on the XY axis (by choosing adequate membrane dimensions) [Figure 3456789101112. The final Acc system was made of 257K atoms, while the final Roo system was made of 327K atoms. 

Preparing the system

In order to have systems as stable as possible during the simulations, before every production we carried out an equilibration cascade on each of them. It consists in a 6 step simulation protocol in which constraints are gradually reduced, for an overall equilibration time of 2 ns

[Table 3-11].

The first two steps are in NVT ensemble, as the lipids were randomly generated, many contacts needed to be optimized between the lipid tails that could make the simulation box to shrink too fast. Moreover, a time step of 1fs was used because the systems can be unstable during those steps. For the last four steps, the NPAT or NPγT ensembles are used. Both ensembles control the size of the membrane while the simulation box is readjusting to the pressure. during the first two NVT steps, followed by the volume slowly reducing along with the restraints in the third and fourth NPT steps. During the last two steps, the system parameters are staying constant, as the remaining constraints are small. The goal during those last two steps is to remove all the constraints, except for a very small one on the protein backbone.

For the simulation with a surface tension, we choose a value of 20 dyn/cm, as with this value, we could increase the membrane surface of nearly 7%, hoping to facilitate the transmembrane motions [Figure 3-14]. We verified that this increase in surface did not let water or ions to pass through. We tested higher values, 60 & 80 dyn/cm, but the system was starting to get unstable after a few nanoseconds. 

Molecular dynamics productions

During this thesis, we carried out three type of MD, the conventional approach, the Gaussian accelerated approach and finally the targeted approach. For all the approaches, we had to face some trial and error in order to find the best parameters, and we are presenting here the one that went through successfully [Table 3456789101112. The cMD and GaMD simulation were all run for 1 μs. We first started by the simulation of the Acc model, with the goal to observe the activation of one of the TMD. As a preliminary step, after the equilibration, a 100 ns cMD production was performed to ensure the stability of our model and the membrane system. All the following production were then launch from that preliminary simulation:

 1 μs cMD production  1 μs GaMD production, with a short boost equilibration time of 4 ns (shortEq)

 1 μs GaMD production, with a long boost equilibration time of 100 ns (longEq)

In addition, we investigated the potential impact of the surface tension on the membrane fluidity and compactness. Using the NPγT ensemble, we investigated whether the transmembrane domains could move faster, given the long conformational transition times measured experimentally. Hence, we used a surface tension of 20 dyn/cm, and we had to redo the equilibration and preliminary 100 ns cMD production with this new parameter.

Then only one production was run: To clarify the second point, to run a tMD with the NAMD software, it is required to specify in the input file the initial RMSD between the starting conformation and the target. This allows the algorithm to setup the linear decrease of the ideal RMSD* along the simulation. The force being applied will be then proportional to the difference between the instantaneous RMSD and the ideal RMSD*.

For technical and practical reasons, the simulations are run in series of small productions (5 to 10 ns). Because of this, we had the choice to either setup the same initial RMSD for all the small productions, or to let the algorithm recalculate the ideal RSMD* linear decrease each time. It appeared that the simulations with a fixed initial RMSD where more unstable than the one were the initial RMSD was not setup.

The choice of the atom subset that will be targeted during the simulation was the most important parameter. Indeed, we first investigated if targeting only the VFD atoms would be sufficient to trigger the TMDs repositioning. As this did not lead to the TMDs repositioning, we decided to target the full receptor. Third part: Metabotropic Glutamate receptor 2 activation mechanism 58 

Key collective variables for the analysis

In order to monitor properly the motions of the protein during the simulations, we chose key collective variables that are representative of the system state, domain per domains. The main collective variables we used are the opening angle of each VFDs, the dihedral angle between the VFDs, and the distance between the TM6 of the two protomers [Figure 345678910111213141516].

The residues selected for those collective variables where either conserved or in ta structurally conserved region. We also monitored several other collective variables as reported in Table 3-13. https://youtube.com/playlist?list=PLudrcoUDI8N7RJ_mqqhzHFQkBqielOmT2

Figure 3-16: The three most important collective variables used for the analysis. On the left side the opening angle of a VFD (CYS92-PRO186-ARG271), in the middle the dihedral angle between the VFDs' lobe 1 (A:TYR165-A:GLY30-B:GLY30-B:TYR165), and on the right side the distance between the TM6 of the TMDs (ALA775).

Table 3-13: Residues of the collective variables for all mGlu receptors.

VFD angle VFDs dihedral CRDs N-ter distance CRDs C-ter distance

TMDs TM1 distance

Acc model, cMD & GaMD

As stated previously, we started with the cMD and GaMD simulations of the Acc model.

Overall, for this model, we performed four 1 μs simulations, but could not see any of the transition from Acc to Roo. However, we were still able to gather valuable information on the ECD behavior. Indeed, we noticed that the VFDs were very dynamic, independently from the TMDs and even from the CRD to which they are attached.

The coupling between VFDs and CRDs could be described as loose, and we had already noticed during the construction of the second model that the two disulfide bridges (CYS500/CYS519 & CYS234/CYS518), connecting the CRD at the base of the VFD's lobe 2, could not provide rigidity between the two domains, but were rather acting as a hinge.

Interestingly a similar observation was recently made experimentally, thus validating the virtually observed motions 135 . In our simulations, the VFDs could reach an angle toward the CRDs up to 25° compared to the starting structure [Figure 34567891011121314151617.

Even though the VFDs were both bound to an agonist, we observed the opening of one protomer in two of the simulations, the cMD and the GaMD with a long boost equilibration 

Roo model, cMD and GaMD

In a second study, we performed a cMD and a GaMD simulation on the Roo model, up to 1 μs for each simulations. The goal was to explore if it was possible to have a faster transition from Roo to Acc. However, this time again the simulations were not able to sample the transition toward the other state, but allowed to gather more information about the ECD. 

Targeted MD of the two models

Despite the tremendous amount of simulations using cMD and GaMD, with a cumulated simulation time of 6 μs, only part of the motion of the ECDs could be observed, and thus the transition pathway remains unclear. At this stage, only one million hours of computing time were left over the 5 million granted to our group by the TGCC. We needed a method that could achieve the conformational transition in less than 200 ns of simulation per models.

Since we had the models of the two states, Acc and Roo, the targeted MD approach seemed to be the most suitable, given our simulation constraints. With this technic, we were able to gain an understanding of the transition path, while being fully aware that the bias introduced by the applied forces could lead to unrealistic conformations. To reduce as much as possible this bias, as previously described, we increased the simulation time until we reached a minimal dihedral energy, as it is the most impacted when targeting a protein. This led us to keep only the 80 & 160 ns simulations of each model for further analysis.

Those simulations were by far the most informative, as we were able to see clearly a sequential motion of the different domains starting from both Acc and Roo states. The first interesting observation was the asymmetrical opening speed of the VFDs, for the two On the other hand, for the inactivation mechanism, the dihedral angle of the VFDs relaxed faster at the beginning of the 160 ns simulation than for the 80 ns (relative to the overall simulation time). Interestingly the TMDs repositioning in both simulations started roughly at the same relative time, when the dihedral angle of the VFDs reached an advanced intermediate state, also roughly at the same relative time. However, in that case the TMD repositioning was faster for the 80 ns simulation than for the 160 ns [Figure 34567891011121314151617181920.

Despite being surprising those kinetic behaviors between the two simulations are probably not relevant, as the relative starting time and ending of the motions are the same.

Lastly, in all four simulations, no major motions were detected for the TM6 angle [Annex 20

(E) (F) (K) (L)].

We also performed dynamical cross-correlation maps (DCCM), for the tMD simulations, since they contain the entire pathway [Figure 3 

Chapter 3: Meta-analysis

Looking individually at each collective variables was informative, but to have an even better understanding of the overall activation pathway, we combined the two most informative ones, the dihedral angle of the VFDs and the distance between the TMDs. In addition, to have an even more global view, for each type of MD, we combined the simulations of the Roo and the Acc models and made energy maps.

For the cMD and GaMD simulations [Figure 3-22 & Figure 3-23], as previously described, we could not see any transition of state. However, we observed that the TM6 distance was more fluctuating for the Roo model than for the Acc model. This result is consistent with the fact that in unconstrained simulations, the TMDs of the Roo model can move more easily because they are not in contact with each other. In addition, we could see in the GaMD that the conformational sampling of the dihedral angle was twice higher for the Acc model than for the Roo model. The Acc model's dihedral angle ranged from -30° to 10° (40° variation), when the one of the Roo model ranged only from -70° to -50° (20° variation). This confirmed that GaMD simulations allow for greater conformational sampling.

On the other hand, the energy map of the tMDs revealed clear transition pathways for both models. The pathway from resting to active has a slightly different shape between the 80 ns and the 160 ns simulation, with a more linear decrease of the TM6 distance for the first [Figure 3-24]. One explanation could be that the simulation was too short to allow the system to go through a more favorable path. Despite this difference, it is clear from those energy maps that the transition mechanisms are not symmetrical.

One could have imagined that if for one transition domain A moves followed by domain B, then for the reverse transition domain B should move first, followed by domain A. However, for the mGlu2 receptor, we observe that the first movement always comes from the ECDs, and when they reach an advance intermediate state, only then do the TMDs move. This behavior was never experimentally described in such details, especially the simultaneous dual motion monitoring of both the ECDs and the TMDs, whereas they were experimentally monitored only one at a time 

Figure 3-22: Free energy map of the cMD simulations. The free energy of the distance between the TM6 in function of the dihedral angle of the lobe1 is represented by a color gradient from blue (low) to yellow (high). Two cMD simulations of 1 μs were used to build this map, with conformations visible as black dots for the Roo model, and grey squares for the Acc model.

Figure 3-23: Free energy map of the GaMD simulations. The free energy of the distance between the TM6 in function of the dihedral angle of the lobe1 is represented by a color gradient from blue (low) to yellow (high). Four GaMD simulations of 1 μs were used to build this map, with conformations visible as black dots for the Roo model, and grey squares for the Acc model.

Chapter 3: Meta-analysis 67 This is typically a behavior of an asymmetrical activation that also have been experimentally described by several independent studies, where only one protomer can bind an agonist, the other being mutated, and yet activation was still detected, but with a slower rate.

Figure 3-24: Free energy map of the 80 ns tMD simulations. The free energy of the distance between the TM6 in function of the dihedral angle of the lobe1 is represented by a color gradient from blue (low) to yellow (high). Two tMD simulations of 80 ns were used to build this map, with conformations visible as black dots for the Roo model, and grey squares for the Acc model.

Figure 3-25: Free energy map of the 160 ns tMD simulations. The free energy of the distance between the TM6 in function of the dihedral angle of the lobe1 is represented by a color gradient from blue (low) to yellow (high). Two tMD simulations of 160 ns were used to build this map, with conformations visible as black dots for the Roo model, and grey squares for the Acc model.
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Chapter 4: Conclusion

Studying the activation mechanism of the mGlu2 receptor led to new observations of combined motions that were never observed in the same biological experimentation. As most studies focused on receptor motions are using light detection of FRET sensors, only one part of the protein can be studied at a time. With our simulations, we were able to show that not only the TMDs can be repositioned while the ECDs are still in a dihedral intermediate state with an asymmetric VFDs closure, but most importantly that the activation mechanism does not take the same pathway than the inactivation mechanism. This last point has never been described in such detail and is perhaps the starting point for even more thorough experiments (virtual and wet). Indeed, over the last three years of this thesis, class C cryo-EM structures were released at an increasing rate and at the very end, several mGlu2 cryo-EM structures were released in both states 57-59 . Our Acc model is in good agreement with all three cryo-EM structures, with a RMSD lower than 5 Å, but our Roo model has a RMSD of nearly 12 Å toward the only cryo-EM existing. This is mainly due to a different positioning of the TMDs for the mGlu2 receptor compared to the mGlu5 receptor used as template. Indeed the VFDs have a RMSD of 5 Å while it is 18 Å for the TMDs. Thus, future experiments will be to perform tMD simulations for both states, starting from the new cryo-EM structures. While we expect similar large extracellular motions (VFDs' dihedral angle) and two distinct pathways, we might see a different behavior of the TMDs repositioning, as well as more inter-protomer TM interactions.

Fourth part: Other mGlu receptors related studies

In this part, we are tackling several topics related to the mGlu receptors. First, we discuss the chloride sensitivity of the group II (mGlu2 & mGlu3) and the impact on both the activity and the structure of the receptors. This study provides additional information on the activation mechanism of the group II, especially for mGlu3 receptor modulated by the chloride concentration.

