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Traitement des données :

Le traitement des données s'est encore complexifié ces dernières années, et cela pour toutes les approches, avec l'apparition de nouveaux spectromètres de masse incluant une dimension de séparation supplémentaire avec la séparation des ions en phase gazeuse grâce la spectrométrie de mobilité des ions (IMS). L'association de l'IMS et de la MS n'est pas nouvelle, c'est son application à l'analyse de protéines par des approches « Bottom-up » qui l'est. L'IMS permet de séparer les ions en fonction de leur charge et de leur forme. Elle permet potentiellement de pouvoir accéder à une nouvelle dimension de données grâce aux valeurs de mobilités ioniques normalisées sous forme de « Collision-cross section » (CCS → Finalement, certains développements analytiques réalisés durant cette thèse ont pu être appliqués pour la résolution de questionnements soulevés par des collaborateurs biologistes.

Partie II : Evaluation et optimisation des étapes de préparation des échantillons pour l'analyse protéomique « Bottom-up » à haut débit sur de petites quantités de matériel

Un des principaux objectifs de cette thèse a été de développer, d'évaluer et d'optimiser différentes stratégies de préparation d'échantillons, récemment introduites et innovantes, telles que les approches de digestion en gel (tube-gel en volume réduit [START_REF] Lu | Tube-Gel Digestion: A Novel Proteomic Approach for High-Throughput Analysis of Membrane Proteins[END_REF][START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF] ), de digestion sur filtre (S-Trap 5 , Protifi) ou sur billes magnétiques (SP3 Le gel de concentration (ou gel stacking) a longtemps été la méthode de référence en matière de préparation d'échantillon pour les analyses protéomiques « Bottom-up ». Malheureusement, sa mise en oeuvre étant longue et fastidieuse (3-4 jours), notre laboratoire s'est intéressé dès 2016 à de nouveaux protocoles de préparation en gel, notamment dans le cadre de la thèse du Dr Leslie Muller, qui a abouti au développement de l'approche tube-gel [START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF][START_REF] Muller | Extended Investigation of Tube-Gel Sample Preparation: A Versatile and Simple Choice for High Throughput Quantitative Proteomics[END_REF] . Au cours de ces travaux de thèse, une version miniaturisée du tube-gel a été développée. L'objectif était de réduire le volume de travail afin de limiter la surface de contact entre l'échantillon et les parois du tube, dans le but de diminuer la perte de protéines par adsorption et ainsi améliorer les performances de ce protocole sur des quantités d'échantillons réduites. Une comparaison, a été réalisée sur une gammes de quantités de protéines obtenues à partir d'un lysat total de levure allant de 1 à 50µg préparés en gel stacking, en tube-gel standard et en tube-gel à volume réduit (Figure 2). Cette expérience a permis de mettre en évidence un nombre de protéines identifiées et quantifiées diminuant avec la quantité de matériel de départ en dépit de quantités théoriques injectées équivalentes. Ce résultat était toutefois attendu et illustre le fait que des pertes de quantités équivalentes par rapport à une quantité totale plus faible représentent un pourcentage plus élevé de l'échantillon. Cela entraine un delta plus élevé pour les petites quantités de départ entre la quantité théorique et expérimentale injectée qui dépendra du pourcentage d'échantillon perdu lors de la préparation de celui-ci.

Cette étude nous a également permis d'observer un point de rupture des performances en dessous de 5µg de protéines de départ pour l'ensemble des protocoles. Cela dit, cette rupture est moins importante sur les résultats obtenus à l'aide du protocole de tubegel à volume réduit. Cela nous indique que diminuer le volume de travail semble être un levier viable pour améliorer la performance du protocole tube-gel sur de petites quantités. Malgré tout, cette approche restait longue à mettre en oeuvre (2 jours) et était relativement peu adaptée aux faibles quantités. De plus, les approches en gel sont très difficiles à automatiser à cause du risque de perdre des morceaux de gel collant sur les cônes. Enfin, différentes sociétés proposent ces dernières années des kits de préparation d'échantillons dit rapide, en une seule journée, basés sur des méthodes alternatives.