In a second study, we focused our research on mGlu4 agonist derivatives and their original binding combining the orthosteric site with (for some ligands) either one of the two chloride sites in the surrounding of the binding pocket. This dual steric binding mode in the mGlu receptors was described for the first time in this study.

The third study compiles unpublished data of the binding mode of agonists and negative allosteric modulators (NAM) in the group III. We discuss here how for the first time we have discovered an agonist that displays an increased activity compared to glutamate by several order of magnitude for the mGlu7 receptor. However, this agonist is still more potent at mGlu4 receptor. In addition, we describe the binding mode of the first NAM binding to the VFDs of mGlu7 receptor. Usually such ligands are located in the TMDs for all the other mGlu receptors.

Lastly, we discuss a study carried out on a Drosophila mGlu homolog, the Mangetout receptor. We are sharing the discovery of the endogenous ligand, leading to the deorphanization of the receptor. Extensive binding mode analysis was also performed on both the endogenous ligand and a competitive agonist, as well as their activity modulation by calcium ions.

All articles are briefly introduced before being inserted as is. Then a short "conclusion" section is added summarizing mainly the modelling and simulation approaches that were done in the studies.

Chapter 1: Group II mGlu receptors chloride sensitivity 1.1 Introduction

In the class C GPCRs, ions play a central role, whether as agonist like in the CaS receptor with calcium ions (Ca 2+ ), or as structural partners and positive allosteric modulator like in some mGlu receptors 136 . Ions in the mGlu receptor family were found in several crystal structures of the group I (Mg 2+ , Gd 3+ ) 56,137-139 , group II (Mg 2+ , Na + , Cl -) 127-129,131,132 and group III (Mg 2+ , Ca 2+ , Cl -) 140-142 , and the sensitivity to Cl -was tested for some of them (mGlu1, 5, 2, 4, 6 & 8), mGlu4 being the most sensitive so far 136 . However, mGlu3 receptor's sensitivity to Cl -had not been evaluated until this study. Despite mGlu3 receptors high basal activity in transfected cells compared to the other mGlu receptors, we demonstrated that chloride ions (Cl -) are playing a role in this basal activity, and more generally in the glutamate potency. The Cl -appears to be a positive allosteric modulator of the glutamate response, which strengthen the ligand binding through an interaction network, thus stabilizing the VFD active state.

Therefore, the high activity is not the result of a constitutive activity, but is in fact a Cl - mediated response to the ambient glutamate. Interestingly, despite being highly similar to the mGlu3 receptor (82.2 % similarity), the mGlu2 receptor does not display a basal activity, and appears to be the least Cl -sensitive receptor in the family 136 . This cooperative binding of Cl -and glutamate makes the mGlu3 receptor the most sensitive receptor of the family, at sub-micromolar concentrations of glutamate.

To achieve this study, extensive biological assays have been carried out by Amélie Tora at the IGF in Montpelier, coupled with molecular modeling and structural analysis. 

Article

Conclusion

In this study, we were able to propose by structural analysis a hypothesis of the PAM effect of Cl -combined with glutamate. We searched the published closed crystal structures in order to find the structural differences between the mGlu2 & 3 receptors. We were able to notice a peculiar unfolding of the first turn of the α7 helix in the Acc structure of mGlu3 receptor, 5CNK 128 [Tora et al. Figure 5]. This leads to an increase contact between the two protomers, and this possibly has an impact on the dihedral angle of the VFD, at 9.3°, which is higher than average, from -6° to 0° [Figure 4-1]. We showed that this unfolding could only happen in an active state and in the presence of chloride that can maintain the closing at the site 2, while the ARG249 facilitate the unfolding by interacting with the backbone of the β3 sheet. This behavior is then responsible for the apparent high basal activity of the mGlu3 receptor in normal (high) chloride concentration. While the mGlu2 receptor does not display a significant activity at very low glutamate concentrations, as it does not have this chloride site to enhance the glutamate activation. 

Introduction

In this study, we discuss a series of compounds that we developed, which selectively bind to the group III mGlu receptors. Those receptors are pre-synaptic and control the release of their own endogenous agonist hence they are called autoreceptors. Upon agonist activation, they can trigger the decrease of the glutamate release.

Many pathologies are related to an excess of neurotransmitter release, such as Parkinson disease, anxiety and pain. Thus targeting group III receptors with potent selective agonist could help to alleviate the symptoms of those pathologies.

We characterized the unique binding mode of these ligands by using the known interaction sites as well as flexible dockings. Indeed the mGlu receptors binding pocket is shrinking when the receptor closes upon agonist binding. Yet long and bulky AA in the binding site are making dockings of new compounds difficult. This is why during our docking workflow we prioritize those residues to be flexible in order to increase the quality of the docked poses.

In addition, similarly to the previous study, we demonstrated the key role of the chloride ions to potentiate the agonist activity. A structural and an allosteric chloride site are discussed, along with the ability of specific agonists to replace those ions (one at a time), making them less sensitive to their concentration. 

Article

Conclusion

By using the homology models and molecular docking, we were able to perceive a better understanding our ligand binding mode. We have characterized for the first time, for mGlu receptors, the binding mode of dual steric agonists of the group III. This will allow a more rational design of the following series to come, as we demonstrated that despite the ability of some ligands to reach both chloride site, increasing their EC50's, the main site that secures the VFD closing is the second, and more exposed, chloride site. Some of the ligands in this series, in addition to activating the mGlu4 receptor, also display a good activity at the mGlu7 receptor. Those ligands are discussed in the following chapter, and they are part of results that are waiting to be published.

Chapter 3: Agonist and allosteric modulators of group III

Introduction

We have seen previously a series of agonist binding to the group III of the mGlu receptors.

Whereas their activity toward the mGlu4 receptor was the strongest, interestingly they also showed, for some of them, the best agonist activity ever found toward the mGlu7 receptor.

Indeed, this receptor is known to be difficult to activate as a homodimer, with a poor sensitivity for glutamate (> 800 μM) 143 , and was shown to have a higher constitutive activity than the other mGlu receptors 144 . This functional behavior can be easily explained by its location at the synaptic cleft, where the concentration of glutamate is usually high, concomitant with intense neural activity 145,146 . Therefore, the mGlu7 receptor can play its role of auto-receptor to inhibit the glutamate release and reduce the neural response.

However, to understand this particular behavior at the structural level, we have conducted extensive analyses on the published crystal structures, and made a homology model of its closed state, which has never been solved to this day.

On the other hand, we conducted researches on a peculiar compound, a negative allosteric modulator (NAM) of the mGlu7 receptor, XAP044 147 , which instead of binding to the TMDs like all the other NAMs, is binding to the VFDs. This compound was historically developed by Novartis®, but abandoned when their CNS research department closed. From the only mutation that affected XAP044, we have characterized a possible binding mode explaining both selectivity and the negative allosteric modulation. Those studies were conducted in the context that the mGlu7 receptor shows an increasing potential target for treating epilepsy, alcohol and other drug addiction 22,27,148-151 .

Results and discussion

Weak activation of the mGlu7 receptor

This weak activation and agonist response is characteristic of only the mGlu7 receptor.

Whether it is glutamate or the more potent group III agonist L-AP4, the EC50's are in the hundreds of μM range, up to the millimolar. While this behavior finds a biological successfully hypothesized in 2004 152 that the β10-α7 loop was the reason of the poor activity of the receptor, but failed at explaining the mechanical reason for this. This loop is two residues longer than in the other mGlu receptors, and the authors only described the protrusion of the loop that may prevent for the proper closing of the VFD.

However at that time, the intermediate closing state crystal structure 5C5C 141 was not released. From this structure, we could find several structural features that are explaining both why the receptor is not fully closing and why glutamate has a poor EC50. For all the mGlu receptors, the lobes 2 of the VFD are superimposing well, with RMSD values lower than 1.5 Å. However, it is not the case for the intermediate state structure of the mGlu7 receptor, which has a RMSD of 3 Å in average against the other receptors. This high RMSD cannot be explained by just a look at the β10-α7 loop.

Looking at a first view of the structure 5C5C lobe 2 superimposed to that of 2E4Z structure, we can immediately observe that the α7 helices are not well superimposed, as well as the α8 helices just behind [Figure 4-2 (A)]. In fact, the first turn of the α7 helix is unfolded. Then in the binding site view, we discovered that the ASP314 (rebuilt side chain), is shifted within the distal pocket of the glutamate binding site, interacting with ASN74, ARG78 & LYS407, three key residues for the binding of the distal agonist functions (e.g. side-chain carboxylate of glutamate or phosphonate of L-AP4) [Figure 4-2 (B)]. Moreover, ASP314 belongs to the signature motif, binding the proximal functions in other mGlu receptor subtypes [START_REF] Acher | Amino Acid Recognition by Venus Flytrap Domains Is Encoded in an 8-Residue Motif[END_REF] . Indeed the 2D interaction map of L-AP4 in the mGlu8 structure 6BT5 153 , shows that its phosphonate group interacts with the LYS71, ARG75 & LYS401, but when projecting this interaction on the mGlu7 structure 5C5C we see that the homologous residues are already interacting with the lobe 2 residue ASP314 [Figure 4-3]. Altogether, we observe a shift of lobe 2 binding residues with regard to lobe 1 in 5C5C.

We pushed the analysis further by aligning together the structures 2E4Z and 5C5C only by the secondary structures near the hinges [Annex 1]: α5, β9, α6, β10, β11, β13, β16, β17 & β18. Interestingly those substructures are perfectly superimposed, while the others in lobe 2 are offset (α7, α8, β12) [Figure 4-4 (A)].

The shift starts with the α7 helix that pushes the α8 helix, which offsets the first residue of the α8-β12 loop, the ALA302 (step 1) by 3.8 Å, and destabilizes this loop, which offsets the last residue PHE308 by 5.7 Å (step 2). This pushes the β12 sheet by one residue upward within the binding site, the ASP314 being offset by 7.3 Å (step 3).

If we look back at the α7 helix [Figure 4-4 (B)], we see that when the first turn is unfolded, the ILE265 is in a sandwich interaction with PRO257 and PHE267. This is probably what pushes PHE267 and therefore the α7 helix, which by cascade motions, pushes the ASP314 within the binding site interfering with ligand binding. This unfolded state is probably stabilized by an interaction between GLU259 of the β10-α7 loop, and LYS60 of the β3 sheet [Figure 45]. We have seen this interaction strongly maintained during previous MD simulations of 100 ns. Interestingly, in a closed model that was made for docking our compounds, we observed this same GLU259 interacting with the ARG111 [Figure 45]. This probably means that the mGlu7 receptor can reach a fully active state only when this interaction pattern occurs. This later hypothesis is also discussed in the following section, when we docked the most potent agonists of the mGlu7 receptor. LSP4-2022 and LSP2-9166, the two most potent agonists synthesized in the laboratory were docked in our models, in order to acquire a better understanding of their ability to increase the mGlu7 activity at a comparable level to the other mGlu receptors. These ligands are not selective of mGlu7 receptor, as they also strongly bind the mGlu4 receptor and to a lesser extend to mGlu6 & 8 receptor. However, the gain of activity compared to glutamate in mGlu7 (> 500 fold), is far more important than in the other subtypes (100-200 fold), which makes those ligands relevant for targeting the mGlu7 receptor 154 .

We carried out dockings in the active and resting states of the mGlu7 model in order to check if the unfavorable fold of the β10-α7 loop described above is present in the two states. In 121 Moreover, we observe that in the Figure 4-7 (B), LSP4-2022 docked in the Acc model is also strongly interacting with the same residues. Therefore, a hypothesis for the better activity of those two ligands would be that keeping an interaction upon closing with the LYS60 might prevent for the unfavorable interactions with GLU259 in the β10-α7 loop (see § 3.2.1), leading to the metastable intermediate conformation. In addition, complete replacement of the β10-α7 loop with that of the mGlu4 receptor in a mutant, restored some activity for L-AP4 and increased that of LSP4-2022 [Annex 22].

Binding mode of the XAP044 and its derivatives

The XAP044 (and its derivatives) is a unique molecule, as it is the first reported small molecule NAM to bind to the VFDs of an mGlu receptor. Indeed the AM are usually binding to the TMDs, and XAP044 NAM effect is specific to the mGlu7 receptor at low μM concentrations.

Figure 4-8: Chemical structure of XAP044

A series of initial mutations around the glutamate binding-site revealed that SER229 was key to the XAP044 effect. Thus, we started by investigating how the molecule could prevent the closing of the VFD while binding to SER229. The phenol is the most likely group to interact with SER229, and can potentially also interact with SER160 that is in the vicinity.

Interacting with those two residue might help to prevent the receptor's closing as they normally move closer [Figure 456789.

As XAP044 in its most extended conformation has a length of 13.6 Å, we decided to search for potential binding sites at a maximum distance of 15 Å from SER229. Keeping in mind that we also need selective residues, we formulated three hypotheses [Figure 45678910].

The first one was toward the β10-α7 loop that has two selective residues, GLN258 and ARG260 according to the alignment in Annex 1. However, this is a site with high solvent exposure, which is not favorable for the hydrophobic moieties of the XAP044. In addition, the complete swap of that loop with the one of mGlu4 had no effect on the activity of XAP044, and we abandoned this site before running MD simulations. The second hypothesis toward the α7 helix is the most promising. There are two selective residues LYS233 and SER237. A small pocket is formed by the α3 and α6 helices, with hydrophobic residues favorable for the aromatic moieties of XAP044. We have conducted dockings for the XAP044 and the two most potent derivatives, LSP21-1174 and LSP21-3158. In the best docking pose [Figure 4-11], the phenol group of XAP044 is found in a sandwich interaction between SER160 and SER229. The selective LYS233 is making a strong cation-π interaction with the phenol ring, and a hydrophobic interaction with the iodophenyl ring. The selective SER237 makes a halogen interaction with the iodine of XAP044.

In addition, we can highlight the hydrophobic interactions with ALA183 and PRO184, as well as the halogen interaction with GLN240. During the 5 ns cMD, this docking stayed stable at 1.6 Å until 3 ns, and then a small drift was visible until 4.5 ns, to finally stabilize at The third hypothesis was also extensively investigated. In this orientation, there are two selective residues, ASP189 and ARG190, but they are not oriented toward the site. When we ran cMD simulations, none of the ligand in the various poses, remained in the site during the heating and equilibration, even with constraints. This hypothesis was ruled out.

Hence, the hypothesis we retained was the second one, toward the α6 helix. We conducted virtual mutations to assess the effect upon the binding energy [Annex 26], and found that K233A mutation is the first destabilizing mutation, while K233D is the most destabilizing for a charged residue. Hence, LYS233 was mutated in biological assays, to ALA, SER and ASP, and SER237 to ALA. While the K233A showed moderate impact on the XAP044 inhibition, S237A had no effect. It is only with K233D that the impact on the XAP inhibition was almost as important as for S229A, the key residue for the inhibition activity [Table 4-1]. 

Material and methods

Crystal structures preparation and homology model

In this study, only the structure of the VFD was of interest.

(a) mGlu7 receptor Roo model

For the Roo state of the mGlu7 receptor we selected the 2E4Z crystal structure 130 among the three available at the time [Table 4-2]. Despite having the lowest resolution of all three, it was the one with the lowest number of missing residues and a proper opening angle. Like for all the crystal structures of the mGlu receptors, the long α2-β6 loop was missing, and therefore rebuilt in a similar fashion as for the third mGlu2 receptor Acc model. For the two other missing loops, as there was only 3 and 2 residues missing respectively, they were rebuilt during the Prepare Protein protocol.

(b) mGlu7 receptor Acc model

For this model, we used the previously made Roo model, to which we cut at the hinges to separate the two lobes. Then we used the Acc mGlu8 receptor crystal structure 6BT5 153 as a reference, and superimposed each lobes on top of it. For this step, 6BT5 was used as in its active site there is an L-AP4 co-crystalized. Indeed our ligands have this moiety and are supposed to have the same interaction signature at the amino-acid binding region. Then we reattached the lobes together and minimized locally the hinges to remove tensions and bad angles.

For the long α2-β6 missing loop we proceeded the same way as previously, using instead the 6N51 56 cryo-EM structure of the mGlu5 receptor, and we selected the model with the best PDF Total energy out of 100 loop models [Annex 25].

Docking studies

For all the docking, we used GOLD as implemented in Discovery Studio.

(a) LSP4-2022 & LSP2-9166

With prior knowledge only of the interaction of the L-AP4 moiety to the glutamate bindingsite, we specified some mandatory interaction sites for the docking [Table 4-3]. We also specified flexibles side-chains, as the binding site has several long exposed sidechains, and in the Acc state, the pocket volume is smaller: LYS60 / LYS71 / ASN74 / ARG78 / SER157 / SER159 / THR182 / LYS407. Some residues from the signature were also selected in order to facilitate the ligand repositioning. For the docking of the XAP044 and its derivatives, we had three major hypothesis regarding the binding site. For all three hypothesis, the SER229 was included as it was reported to be essential for the NAM activity. Therefore, we specified the OH of its side-chain as a mandatory interaction site for the dockings.

For the first hypothesis toward the β10-α7 loop, we specified flexible side-chains for the following residues: SER226 / SER229 / GLN258 / ASN288 / GLU290 / ASP291.

For the second hypothesis toward the α-helix 7, we specified flexible side-chains for the following residues: SER160 / GLU185 / SER229 / LYS233 / GLU236 / SER237.

For the third hypothesis toward the β7-β8 loop, we specified flexible side-chains for the following residues: SER160 / ILE163 / GLU185 / ARG191 / TYR192 / SER229/ LYS233.

Molecular dynamics simulations

For the best-selected docking poses, we ran cMD simulations with NAMD as implemented in Discovery Studio. After solvation of the systems in a box with periodic boundaries at 7 Å from the protein and 0.145 M NaCl, we performed 100 ps of heating, followed by 900 ps of equilibration. Then the production simulations were run for 5 ns in NPT ensemble at 300 K.

Conclusion

Agonists and NAMs of the mGlu7 receptor's VFD, have very distinctive binding mechanisms that we have successfully characterized in this study. While examining the mechanism of agonist binding, the weak activation of the mGlu7 receptor was also investigated, as agonists were able to restore near-normal activity. On the other hand, we managed to characterize for the first time, the binding mode in the VFDs of a small molecule NAM, after several virtual hypothesis, then validated by experimental mutagenesis analysis.

Those new compounds being able to target or modulate the mGlu7 receptor are of great interest as potential drugs or tools to continue the researches on epilepsy drug addiction. Here we address a homolog of the mGlu receptor in a completely different species, the Drosophila. Until this study the Mangetout receptor (Mtt) was considered as orphan, because the receptor was originally known to bind only an exogenous toxic molecule, canavanine, with no endogenous ligand identified. As the arginine was found to be the endogenous ligand, we investigated its binding mode, which involves the co-binding of a calcium ion to display an activity. This binding mode was compared with the one of the canavanine that does not depend on calcium ion to activate Mtt, but can benefit from it.

Article

To be submitted. 

Conclusion

Explaining the various activity shift upon the different mutations and ligand proved to be challenging. First, we had to remake a homology model from a modified alignment [Mitri et al. Sup. Figure 1], which corrected the position of PHE401, thus inducing proper orientation of GLU402 and GLN404 side-chains toward the distal region of the orthosteric site. Then we looked for calcium ion site(s) in the vicinity of the binding site, as the Larginine is inactive by its own, but is potentiated by calcium ions, when canavine can be active by its own. We found a negatively charge patch between ASP111, ASP286 and GLN287 that seemed adequate to bind a calcium ion, which was confirmed by a good stability during MD simulations.

Finally, we were able to characterize two binding modes for canavanine and arginine; one at the calcium site, and one at the orthosteric site. At low Ca 2+ concentration, the binding mode towards the calcium site is preferred when the guanidinium is charged, which is the case in 99% of the time at physiological pH (7.4) for arginine, and less than 50% for the canavanine. Because binding to that site prevents receptor activation, only calcium ions could potentiate arginine activity by occupying this site, leaving only one binding solution for arginine. This combined activation is also improving the canavanine activity, as it would prevent calcium site binding for its protonated state.

Therefore, this receptor has not only a sensitive role to alert the Drosophila from eating a natural toxic compound, but has also potentially a role in the brain signaling, by arginine and calcium activation. 

Results and discussion

Homology models

One of the challenge of this study was the absence of structural data for this transporter. In order to find templates for homology modelling, we conducted a BLAST search against the PDB, based on the Homo sapiens amino-acid sequence of Asc-1 retrieved from the UniProt database under the code Q9NS82.

For the Outward-Open (OO) and Outward-Open Occluded (OOO) states we found structures of the Escherichia coli L-arginine / agmatine transporter (AdiC) (PDB 5J4I), overall sharing a low sequence identity (21%), but high in the unwound region of the TM1 and TM6 (57%), that contains key amino acids for the substrate binding 156 .

For the Inward-Open (IO) state, we found two transporters with higher sequence identity, the bacterial alanine-serine-cysteine exchanger (BasC) (26%, PDB 6F2W) and the Homo sapiens L-type amino acid transporter 1 (LAT1) (50%, PDB 6IRS), with for the last one a high sequence identity in the unwound regions of the TM1 and TM6 (79%) 157 . Moreover, it is important to note that all the templates also shared the common motif of twelve transmembrane α-helices (TM) in a "5+5 inverted topology" fold with a symmetry between the first five (1 to 5) α-helices and the second five (6 to 10) [START_REF] Shi | Common Folds and Transport Mechanisms of Secondary Active Transporters[END_REF] . We used the best-resolved structures of AdiC to build our two models, PDB 5J4I (2.2 Å) for the OO state and PDB 3L1L (3.0 Å) for the OOO state 156,158 . Naturally, because of its high sequence similarity, we chose a LAT1 structure, PDB 6IRS, to make the IO model 157 .

Most of the insertions and deletions were left out of the secondary structure elements of the template, in order to obtain the most stable models possible, which usually leads to a decreased sequence identity [Figure 5-1].

Docking

In this study, we carried out several flexible dockings (five AA in the binding site with flexible side-chains), for agonist as well as antagonist compounds. As the purpose is to reduce the influx of D-serine in order to keep a higher concentration at the synapse of activated NMDA receptors, we started our effort on the OO and OOO states.

We started by docking the D-serine itself in the OO model. Indeed having a better understanding of the interaction made by the substrate with its binding site is valuable for later understanding and possibly optimizing the inhibitors. The D-serine strongly bound to the unwound regions of TM1 (I53, S56, G57) and TM6 (PHE243, ALA244, SER246), and showed the same interactions pattern when docked to the OOO model, at the exception of a cation-π interaction with the phenyl ring of F243. This phenylalanine side-chain adopts an "in" conformation (oriented toward the binding site) in the OOO model, when it has an "out" conformation in the OO model. All the inhibitors shared a few binding interactions, especially with TM1 (ASN52, SER56), TM6 (PHE243, ALA244) and TM8 (TYR333). Those interactions are in the unwound regions of TM1 and TM6 that define the binding site of the natural substrate, which is in good agreement with an inhibition effect by competition.

Moreover, the inhibitors ACPP, LuAE00527 and BMS-466442, because of their larger size, are also interacting with TM10 (TYR390, PHE393). The size of those ligands make it impossible for Asc-1 to shuttle them into the cell, thus acting as non-transportable inhibitors ("blockers"), blocking the entire transport mechanism (uptake and efflux).

On the other hand, SMLC with its smaller size (smaller than L-methionine of which it is an analog) is a transportable inhibitor, thus only inhibiting the uptake as a substrate competing with the neutral amino acids substrate of Asc-1 167 . Despite we have not performed any MD simulation of Asc-1 bound to SMLC, the latter is also making similar interactions in the IO state as it did in the OO and OOO state. The ability for a substrate to bind in the different state models is supporting our last observation that SMLC can be a transportable inhibitor.

Molecular dynamics

In order to observe the first steps of the transport conformational transition, we carried out several simulations on the Outward-Open state model with a docked D-serine. The simulations were done with a fully explicit environment; meaning a heterogeneous membrane of POPC/Cholesterol (90/10) and a TIP3P water model with NaCl at 0.15M added around the protein with CHARMM-GUI.

From the five 100 ns simulations that were performed from the same equilibrated system, only one displayed a significant conformational change. In the AdiC template, TRP202 was shown to be a key residue for the transport activity, and it is the analogous situation for PHE243 in Asc-1. Moreover, we decided after publishing our results, to have a look at the TM6 bending along the simulations, as it appears to participate in the opening to the outward or inward face in the AdiC transporter 168 . Therefore, we monitored the PHE243 side-chain torsion (dihedral angle N-Cα-Cβ-Cγ) and the TM6 bending angle (Cα angle SER230-SER246-VAL254), and we saw a clear transition from an OO state to an OOO state (30-50 ns and 66-100 ns). Interestingly we saw a correlation between TM6 bending angle and PHE243 side-chain torsion [Figure 5-2]. When TM6 angle is oscillating between 140-153°, then PHE243 angle is approximately -51° ("out" conformation), and when TM6 angle is above 153°, then PHE243 angle is ±180° ("in" conformation). The bending of TM6 seems to influence the state of PHE243 ("in" or "out" conformation), as TM6 always changes its conformation prior the PHE243.

Finally, for state comparison we superimposed the conformation at t = 0 ns and at t = 100 ns [Figure 5-3]. In addition to revealing that PHE243 side-chain conformation was "in", the bending of TM6 induced a translation of 8.1 Å of its inward facing segment, suggesting a first step toward an Inward-Open state.

Conclusion

This study is a first step in the understanding and description of Asc-1 shuttle mechanism, but it already enlightens some key mechanics regarding the closing of the substrate-binding pocket from an OO state in a similar fashion as for the templates that were used.

One might argue that it should have been expected, but in a situation of using homology models, all variations from the template can have significant impact on the model behavior, especially in the critical region that is the substrate-binding pocket.

The MD simulations provide extremely encouraging results with a clear beginning of state transition and should be extended with other approaches such as GaMD or targeted MD for,

(B) (A)

Chapter 1: Asc-1 transporter 179 hopefully, reaching another state altogether. On another side, we have made an accurate description of the potential, yet very likely, binding modes of competitive transportable inhibitor. Among them, the SMLC shows a very good potential for its ability to block only one direction of the D-serine shuttling. This inhibitor could be the starting point for developing similar inhibitors toward Asc-1. 

Introduction

The second transporter we have studied is a lysosomal sialic acid transporter (sialin), which also belongs to the SLC family, and more specifically to the major facilitator superfamily (MFS). More exactly, the sialin is a member of the SLC17 transporters that are responsible for excretion and uptake of small organic molecules in the kidney, synaptic vesicles and lysosomes 169 .

Since sialin is responsible for the lysosomal excretion of N-Acetylneuraminic acid (Neu5Ac) among other sialic acids, its defect in the Salla disease leads to an accumulation of those molecules in several tissues until their excretion in urine. The Salla disease is a rare autosomal recessive genetic disease that concerns only a few hundred patients around the world, mainly in Finland and Sweden 170 . The consequences on the patient's life since birth are dramatic, starting with delayed motor development, followed by a worsening of the psychomotor abilities during childhood and ultimately severe speech and motor deficits at adulthood. Unfortunately, to this day only palliative treatment exists. In the Salla disease, the sialin defect is the consequence of a single mutation, R39C, resulting in a partial sorting to the lysosome and a transport activity reduced by 80% compared to the wild type sialin.

Because the mutant transporter still displays an activity, one solution would be to develop a chaperon to assist the lysosomal trafficking.

This study shows how biological assays were combined with modelling and simulations in order to provide a global understanding of the action of our inhibitors. 

Results and discussion

Homology modelling

As for the previous study, the first challenge was to make viable 3D-models in order to be able to conduct proper dockings and molecular dynamics simulations.

First, we conducted a BLAST search against the PDB based on the amino-acid sequence of sialin (SLC17A5) retrieved from the UniProt database under the code Q9NRA2. We found, at the time in 2019, the newly released structures of the H + /D-galactonate symporter (DgoT) that shares 25.5% of sequence identity, compared to the previous template with 21% The two structures of DgoT, PDBs 6E9N and 6E9O, allowed us to generate two models in an inward-facing open and outward-facing occluded state respectively. As there was a large gap between the LEU73 and TRP104 [Figure 5-4], we had to perform a loop refinement. This loop is located on the lumen side and far from the substrate-binding site, and therefore does not play direct role for ligand binding. Its refinement was mainly done in order to make a smaller simulation system rather than with an unfolded loop of 30 residues.

Docking of LSP12-3129

We docked LSP12-3129 (compound 45 in the article above) with success in the cytosolfacing model, but failed in the lumen-facing model due to a too narrow binding pocket.

Looking at the well-accommodated LSP12-3129 in the inward facing binding site, allowed us to give an explanation on the non-competitive behavior of this ligand. Indeed, in a first biological series of assays, it appeared that LSP12-3129 as well as Fmoc-Leu-OH (compound 13) are acting as blockers and not as translocated substrates. Then, in the kinetic assays, both compounds reduced the 𝑉 𝑚𝑎𝑥 of Neu5Ac uptake while leaving its 𝐾 𝑚 basically unchanged (all values within the same margin of error), meaning that they are noncompetitive inhibitors. This confusing inhibition mechanism led to the model, where the non-competitive inhibitors are able to cross passively the biological membranes, in order to bind to the cytosol-facing open conformation of the Sialin (Inward Open state). The coumarinyl group mainly interacts with SER407 (TM10) by H-bonds, but also with TYR203 (TM5) by a π stacking. As for the Fmoc group, its main interactions are found with PHE179 / PRO180 (TM4), and LEU426 (TM11). Many other van der Waals interactions were also identified.

Molecular dynamics

In order to assess the stability of the best docking pose we discussed above, we made a 20 ns cMD. We made a fully explicit system with CHARMM-GUI, containing a heterogeneous membrane of POPG/Cholesterol (90/10) and a TIP3P water model with NaCl at 0.15M. The system was then equilibrated following the 6-steps workflow recommended in CHARMM-GUI.

Overall, the ligand position remained stable in the binding site with a RMSD oscillating around 2 Å ± 0.5 for the entire simulation [Figure 56]. The Fmoc group remained stable during the entire dynamic, keeping until the end all the previously described interactions.

Only the coumarinyl group drifted toward TM5 and TM10, which allowed it to keep its main interactions.

In addition, we also monitored the RMSF of the protein residues for tracking any instability or/and substructure motion. To the exception of the large loop we built between TM1 / TM2 and the one between TM9 / TM10, the RMSF values stayed around 1.5 Å ± 0.25 for the inter α-helix loops and around 1 Å ± 0.25 for TMs [Figure 567.

The high values for the loop TM1 / TM2 is mainly due to the fact we built it from de novo and it could not find a more stable conformation during this short simulation. This did not have an impact on the stability of the surrounding substructures as reported by the RMSF graph. For the loop TM9 / TM10, the higher RMSF is the consequence of a translation of the C-ter residues of TM7 (TYR306 to GLU318), that push outside the loop along few residues of the attached TM10 (TYR389 to GLY404). It is interesting to note that this overall motion is probably the reaction of the protein to the binding and strong interaction of LSP12-3129 with the conserved TYR306. Interestingly, when we zoomed on the N-terminal side of TM5 and TM11, we saw them getting closer to each other, thus reducing the opening state on the cytosol-facing side.

Before the cMD, the distance between the tips of those TMs was 10.6 Å, and reduced to 6.3 Å at the end of the 20 ns simulation. This might be the consequence of the drifting of the coumarinyl group, thus pulling the SER407 of TM10 toward TM5. Indeed the SER407 is only a dozen residues apart from the beginning of TM11 (PRO419), for which its N-ter residues were also pulled toward TM5 in the process [Figure 5678]. 

Conclusion

This study is a good example of how modelling and simulations can assist the biologist in making sense of their macroscopic observations. Understanding the binding mechanism of our inhibitor and the resulting motion of the sialin to accommodate the blocking substrate is a step toward the design of better compounds being able to play the role of a pharmacological chaperon. This would greatly improve the rescue to the lysosomal membrane of the mutated R39C sialin, and therefor possibly reducing significantly the symptoms experienced by the Salla patients. 

Sixth part: General conclusion and perspectives

In this thesis is presented the work done during the last three years and a half, with some studies that had been initiated in the University of Paris laboratory a year before starting, when I was working as a research engineer. An extensive work on the family of the mGlu receptors is reported in this manuscript, but also on a transporter that play a role in the neural activity signaling cascade, and a transporter responsible for a rare genetic disease. This shows the ability of modelling to answer questions on various topics, working hand in hand with experimenters to go beyond the data of each discipline. With homology modelling and virtual docking, we were able to explain the binding mode of several agonists, antagonist and negative allosteric modulators, in correlation to the structure activity relationship reported by the biologists. With explicit solvent and membrane molecular dynamics simulations, we tackled one of the most difficult question to answer in structural biology, which is the activation mechanism of a complex large multimeric receptor. This is the perfect demonstration of the incredible power of simulations, where virtually any atom can be monitored over time, but it is important to keep in mind that it remains theoretical, and without all the already published data / wet lab experiments we used to validate our observations, none of this would have been possible. Virtual simulations and wet laboratory experimentations are therefore very complementary, as one can always learn something from the other, while still needing each other for validation.

Over the years of my thesis, new structural data were continuously published, forcing me to re-adapt my work and project on the fly in order to incorporate them. This was a challenge, and sometime a huge deception, especially when I finished the first full-length model ever made for the mGlu receptor, and two month later, the full-length cryo-EM structure for the mGlu5 receptor was released at the PDB. Fortunately, we were only at the beginning of the MD simulations to study the mGlu2 receptor. However, this happened again last summer when I started writing my manuscript, and this time it was several mGlu receptors cryo-EM structures in both states, including the mGlu2 receptor! While my work has now experimental data to be compared to, we also know that we will need to validate our previous observations with those newly released structures, and we have already started running As this thesis was an academic partnership in the frame of a CIFRE funding, between the University of Paris and BIOVIA Dassault Systèmes that recruited me, I had the opportunity to participate in the development process of new tools within the software Discovery Studio, such as a membrane building protocol, or the implementation of both GaMD and tMD. I was also involved in a couple of client software demonstrations and presented several time my work at worldwide company and customer meetings. This has given me invaluable experience of the software industry and of workings within a world-leading company such as Dassault Systèmes.

My work was presented at several local and international meetings and conferences, in the form of both posters and oral communications. Among them were the former GdR3545 "RCPG-Physio-Med", the RICT 2021 of the SCT, and the ERNEST meeting of the COST Action CA18133. I intend also to present my results in the following month at the iGPCRnet virtual conferences, and at the GdR2082 APPICOM. In the VFD, residues of the hinges are underlined in red, and residues from either side of variable loops are in bold.

In the TMD, central residues according to the GPCR numbering are in bold with a red hat ^. 
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  Grâce à ces dernières simulations, nous sommes parvenus à observer virtuellement, et pour la première fois, les deux changements d'état conformationnels d'un récepteur de la classe C. Le plus surprenant dans ces résultats est l'asymétrie entre les deux routes conformationnelles empruntées [Figure 3-24 & Figure 3-25], tout en observant aussi le phénomène d'asymétrie d'ouverture et de fermeture des VFDs [Annexe 20 (A) (B) (G) (H)],

  La troisième étude compile des données inédites sur le mode de liaison des agonistes et des modulateurs allostériques négatifs (MAN) dans le groupe III. Nous discutons ici comment nous avons découvert pour la première fois deux agonistes, LSP4-2022 & LSP2-9166 [Figure 4-6], qui présentent une activité accrue par rapport au glutamate de plusieurs ordres de grandeur pour le récepteur mGlu7. Cependant, ces agonistes restent encore plus puissants au niveau du récepteur mGlu4. En outre, nous décrivons le mode de liaison du premier MAN, XAP044 [Figure 4-8], qui se lie également aux VFDs du récepteur mGlu7 Résumé français xii [Figure 4-8]. Habituellement, de tels ligands sont situés dans les TMDs pour tous les autres récepteurs mGlu.
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 11 Figure 1-1: Phylogenetic tree of the class C GPCRs (GproteinDb.org).
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 14 Figure 1-4: The various class C GPCRs structures and ligands. (Ellaithy et al., TIBS, 2020) 50 , here the VFD is labelled as LBD (Ligand Binding Domain)
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 15 Figure 1-5: mGlu receptors oligomerization. (Pin & Bettler, Nature, 2016) 63

Chapter 2 :

 2 Metabotropic glutamate receptors and Mangetout receptor 9 VFDs located between the lobes 1 & 2, near the hinges that connect them. When at least one VFD is bound to an agonist, it stabilizes its closing by a rigid body motion of the lobes facilitated by the flexible hinges. This same motion triggers also a modification of the interface between the two VFDs, the lobes 1 undergoing a relative rotation as scissors, while the lobes 2 are getting closer. Simultaneously the N-terminal region of the CRDs are entering in contact. Regarding the following part of the motion cascade, one can say that the active ECD unleashed the ability of the TMDs to reach an active interface. Indeed a demonstration has been made of the activation of TMD only dimer, by allosteric modulators of the full length receptors 64-66 . Then the TMDs are repositioning to make an active interface, characterized by close interactions of the TM6, that induce a conformation transition of one TMD only, leading to the activation of the G-protein 67 .
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 16 Figure 1-6: Scheme of the mGlu receptor dimerization and activation. With VFD standing for "Venus Flytrap Domain", CRD for "Cysteine Rich Domain", TMD for "Transmembrane Domain", L1 for "Lobe 1" and L2 for "Lobe 2". On the other hand, among the different subtypes, it has been shown that the transmembrane interactions are not always the same for the resting state 55,56,58,59,68,69 . Indeed, for mGlu5 and mGlu7 receptors in the resting state, there is no TMD interface, with TM5 in front of each other apart of 23 Å and 17 Å respectively (distance between the 5.50 residues according to the GPCR numbering 70 ) [Figure 1-7 & Annex 2]. On the contrary, for the mGlu2 receptor in resting state, TMDs form an interface at TM3 & TM4, and the reference residues (4.50) are at 13 Å from each other. The last residues of TM4 are making hydrophobic contacts with
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 17 Figure 1-7: Interface of the TMD in resting states. On top is mGlu2 receptor with the cryo-EM structure 7EPA. On bottom is mGlu5 receptor with the cryo-EM structure 6N52.

  ,65,71,72 . The first large motions, with the VFD closing in a scissoring movement toward each other leading to the CRDs and TMDs convergence, are roughly occurring within the millisecond time scale (~ 35 ms). The activation of the G-protein is then achieve by one of the TMD in approximately 15 ms by a conformational transition to an active state. Hence, an entire activation time of around 50 ms was recorded for the receptor [Figure 1-8].
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 185519 Figure 1-8: Activation model with measured times from the ECD. (Rondard & Pin, Curr. Op. Pharm., 2015)[START_REF] Rondard | Dynamics and Modulation of Metabotropic Glutamate Receptors[END_REF] 

  Asc-1 is also composed of twelve transmembrane α-helices but in a different configuration. Similarly to the homologous LAT1 transporter (member the amino acid-polyamine-organocation, or APC, superfamily), it has a LeuT fold, organized in a '5+5' inverted repeat transmembrane α-helices topology, with two additional C-terminal transmembrane α-helices (TM11 & 12) 76-78 . Nevertheless, both proteins share the same transport mechanism of rocker-switch [Figure 1-10].
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 110 Figure 1-10: The rocker-switch mechanism for membrane transporters.

Finally, we analyze

  the simulations with different approaches depending on the question we were seeking to answer. By monitoring:  distances or interactions between a ligand and different amino acids of the binding site,  angles made by the Cα atoms of three amino acids (four for a torsion angle),  root mean square deviations (RMSD) of a subset (or all) of atoms in an object (protein chain / small molecule / water molecule / ion),  root mean square fluctuations (RMSF) of protein residues or of a small molecule, And also by more advanced computing methods:  dynamical cross-correlation maps (DCCM) of the atomic displacement  potential of mean force matrices (PMF)

  model with the best Verify score, we manually inspected all 10 models compared to the template(s), check the absence of entanglement in the region that had missing loops, as well as the lowest amount of Ramachandran outliers.
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 21 Figure 2-1: Determination of the residues' environment. A second division is made for the buried and partially buried classes according to their polar fraction. It is the fraction of the side chain area exposed to polar atoms, from solvent or protein. (Boyce et al., JMB, 2009)[START_REF] Boyce | Predicting Ligand Binding Affinity with Alchemical Free Energy Methods in a Polar Model Binding Site[END_REF] 

Chapter 2 :molecule docking 21 Chapter 2 :

 2212 Small Small molecule dockingAll our docking studies are performed with the GOLD: Protein Ligand Docking software (Versions 2018 to 2020, The Cambridge Crystallographic Data Centre)[START_REF] Jones | Development and Validation of a Genetic Algorithm for Flexible Docking[END_REF] as implemented in Discovery Studio (2018 to 2021)[START_REF]Discovery Studio Modeling Environment[END_REF] .
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 22 Figure 2-2: Chromosome representation. Each position in the chromosome is encoding a distance, an angle or any other conformational parameter.
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 23 Figure 2-3: From membrane generation to final system. (A) Main cell in orange square and periodic images in black, the protein is in cartoon and the membrane is represented by dummy atoms, in blue for the POPC and black for the Cholesterol. (B) The water is in red dots, Na ions in orange / Cl ions in green vdW spheres, POPC lipid in blue sticks and cholesterol in black surface.

Chapter 4 :

 4 Forcefield based simulationsFor our work two molecular dynamics packages integrated in Discovery Studio (2018 to 2020) are used, NAMD (2.11 to 2.13) and CHARMm (42.1 to 44.2)
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 24 Figure 2-4: Energy function (right) and the forcefield energy terms (left). (image under CC BY 4.0 license, from Chang et al., Catalyst, 2016 102 )
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 25 Figure 2-5: Non-bonded potentials. For each potential a different approximation of the longrange interactions is applied.
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 26 Figure 2-6: Display of the periodic images of the system under PBC. The original cell is in orange and the images are in blue. Only image of three faces of the original cell are displayed over the six faces.
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 242 VV)103 . By neglecting the third and higher order terms, the VV algorithm can yield a particle position, velocity and acceleration at time 𝑡 [Equation 2-4]. With the VV algorithm, there is no compromise on the precision. Equation 2-4: Velocity Verlet 𝑟 ⃗(𝑡 + 𝛿𝑡) = 𝑟 ⃗(𝑡) + 𝑣 ⃗(𝑡)𝛿𝑡 + 𝑎 ⃗(𝑡) 𝛿𝑡 Forcefield based simulations 29 𝑣 ⃗(𝑡 + 𝛿𝑡) = 𝑣 ⃗(𝑡) + 1 𝑎 ⃗(𝑡) + 𝑎 ⃗(𝑡 + 𝛿𝑡)]𝛿𝑡
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 2526 Equations of the modified potential energy and the boost potential 𝑉 * (𝑟) = 𝑉(𝑟) + ∆𝑉(𝑟) ∆𝑉(𝑟) = { 0.5𝑘(𝐸 -𝑉(𝑟)) 2 , 𝑉(𝑟) < 𝐸 0, 𝑉(𝑟) ≥ 𝐸 Equation Determination of the harmonic force constant

Chapter 4 :

 4 Forcefield based simulations 31 the standard deviation 𝜎 0 , which controls the 𝑘 0 [Equation 2-6]; the boost is maximum for 𝑘 0 = 1 and null for 𝑘 0 = 0 [Figure 2-8].

  Figure 2-8: Representation of the potential energy of the conformational space. This is a hypothetical representation of modified potential energy functions (V*(r)) at a maximum potential for threshold energy (E = Vmax) and for different boost potential coefficient (k0).Figure inspired from Markwick et al. 2011 and from Miao et al. 2015 108,112 .

  During a tMD simulation, an additional force is applied on each atoms, given by the gradient of the potential [Equation 2-7]. Equation 2-7: Gradient of the potential. 𝑈 𝑡𝑀𝐷 = 1 2 𝑘 𝑁 [𝑅𝑀𝑆𝐷(𝑡) -𝑅𝑀𝑆𝐷 * (𝑡)] 2

Chapter 4 :

 4 Forcefield based simulations 33 4.8.4 Root Mean Square Deviation & Fluctuation While a system is in constant evolution during a MD simulation, knowing how much it deviates and what are the overall fluctuations, are both basic monitoring measures.

  the fluctuation over time of an atom, or a subset of atom, is the average RMSD over time, which is called the Root Mean Square Fluctuation (RMSF). It is usually used for analyzing the fluctuation of amino acids or ligands during a MD simulation.
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 29 Figure 2-9: Local computer and supercomputer. On the left a custom-made water-cooled local computation machine. On the right the Joliot-Curie supercomputer with remote access.
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 210 Figure 2-10: Benchmark of NAMD and CHARMm on local machines.For NAMD the simulations with GPU were also using the 44 CPU cores, while for CHARMm the GPU simulations were using only one CPU core.

35 Chapter 5 :

 355 Computer resourcesDuring the first two years of this thesis, we performed all our MD simulations on local machines.AtDassault Systèmes, we had access to a DELL machine with 40 cores / 80 threads bisocket Intel Xeon CPUs and 2 NVIDIA 1080Ti graphics cards. At the University of Paris laboratory, we had access to a custom-made water-cooled machine with 20 cores / 40 threads bi-socket Intel Xeon CPUs and 2 NVIDIA 1080 graphics cards [Figure 2-9 left]. At the end of the second year, 6 month after applying with our project to GENCI (Grand Équipement National de Calcul Intensif), we were granted an access to the CEA's (Commissariat à Énergie Atomique) supercomputer, Joliot-Curie, located at the TGCC (Très Grand Centre de Calcul) [Figure 2-9 right]. We had 5 million hours of computing time on the newly open Irene Rome partition, composed of AMD EPYC Rome CPUs for a total of 293,376 cores.
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 21138111 Figure 2-11: Benchmark of NAMD on the CEA supercomputer. Calculations made on the Irene Rome partition of the Joliot-Curie supercomputer.

Figure 3 - 1 :

 31 Figure 3-1: Sequence alignment of mGlu2 and mGlu3 receptors' CRD. Highlighted in red the sequence that was grafted to the model.Eventually, four alternate conformations were deleted, keeping only the most populated, and 13 missing side-chains were rebuilt. Only one rebuilt residue, GLU373, is in the periphery of the distal pocket of the orthosteric site.
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 32 Figure 3-2: TMDs dimer of mGlu2 model. The model was made as a single protomer and then was copied on a Z symmetry axis.First we only asked for 40 models, and picked the one with the lowest PDF Total Energy (model 15). When we increased the number of models to 100, we observed that it was ranked second, so we kept it [Annex 4]. While looking at the quality of the top ten models, the model 15 was one of the few without any Ramachandran outliers, and its Verify score was in the average, yet well above the expected high score [Annex 5].

Figure 3 - 3 :

 33 Figure 3-3: Final assembly of the first mGlu2 receptor Acc model. (A) Magnified side view of the CRD linkage to the TMD. First protomer in green, with grafted CRD residues in purple and connecting loop in orange. Second protomer in blue. (B) Full length dimer in Acc state, embedded in an implicit membrane.
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 34 A) showed the flexibility of the CRD depending on the VFD state, with the hinge made by the disulfide bridge CYS500/CYS519 (black circle) and CYS234/CYS518. However, when looking only at the CRDs in
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 34 Figure 3-4 (B), it showed an excellent superimposition. Using the mGlu2 receptor 5KZQ structure as a reference, we computed the RMSD of all the CRDs of mGlu3 receptors, and chose the lowest RMSD to build the homology model, PDB 2E4X [Table 3-8].
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 34 Figure 3-4: Analysis of group II structures with CRD, and assembly of the final model. In red, the mGlu2 structures (open state). In blue and green (first and second protomer), the mGlu3 structures (closed state). The circle highlights the CYS500 and CYS519 disulfide bridge. (A) Superimposed ECD based on the inferior lobe. (B) Superimposed CRDs only. (C) ModeledCRD reattachment to the modeled VFD (in blue), based on the 2E4X structure of the mGlu3 receptor (in green).
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 35 Figure 3-5: Analysis of the CRD model of mGlu2 receptor. (A) Solvent accessible surface colored from the most hydrophobic residues in brown to the least in blue. (B) Residues colored by Verify score from poor in red, to good in blue. N-Glycosylation sites are represented in sticks (ASN linked to one NAG), the sugar were added just for analysis purpose.



  The two residues insertion of the ECL2 were moved at its tip [Annex 8 green square]. Two residue insertion at the end of TM6 and two residue insertion in TM7 were moved to the ECL3 [Annex 8 yellow square].From the 100 generated models, we selected the model 94, which had the third lowest PDF Total energy, because it was the first one without a kink in the ECL2 due to the two residues insertion. Despite being in the low tier among the best 10 models, its Verify score was still higher than the Expected High Score [Annex 9 & Annex 10]. Interestingly, those models showed lower PDF Total Energies and higher Verify scores compared to the previous model building, which was a good sign of improvement in the model quality.Finally, we built a dimer of this model in a similar fashion as the first time [Figure3-2].(d) Domains assemblyThis time we decided to connect the ECD to the TMD by passing on top of the ECL2. The first (and new) step, was to align the dipole moments of the two domains dimers along the same Z-axis [Figure3-6 (A)], and then by translating and rotating along that axis we superimpose the Cα of LEU556 present in both domain models [Figure3-6 (B)]. In the second step, we deleted the last three residues of the ECDs (LEU556 -GLN558) as they were also in the TMDs, and we reattached the two domains. Finally, a short minimization of the four residues of the connecting region was carried out for correcting the bond length. About a month after finishing the second model of the Acc mGlu2 receptor, the first cryo-EM of an mGlu receptor were released, two full length structures of mGlu5 receptor in Acc and Roo states[START_REF] Koehl | Structural Insights into the Activation of Metabotropic Glutamate Receptors[END_REF] . Interestingly before the release of the cryo-EM structures, when we performed a 100 ns simulation of cMD we observed a natural rotation of the VFD of about 35°, that we linked to natural flexibility. But in reality, when compared to the cryo-EM structure of mGlu5 receptor, our model VFDs' angle was off by approximately 70°, and naturally converged toward the proper cryo-EM structure's angle, to be only off by approximately 35° [Figure3-7].
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 1 Model building and refinement 47 nanoseconds, and a gradually reducing RMSD (compared to mGlu5 receptor) [Annex 11].
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 36 Figure 3-6: Final assembly of the first mGlu2 receptor Acc model. (A) Superimposition of the dipole moments of the ECD dimer and the TMD dimer. (B) Zoomed view at the connecting region, the Cα of LEU556 (vdW spheres) were superimposed.
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 37 Figure 3-7: Comparison of the second model at two different times. Comparison made against the cryo-EM structure of mGlu5 receptor, 6N51 56 .

  (a) The Venus Flytrap DomainWe used the same mGlu2 receptor's structure as previously (4XAQ), but rebuilt differently the missing α2-β6 loop. Indeed the cryo-EM structure has a longer helix α2 despite a resolution almost twice lower (4 Å) than the mGlu2 crystal structure (2.2 Å).Because the sequence length of this loop is the same for both receptors, we first refined it directly on the mGlu5 receptor cryo-EM structure and selected the one with the lowest PDF Total energy out of 100 loop models [Annex 12]. Then from the mGlu5 receptor template, we grafted to the mGlu2 receptor model two regions:  The loop along with the missing part of the helix α2  The N-ter residues Finally, we made a local minimization and analyzed the final model. The Verify score stayed stable compared to the previous models and less Ramachandran outliers were found, a sign of a better quality model [Table 3-9 & Table 3-10].
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 38 Figure 3-8: Assembling the CRD to the VFD. (A) Superimposing the VFD and CRD models (in orange), to the mGlu5 receptor cryo-EM structure 6N51 (in green). (B) Superimposing the mGlu2 receptor crystal structure 5KZN (in blue) to first and last three residues of either sides of the missing loop of the model (in orange).

structure [Annex 14 &

 14 Annex 15]. Despite those lower scores, the overall quality of the model was still in the higher end.

  assemblyTo connect the ECD to the TMD, we used again the mGlu5 receptor cryo-EM structure, 6N51, as a grafting scaffold [Figure3-9 (A)]. We also added the missing 3 N-terminal residues and the ions from the same structures than for the first model [Figure3-9 (B)]. We setup backbone constraints, except on the grafted regions and refined loops, for a 10,000 steps Steepest Descent minimization, for removing residual clashes and correcting bond lengths.
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 39 Figure 3-9: Final assembly of the third mGlu2 receptor Acc model. (A) Magnified side view of the CRD linkage to the TMD. The models (in orange), are superimposed to the mGlu5 receptor cryo-EM structure 6N51 (in green). (B) Full length dimer in Acc state, embedded in an implicit membrane. First protomer in green, second protomer in blue, ions and ligand as vdW spheres.

  templates, and the second best Verify score. Moreover, on visual inspection it did not show any entanglement.
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 153311 Figure 3-11: LY354740 and 3'Me-CCG side-by-side. Two sub micro-molar agonists of mGlu2.
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 312 Figure 3-12:From the input model to the final system. In the final system the water is a blue transparent surface, the lipids are in orange vdW spheres and the protein is a ribbon with secondary structure coloration.
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 313553 Figure 3-13: Volume, average Pressure and average Temperature over the equilibration time. Equilibration of the Acc model in NVT and NPγT, with a surface tension of 20 dyn/cm.
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 314 Figure 3-14: Comparison of the membrane surface with or without surface tension. The two systems are identical with the same size at t = 0 ns. The blue surface is for a simulation without surface tension, and the orange surface is for a simulation with a surface tension of 20 dyn/cm.

 1 μs: Simulations 57 2. 2 . 2

 15722 GaMD production, with a long boost equilibration time of 100 ns (20dyn) (b) Roo model From the previous experience, we only ran the simulations in the NPγT ensemble, with surface tension of 20 dyn/cm. The following productions were run:  1 μs cMD production  1 μs GaMD production, with a long boost equilibration time of 100 ns Chapter 2Targeted Molecular Dynamics The inability to simulate successfully the activation / inactivation mechanism using cMD and GaMD led us to launch targeted MD simulations (tMD). Several tests were undertaken to find the best simulation parameters:  Time length of the simulation  Fixed initial RMSD versus stepwise evaluation  Constraints applied to the system The time length of the simulation had a moderate impact on the protein motion [Annex 19], but the dihedral energy of the system was much lower with the longest simulations, indicating more stable and realistic pathway [Figure 3-15]. The tests were done with times of 20, 40, 80 and 160 ns.
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 315 Figure 3-15: Monitoring of the dihedral energy for the Roo model tMD simulations. For the simulations with only the VFD as target on the left and the simulations with the full receptor a target on the right.

  Some of the simulations trajectories were recorded in videos, with a smooth animation, using the Visual Molecular Dynamics (VMD) software 133,134 (http://www.ks.uiuc.edu/Research/vmd/). The videos are available for watching online from the YouTube link above and QR code.

[Figure 3 -

 3 18]. It happened sooner for the GaMD, at around 200 ns, than for the cMD, at around 300 ns justifying fully the use GaMD as a method of investigation. Considering the large opening angle of the VFD, it could be qualified as being in an extremely wide-open state (>76°), which lasted until the end of the simulations. The dihedral angle of the VFDs' lobe 1 stayed always in the active values, to the exception of the GaMD (longEq) that reached the frontier of an intermediate state [Annex 20 (C)]. There was no significant motions detected at the TMDs [Annex 20 (D) (E) (F)].
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 60317 Figure 3-17: Conformation after 400 ns of cMD. The protein chains are in green and blue ribbon representation and the membrane is in orange solvent accessible surface. Ligand, water and ions are hidden.
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 318 Figure 3-18: Monitoring for the Acc model of the VFD opening angle (Protomer A).
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 61319 Figure 3-19: Monitoring for the Roo model of the VFD opening angle (Protomer A). Interestingly this large variation of the opening angle was not followed by any change in the dihedral angle of the lobe 1, suggesting the scissoring movement can only occurs when the VFDs are closing [Annex 20 (I)]. Given the absence of scissoring movement, the increase in VFD opening could only have occurred because of their loose connection to the CRD. Like for the previous model, there was no significant motions detected at the TMDs [Annex 20 (J) (K) (L)].

  Acc model [Annex 20 (A) (B)]. This asymmetric motion behavior was also observed for the Roo model and its VFD closure, but less distinctly [Annex 20 (G) (H)].Nevertheless, the two collective variables that gave us a more general understanding of the motion were the VFDs dihedral angle and the TM6 distances. For both models (and both simulations for each model), the TMDs could only initiate their repositioning after the VFDs reached a dihedral angle advanced intermediate state (close to the target state). For the activation mechanism, the 80 and 160 ns simulations behaved in a similar fashion probably because when targeting the Acc state the protein have less "room" for exploring different conformations.

Figure 3 -

 3 Figure 3-20: VFD dihedral angle (top) and TMD distance (bottom) for the Acc model.
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 63321 Figure 3-21: DCCM for the 160 ns Roo to Acc tMD simulation (Protomer A). Maps of protomer A & B are separated because they had to be superimposed separately in order to remove the noise induced by the relative rotation movements and shifts. Positive correlations are in cyan, neutral in white, and negative in purple. Lobe 1 regions are in green squares, Lobe 2 in yellow, CRD in blue, Intra-Cellular Loops in black, and Extra-Cellular Loops in red.

- 21 &

 21 Annex 21]. In those maps, we observe a clear anti-correlated motions between the lobes 1 and 2 (green and yellow squares), but Third part: Metabotropic Glutamate receptor 2 activation mechanism64 only weak correlated motions between the lobe 2 and the CRDs (blue squares), in complete agreement with the described loose coupling. Nevertheless, the CRDs showed strong anticorrelated motions with the ICL1 (black squares), which can be explain as they are both attached to TM1, and more interestingly, strong correlated motions with the large ECL2.The ECL2 is particularly important as it is connecting the TM5 & TM6, themselves connected to the ICL2 & ICL3 respectively, which are in direct contact of the G-protein.Because those two ICLs are displaying anti-correlated motions with ECL2, this can mean that the ECL2 might be one of the triggers of the activation of the G-protein by the ICL2 & ICL3. Finally, on a less surprising note, we could observe positive correlated motions in the TMDs between almost all TM α-helices (not highlighted on the maps).

  52-55,65,71-73,135 . The simulations showed, particularly the 160 ns simulation [Figure 3-25], that an intermediate state of the ECDs was sufficient to allow repositioning of the TMDs.

  activation of the G-protein, although this last point could not be observed in these simulations. An intermediate dihedral state of the ECDs is usually characterized by only one of the VFDs closed while the other remains open (or semi-open).
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 41862 Figure 4-1: Side view of the VFD of mGlu2 and mGlu3 receptors. All views: first protomer (in background) in light blue, second mGlu2 protomer in green, second mGlu3 protomer in purple. Left & central view: helix alpha7 in red and loop β10-α7 in orange. Right view: superimposition of mGlu2 and mGlu3 dimers upon first protomer (in blue)

  Reprinted (adapted) with permission from: Selvam, C.; Lemasson, I. A.; Brabet, I.; Oueslati, N.; Karaman, B.; Cabaye, A.; Tora, A. S.; Commare, B.; Courtiol, T.; Cesarini, S.; McCort-Tranchepain, I.; Rigault, D.; Mony, L.; Bessiron, T.; McLean, H.; Leroux, F. R.; Colobert, F.; Daniel, H.; Goupil-Lamy, A.; Bertrand, H.-O.; Goudet, C.; Pin, J.-P.; Acher, F. C. Increased Potency and Selectivity for Group III Metabotropic Glutamate Receptor Agonists Binding at Dual Sites. J. Med. Chem. 2018, 61 (5), 1969-1989. https://doi.org/10.1021/acs.jmedchem.7b01438. Copyright 2021 American Chemical Society.
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 3 Agonist and allosteric modulators of group III 117 explanation, at the structural level the mystery remains. A study ofRosemond et al. has 
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 42 Figure 4-2: mGlu7 receptor lobe 2 comparison & binding site. (A) The crystal structure 5C5C of the intermediate state is in blue (β10-α7 loop in red), and the crystal structure 2E4Z of the resting open state is in green (β10-α7 loop in orange). (B) View of the mGlu7 receptor bindingsite, occupied by the D314 at the distal region of the glutamate binding-pocket.
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 43 Figure 4-3: 2D view of L-AP4 in the binding site of the mGlu8 receptor and projection in the mGlu7 receptor. On the left side: structure 6BTZ of the mGlu8 receptor. On the right side: structure 5C5C of the mGlu7 receptor. The arrow on the right side depicts the fact that ASP314 occupies the space of the distal functions of L-AP4, and therefore it cannot bind correctly to the mGlu7 intermediate state. ASP309 (mGlu8) and ASP314 (mGlu7) are homologous.
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 344 Figure 4-4: Comparison of substructure positions in mGlu7 receptor crystal structures. The crystal structure 5C5C of the intermediate state is in blue (β10-α7 loop in red), and the crystal structure 2E4Z of the resting open state is in green (β10-α7 loop in orange). The structures have been aligned by the secondary structures near the hinges: α5, β9, α6, β10, β13, β16, β17 & β18. (A) Global view of the lobe 2, the structure repositioning steps are numbered in red circles. (B) Zoomed view on the β10-α7 loop.
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 45 Figure 4-5 Comparison of intermediate closed state 5C5C and closed state model. The β10-α7 loop is in red, the α3 & α6 helices are in orange, the key residues for stabilizing the β10-α7 loop are in stick representation. (A) Intermediate closed state (38°) of 5C5C crystal structure. The GLU259 of β10-α7 loop is stabilized by LYS60. (B) Theoretical closed model (33°). The GLU259 of β10-α7 loop is stabilized by ARG111.
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 2 Binding mode of LSP4-2022 and LSP2-9166

Figure 4 - 7 (

 47 Figure 4-7 (A), we show the best pose of LSP2-9166 in the Roo model. The distal carboxylate is strongly interacting with the SER160 and the LYS60. The SER160 is a key residue, as when mutated both ligands are losing their activity.
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 46 Figure 4-6: Chemical structures of the main agonists of the mGlu7 receptor.
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 47 Figure 4-7: Dockings of LSP2-9166 and LSP4-2022 in the mGlu7 receptor. The structure is based on 2E4Z 130 , the two key residues for the distal interaction of the ligand are displayed in sticks with purple carbons. (A) Docking of LSP2-9166 in the Roo state. (B) Docking of the LSP4-2022 in the Acc state.
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 49 Figure 4-9: Reduced distance between helices α3 and α6 upon VFD closing in Roo and Acc states. Helices α3 and α6 are colored in orange. (A) Roo state of the model based on 2E4Z. (B) Acc state of the model based on 2E4Z and 6BT5.
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 410 Figure 4-10: Scanning the surrounding of SER229 in the Roo model. (A) All the residues at 15 Å around SER229 are colored in purple. (B) First binding site hypothesis β10-α7 loop, in purple, second hypothesis α6 in pink, and third hypothesis β7-α4 loop in orange.

Chapter 3 :

 3 Agonist and allosteric modulators of group III123

  3 Å until the end [Figure 4-12]. This docking was evaluated with mutagenesis and functional assays [Table 4-1].

Figure 4 - 11 :

 411 Figure 4-11: Binding poses of XAP044 for hypothesis 2 & 3. XAP044 is displayed in thick sticks, the side-chains in thin sticks. The residue names inside a red square are mandatory for the activity, the residue name in bold red are selective and showed moderate impact to the activity upon mutation. (A) Hypothesis 2 toward the α7 helix. (B) Hypothesis 3 toward the β7-α4 loop.

Figure 4 -

 4 Figure 4-12: RMSD of the XAP044 in the second binding-site during the 5 ns cMD. The XAP044 remained stable with a RMSD bellow 2 Å until 3 ns. Then we observed a small drift up to 6 Å until 4.5 ns, for finally re-stabilizing at 3 Å until the end.

Chapter 3 :

 3 Agonist and allosteric modulators of group III 127 (b) XAP044 and its derivatives

  Mitri, C.; Cabayé, A.; Soustelle, L.; Yang, Y.; Galéotti, N.; Poncet, J.; Lafon, M.; Bertrand, H.-O.; Bockaert, J.; Déméné, H.; Acher, F. C.; Pin, J.-P.; Grau, Y.; Parmentier, M.-L. L-Arginine with Calcium Constitute the Endogenous Ligand of the Metabotropic Glutamatelike Receptor Mangetout in the Drosophila Brain. 2021.
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 51 Figure 5-1: Sequence alignment of Asc-1, AdiC and LAT1 (UniProt Q9NS82, PDB structure 5J4I and 6IRS respectively) 156,157 . Identical residues are in dark blue color, and similar residues are in lighter shades depending on the similarity level. Secondary structure is displayed for AdiC and LAT1, orange bars for α-helix and grey for coil. After the manual correction of the gaps and insertions, the sequence identity in the aligned regions is 17.3% for Asc-1 / AdiC (21.1% before) and 48.9% for Asc-1 / LAT1 (49.6% before).

  The observed interactions in the OO and OOO state are in good agreement with several other studies, describing OOO AdiC transporter bound to L-Arginine (PDB 3L1L), IOO Geobacillus Kaustophilus amino acid polyamine cation transporter (GkApcT) bound to L-Alanine (PDB 5OQT), and IO BasC bound to 2-aminoisobutyrate (2-AIB) (PDB 6F2W) 158- 160 . Indeed in AdiC, TRP202 is the analogous residue of PHE243 in Asc-1, and was reported to be a key to the transport mechanism, by going through a significant conformational rearrangement that blocks the ligand in the substrate-binding site 161 . Dockings of inhibitors were also carried out [Mikou et al. Figure 8]:  amino(1-(3,5-dichlorophenyl)-3,5-dimethyl-1H-pyrazol-4-yl) acetic acid (ACPP) 162  (R)-2-({3-[(R)-1-(4-chloro-phenyl)-6,7-difluoro-indan-1-yl]-propyl}-methylamino)-3-thiazol-4-yl-propionic acid (LuAE00527) 163  S-Methyl-L-Cys (SMLC) 164,165 Chapter 1: Asc-1 transporter 177 In addition, we also compared a docking from an existing published model:  3-(1-Benzyl-1H-imidazol-4-yl)-2(S)-[(6-benzyloxy-5-methoxy-1H-indole-2carbonyl)-amino]-propionic acid methyl ester (BMS-466442) 166

Figure 5 - 2 :

 52 Figure 5-2: Monitoring of Asc-1 100 ns MD. (A) Graph of the bending angle of TM6 (orange line) with ordinate on the left and torsion angle of PHE243 side-chain (blue dots) with ordinate on the right. (B) Sliced view of the OO model at t = 0 ns, that shows PHE243 in dark blue, and TM6 in red with the angle displayed in orange. D-serine is visible in red van der Waals depiction.

Figure 5 - 3 :

 53 Figure 5-3: Sliced view of Asc-1 OO model at t = 0 ns (dark colors) and at t = 100 ns (light colors). The D-serine (van der Waals) is colored in green, PHE243 (ball and stick) and TM6 (trace) are colored in red, while the rest of the protein (trace) is colored in blue.
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 54 Figure 5-4: Sequence alignment of sialin, DgoT and VGLUT2 (UniProt Q9NRA2, PDB structure 6E9N/6E9O and 6V4D respectively) 171,173 . Numbering is linked to the sialin. Identical residues are in dark blue color, and similar residues are in lighter shades depending on the similarity level. Secondary structure is displayed for DgoT and VGLUT2, orange bars for α-helix and grey for coil. After the manual correction of the gaps and insertions, the sequence identity in the aligned regions is 23.2% and 22.3% for DogT / sialin (23.8% and 23.2% before) and 39.9% for VGLUT2 / sialin (steady).
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 55 Figure 5-5: Alignment of Sialin with the other SLC17 transporters. Sialin is aligned with Vesicular glutamate transporters (VGLUT*), Sodium-dependent phosphate transporters (NPT*) and other non-classified members (S17A*). Sialin residues interacting with LSP12-3129 are underline in red, as well as the homologous residues of the other transporters of the family.

  regions are many arguments in favor of the compound blocking capacity of the transport motion.

Figure 5 - 6 :

 56 Figure 5-6: RMSD of the LSP12-3129. Each frame was superimpose according to the protein backbone of the first frame before the RMSD computation.
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 57 Figure 5-7: RSMF of Sialin along the 20 ns cMD. Before computing the RMSF, all frames were superimpose according to the protein backbone of the first frame. The secondary structures are displayed on top of the residue labels, α-helix in orange and coil/turn in grey.
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 58 Figure 5-8: Sliced view of the Sialin docked with LSP12-3129 at t = 0 ns (dark colors) and at t = 20 ns (light colors). The LSP12-3129 (van der Waals) is colored in green, TM5 (trace) is colored in red and TM11 (trace) is colored in orange, while the rest of the protein (trace) is colored in blue.

  dynamics. Once those new simulations analyzed we plan to publish them.
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 1 Sequence alignment of all the Homo sapiens mGlu receptors. For each sequence, the UniProt code is specified along with the first and last residues. The residue numbering is for mGlu2 receptor. Colored line over the residues' number determine the domains, yellow for VFD, green for CRD, red for TMD. The residues are colored by identity ( ), strong similarity ( ) and weak similarity ( ) Secondary structures are displayed for the mGlu2 receptor, but are almost identical in the other receptors. The α-helices are in red & orange tubes ( ), while the β-sheets are in blue arrows ( ).
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 21 DCCM for the 160 ns tMD simulations. Maps of protomer A & B are separated because they had to be superimposed separately in order to remove the noise induced by the relative rotation movements and shifts. Positive correlations are in cyan, neutral in white, and negative in purple. Lobe 1 regions are in green squares, Lobe 2 in yellow, CRD in blue, Intra-Cellular Loops in black, and Extra-Cellular Loops in red.
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Table 3 -1: Crystal structures of Homo sapiens mGlu2 receptor.

 3 The structures were published in 2015 by Monn et al 127,128 and in 2016 by Chappell et al. 129 .

	PDB ID (state)	Hinge Angle A	Hinge Angle B	Ligand	Gaps	Missing residues	Mutations Resolution
	4XAQ 127 (Acc)	34.6	34.9	LY354740	A:LEU110-THR134 B:LEU110-THR134 B:ALA435-HIS438	A:23 B:25	C234S S302E	2.21
					A:SER109-THR134			
	4XAS 127 (Acc)	34.6	38.1	LY2934747	A:GLY462-GLY464 B:SER109-THR134	A:25 B:27	C234S S302E	2.35
					B:ARG460-GLY464			
					A:SER109-THR134			
					A:ARG358-ARG360			
	5CNI 128 (Acc)	35.1	34.7	Glutamate	A:ALA461-GLY464 B:SER109-THR134	A:27 B:27	C234S S302E	2.69
					B:PHE432-ALA435			
					B:GLY462-GLY464			
	5CNJ 128 (Acc)	39.2	39.4	LY2812223	A:LEU110-PRO133 B:SER111-PRO133	A:22 B:21	C234S	2.65
	5KZN 129 (o)	76.0	NA	NA	A:LEU110-PRO133 A:GLY462-GLY464	A:23	W563E	2.8
	5KZQ 129 (o)	61.5	NA	LY3020371	A:LYS43-PRO46 A:GLY462-GLY464 A:LEU110-PRO133	A:25	W563E	2.8

Table 3 -2: Verify score of the VFD before and after loop refinement.

 3 

	Profiles-3D	Verify Score	Verify Expected High Score	Verify Expected Low Score	% to Expected high score
	Before	474.33	407.136	183.211	117%
	After	497.89	428.424	192.791	116%

Table 3 -3: Percentage and number of outliers on the Ramachandran's map.

 3 For the VFD before and after loop refinement.

	Ramachandran	% in disallowed region	nbr in disallowed region	% in marginal region	nbr in marginal region
	Before	0.0%	0	2.3%	19
	Refined loops	0.5%	4	2.3%	19
	After	0.5%	4	4.6%	38

Table 3 -4: Crystal structures of mGlu3 receptor.

 3 All 2E** structures are from Rattus novergicus and the rest is from Homo sapiens. The structures were published by Muto et al. 130 , Wernimont et al. 131 and Monn et al. 127,128,132 .

	PDB ID (state)	Hinge Angle A	Hinge Angle B	Ligand	Gaps	Missing residues	Mutations Resolution
					A:LEU117-ILE138			
	2E4U 130 (Rcc)	34.0	33.8	Glutamate	A:GLN364-GLN371 B:LEU117-ILE138	A:26 B:26	N414Q N439Q	2.35
					B:GLN364-GLN371			
	2E4V 130 (Rcc)	34.0	33.9	DCG IV	A:LEU117-ILE138 B:LEU117-ILE138	A:20 B:20	N414Q N439Q	2.4
	2E4W 130 (Rcc)	33.7	33.8	1S,3S-ACPD	A:LEU117-ILE138 B:LEU117-ILE138	A:20 B:20	N414Q N439Q	2.4
	2E4X 130 (Rcc)	33.9	34.0	1S,3R-ACPD	A:LEU117-ILE138 B:LEU117-ILE138	A:20 B:20	N414Q N439Q	2.75
	2E4Y 130 (Rcc)	34.4	34.6	2R,4R-APDC	A:LEU117-ILE138 B:LEU117-ILE138	A:20 B:20	N414Q N439Q	3.4
					A:THR27-THR29			
	3SM9 131 (Roo)	59.2	59.2	LY341495	A:SER91-LEU115 A:GLN339-ASN343 A:ARG224-ILE227	A:34	C215S	2.26
					A:ASN420-ASP426			
	4XAR 127 (c)	35.7	NA	LY354740	A:LEU117-LEU140 A:LEU363-ARG371 A:PRO443-ASP449	A:34	C240S Q508E	2.26
					A:LEU117-ILE138			
	5CNK 128 (Acc)	34.4	34.4	Glutamate	A:GLN364-ARG371 B:LEU117-LEU140 … A:PRO446-ASP451	A:30 C:31 B:32	C240S	3.15
					A:LEU117-ILE138			
	5CNM 128 (Roo)	63.3	63.3	LY2812223	A:GLY248-ILE252 A:GLN364-ASN368	A:32	C240S	2.84
					A:GLN472-SER479			
					A:ILE35-GLY37			
	6B7H 132 (c)	36.9	NA	LY2794193	A:LYS50-GLU55 A:LEU363-ARG371 A:LEU117-PRO139	A:38	NA	2.82
					A:PRO443-ASP449			

Table 3 -5: Verify scores of the VFD and the ECD (VFD+CRD). Profiles-3D Verify Score Verify Expected High Score Verify Expected Low Score % to Expected high score

 3 

	VFD	497.89	428.424	192.791	116%
	VFD + CRD	546.91	493.261	221.968	111%

Table 3 -6: Percentage and number of outliers on the Ramachandran's map.

 3 For the VFD, the CRD and their combination.

	Ramachandran	% in disallowed region	nbr in disallowed region	% in marginal region	nbr in marginal region
	VFD	0.4%	4	3.5%	38
	CRD	0.4%	4	1.2%	13
	VFD + CRD	0.7%	8	4.8%	51

Table 3 -7: BLAST results for mGlu2 receptor's TMD.

 3 

	Sub-Type	PDB	Identity Seq Length	Align Length	Bit Score	E-Value	Positive Resolution
	mGlu1	4OR2_A	51	389	258	224.172	1.44E-70	69	2.80
	mGlu5	4OO9_A	48	444	181	130.954	1.88E-34	63	2.60
	mGlu5	6FFH_A	48	444	181	130.568	2.43E-34	63	2.65
	mGlu5	5CGC_A	48	444	181	130.183	3.07E-34	63	3.10

Table 3 -8: RMSD of the CRD of mGlu3 receptors compared to mGlu2 receptor. The

 3 

reference PDB is 5KZQ.

Table 3 -9: Verify score of the VFD before and after grafting.

 3 

	Profiles-	Verify	Verify Expected High	Verify Expected Low	% to Expected high
	3D	Score	Score	Score	score
	Before	474.33	407.136	183.211	117%
	After	495.85	431.664	194.249	115%

Table 3 -10: Percentage and number of outliers on the Ramachandran's map.

 3 For the VFD before and after loops refinement.

	Ramachandran	% in disallowed region	nbr in disallowed region	% in marginal region	nbr in marginal region
	Before	0.0%	0	2.3%	19
	Refined loops	0.2%	2	1.3%	11
	After	0.2%	2	3.6%	
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Table 3 -11: Equilibration cascade

 3 

	Step	Ensemble	Time	Simulation	Protein	Protein	Lipid Head	Lipid Tail
			step	Time	Backbone	Sidechain		

. Overall equilibration time of 2 ns, with gradually reduced harmonic constraints.

Force Constants for Harmonic Restraint (kcal/mol)

Table 3 -12: Summary of all the simulations

 3 

	Model	cMD	GaMD shortEq GaMD longEq GaMD 20dyn tMD
	Acc	1 μs	1 μs	1 μs	1 μs	80 & 160 ns
	Roo	1 μs			1 μs	80 & 160 ns
	2.2.1 Conventional versus Accelerated Molecular Dynamics
	(a) Acc model				

II mGlu receptors chloride sensitivity 85

  Chloride Ions Stabilize the Glutamate-Induced Active State of the Metabotropic Glutamate Receptor 3. Neuropharmacology 2018, 140 (July), 275-286. https://doi.org/10.1016/j.neuropharm.2018.08.011.

	Tora, A. S.; Rovira, X.; Cao, A.-M.; Cabayé, A.; Olofsson, L.; Malhaire, F.; Scholler, P.; Baik, H.; Van Eeckhaut, A.; Smolders, I.; Rondard, P.; Margeat, E.; Acher, F.; Pin, J.-P.; Goudet, C. Chapter 1: Group

Table 4 -1: Comparison of pEC50's of LSP4-2022 alone and in the presence of XAP044 in WT and mutants.

 4 

	Chapter 3:

and allosteric modulators of group III 125

  

Table 4 -2: Crystal structures of mGlu7 receptor.

 4 The structures were published in 2007 by Muto et al. 130 , in 2010 by Dobrovetsky et al 140 and in 2015 by Dong et al 141 . loop was missing, the β10-α7 loop (also called loop 7), which is located in lobe 2 at the interface with lobe 1, and near the chloride site 2 [Tora et al. Figure 5]. For this loop we built a homology model based upon the mGlu8 receptor crystal structure 6BSZ 153 , and selected the model with the best PDF Total energy out of 100 loop models

	PDB ID (state)	Hinge Angle A	Hinge Angle B	Ligand	Gaps	Missing residues	Mutations Resolution
					A:GLN128-LYS146			
	2E4Z 130 (Roo)	53.7	53.7	Apo	A:PRO257-THR264 A:LYS375-LYS389	A: 42		3.3
					A:CYS430-TYR433			
					A:GLY61-CYS67			
					A:THR131-LYS146			
					A:LEU224-GLY228			
					A:SER242-GLY246			
	3MQ4 140 (Roo)	68.9	68.9	LY341495	A:GLU259-ASP266 A:THR277-ALA282 A:LEU296-HIS307	A: 94	C249S	2.8
					A:SER313-GLU331			
					A:LEU376-LYS389			
					A:ALA431-VAL436			
					A:GLN483-ASN489			
					A:ILE127-LYS146			
	5C5C 141 (Int)	47.4		Apo	A:TRP316-HIS326 A:LEU376-ASP387	A: 44	C249S	1.86
					A:ASN486-PRO490			
	We first refined the cryo-EM structure loop of the mGlu5 receptor (6N52 56 ) with
	MODELLER and selected the first model with the lowest PDF Total energy out of 100 loop
	models [Annex 12]. Because in the mGlu7 receptor this loop is three residues shorter, we
	built a homology model from the mGlu5 receptor refined loop (from the α2 helix to the β6
	sheet). We selected the fourth model with the lowest PDF Total energy out of 100 loop
	models, as it had also the lowest DOPE Score and RMSD toward the template (0.192 Å)
	[Annex 23]. After grafting this modeled loop to each protomers of 2E4Z, we performed a
	short minimization cascade under progressively reduced constraints (from 15 to 0 kcal / mol,
	with 5 kcal / mol steps).					

Table 4 -3: Docking interaction site for the mGlu7 models and LSP4-2022.

 4 When heavy atom is followed by a hydrogen, the site is located on the later.

		Backbone Side-chain
	ARG78		NH x2
	SER159	NH	OH
	THR182		O
	LYS407		NH

  171,172 . Right after publishing this article, a cryoEM structure of VGLUT2 was released, which has a greater sequence identity with sialin, of 39.9% 173 . Interestingly those two protein structures are all in different states, a cytosol facing open (DgoT, PDB structure 6E9N),

	lumen facing open occluded (DgoT, PDB structure 6E9O) and lumen open (VGLUT2, PDB
	structure 6V4D).
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First Part: Chapter 2: Metabotropic glutamate receptors and Mangetout receptor Annex 2: Interface of the TMD in resting states. On top is mGlu2 receptor with the cryo-EM structure 7EPA. On bottom is mGlu7 receptor with the cryo-EM structure 7EPC. Third Part: Chapter 1: Homology Model 1 Acc Annex 3: Sequence alignment of the mGlu1 TMD structure (PDB 4OR2). Red square highlights the missing intracellular loop 2 (ICL2). Yellow square highlights the extracellular loop 2 (ECL2) and the 2 insertions in mGlu2.

Fifth part: Transporters studies

In this section, we discuss two published articles that are focusing on two different kinds of membrane transporters. The first one is Asc-1, a pre-synaptic transporter located in both neurons and astrocytes, which plays a role in Schizophrenia. The second is the sialic acid transporter (Sialin), a lysosomal transporter located in a variety of cells, neurons being among them, and when mutated is responsible for the Salla disease.

Both articles are briefly introduced before being inserted as is. Then follows a short "results and discussion" section, summarizing mainly the modelling and simulation approaches that were done in both studies. 

Introduction

In this project, we changed our focus to a transporter, the alanine-serine-cysteine transporter (Asc-1), which plays a critical role in the synaptic availability of two mandatory co-agonists of the N-methyl-D-aspartate (NMDA) receptors, the D-serine and glycine.

The NMDA receptors are ligand-gated ion channels (LGIC) binding glutamate, also called ionotropic glutamate receptors (iGluRs) 155 . Upon binding of the orthosteric and positive allosteric ligands, an iGluR opens in order to allow ions to pass through the membrane. For NMDA receptors, it was recently shown that they are associated with Schizophrenia symptoms when they are hypofunctioning [START_REF] Labrie | Contributions of the D-Serine Pathway to Schizophrenia[END_REF] .

Thus, modulating their function by controlling the uptake and the efflux of the agonists by Asc-1 might help to alleviate symptoms. This strategy appeared safer than directly targeting the NMDA receptors with an agonist that could trigger side effects, as it was the case for most of the antagonists in clinical trials.

Asc-1 is part of a larger heterodimeric complex, as the light chain of the heterodimer acid transporter (HAT). It plays the role of a Na + -independent antiporter, whereas the heavy chain, 4F2hc, appears to play a role in the trafficking to the plasma membrane.

Understanding the shuttle mechanism of Asc-1 would greatly facilitate the design and optimization of inhibitors, that can either be transported or not, as we are discussing in this study. To that end, we carried out homology modelling, dockings, followed by molecular dynamics simulations in an explicit environment (membrane and solvent). Despite having some general knowledge of the mechanisms of Asc-1, this more detailed approach at an atomic level allowed to describe the motions that occurred upon the substrate binding and through the first step of the conformational transition. We focused our interest on the mGlu2 receptor, which can have a role in treating several neurological diseases and psychiatric disorders, such as epilepsy, Parkinson's disease, chronic pain, or schizophrenia. First, we had to tackle the challenge of modelling for the first time, a full-length model of this receptor, based on the recently published structure of mGlu5 receptor. We chose to build an active dimer (Acc) with both VFDs closed and bound to a well-known agonist, 3'Me-CCG, as well as a resting dimer (Roo) with open VFDs, also bound to the same ligand (on the upper lobe of the VFD). As all available structures for the transmembrane domain (TMD) were in an inactive state, so it was for our models. Our first goal for the simulations was to explore a transition towards a fully active state of the Acc model (up to the TMDs) and potentially the key residues controlling it. Nevertheless, our second and most ambitious goal was to simulate the full transition from the Roo to the Acc state, which we have successfully achieved.

Article

In addition to the main project, we carried out several side studies on mGlu receptors and homologous in Drosophila. Our first side study is on the chloride sensitivity of the group II mGlu receptors, leading to a better understanding of their activation mechanism. The second and third studies are about the discovery of new agonists of the group III mGlu receptors and their unique binding mode among this protein family at dual sites simultaneously (orthosteric and ionic site), and about an allosteric modulator. The fourth study is about a homologous mGlu receptor discovered in the Drosophila, the Mangetout receptor (Mtt), for which we found the binding mode of the endogenous agonist, the arginine, and another agonist in the presence and absence of Ca 2+ ions.

We also reported on two studies on membrane transporters involved in a psychiatric disorder and a rare genetic disease. The first one is on the alanine-serine-cysteine transporter-1 (Asc-1), which is a transporter that can carry from both sides of the plasma membrane, the D-serine, a natural agonist of the NMDA receptors. We discussed that the fine control of the D-serine uptake and efflux by Asc-1 with small molecules might be a promising lead to alleviate the symptoms of schizophrenia, associated to an NMDA hypofunction. The second study is on the sialic acid transporter (sialin) that regulates the lysosomal efflux and uptake of sialic acids. However, in the rare genetic Salla disease, the single mutation R39C leads to a partial sorting of the transporter to the lysosomes, hence reducing transport by 80%. Here we investigated the binding mode of an uptake noncompetitive antagonist, but efflux competitive. Surprisingly, pharmacological studies showed a chaperon effect that could help to rescue, at least partially, the lysosomal trafficking, and thus reducing significantly the disease's symptoms.