Nous avons ainsi décidé d'évaluer l'une de ces solutions commerciales, la S-Trap (Suspension Trap ou SDS Trap 5 ). Celle-ci revendique quatre grands avantages: la compatibilité avec des détergents telles que le SDS, la rapidité de mise en oeuvre, la possibilité d'automatiser le protocole et enfin la possibilité de travailler sur de faible quantité de matériel de l'ordre de 1µg [START_REF] Zougman | Suspension Trapping (STrap) Sample Preparation Method for Bottom-up Proteomics Analysis[END_REF] . La performance de cette approche a été évaluée sur une gamme de quantités de protéines d'un lysat total de cellules humaines HeLa allant de 1 à 20µg de matériel de départ et dont les résultats sont présentés en Figure 3. Les résultats de cette étude ont mis en évidence un point de rupture dans les performances pour les quantités de 5µg et en-deçà. Environ 75% des protéines identifiées et 85% des protéines quantifiées sont perdues entre le point le plus haut à 20µg de matériel de départ et le point le plus bas à 1µg. Les écarts types ont également fortement augmenté pour les points les plus bas, affectant la qualité de la quantification avec quasiment aucune protéine quantifiée de manière robuste après application de différents filtres de qualité. Nous avons conclu de cette expérience que les S-Trap peuvent être utilisées pour traiter en une journée des échantillons contenant plus de 5µg de protéines de départ, sans pertes significatives en termes de performances et de répétabilités, à la fois pour l'identification et la quantification sans marquage des protéines. Cependant, leur utilisation n'est pas adaptée pour des quantités inférieures à 5µg.

En complément, une deuxième expérience a été mise en oeuvre pour optimiser spécifiquement l'étape clé de digestion enzymatique des protéines du protocole d'origine. Celle-ci a consisté en l'ajout de Lys-C à la trypsine et a conduit à un nombre plus élevé de protéines identifiées et quantifiées pour des paramètres de digestion équivalents. Elle a également montré une légère diminution du pourcentage total de coupures manquées et une légère augmentation du nombre de peptides non spécifiques. Nous avons également testé différents temps et températures d'incubation. Nous avons remarqué que le nombre de protéines augmente lorsque la digestion est réalisée à 37°C pendant trois heures par rapport à une digestion à 47°C pendant 1 heure. La digestion à 37°C pendant une nuit entraine une diminution des performances par rapport aux digestions à 47°C pendant 1 heure et 37°C pendant 3 heures. En conclusion, la condition optimale a été la digestion de 3 heures à 37°C en utilisant la trypsine/Lys-C (1:10). Ce protocole reste donc réalisable en une journée avec des performances améliorées au niveau de l'étape de digestion. Une publication de l'ensemble de ces résultats est en cours de soumission dans Journal of Proteomics.

En conclusion, nous avons évalué la préparation d'échantillons avec l'approche S-Trap sur des quantités de matériel de départ variées descendant jusqu'à 1µg. Cela nous a permis de démontrer qu'il s'agit d'une option appropriée pour effectuer de la quantification sans marquage pour des quantités de protéines supérieures à 5µg. Nous avons également pu améliorer l'étape de digestion enzymatique. protocole, l'étape d'incubation de la digestion a été implémentée directement sur le robot, ce qui n'était pas le cas dans le protocole autoSP3 publié où la plaque était sortie manuellement et incubé ailleurs. Pour améliorer la conduction et l'homogénéité de la température pendant cette étape, un support de plaque spécial a été ajouté à la station de chauffage.

Pour évaluer l'ensemble de ces modifications, des tests ont été menés sur des gammes de quantités de protéines de cellules HeLa et de plasma humain croissantes. De nombreux réplicas d'expériences et techniques (jusqu'à 12 réplicas par condition tel que présenté en Figure 5) ont été réalisés avec l'objectif de tester la robustesse et la répétabilité du protocole.

Figure 5: En jaune, nombres de protéines identifiées à partir de 200ng théorique de protéines injectés obtenus à partir d'une gamme de quantités d'extraits protéiques totaux de cellules HeLa (n=12). En rouge, le nombre moyen de protéines identifiées.

Ces tests ont ainsi pu soulever des problèmes de reproductibilité du protocole mais ont également permis d'apporter des pistes d'améliorations. Parmi les points testés, on peut citer l'ajout d'une étape de SPE à la fin du protocole de SP3 qui a malheureusement créé plus de problèmes qu'elle n'en a résolus. Un premier test a également été réalisé pour évaluer la possibilité de supprimer l'étape d'évaporation et de suspension des peptides avant l'injection en MS avec de premiers résultats encourageants pour l'avenir ce qui sera un avantage déterminant pour travailler à partir de petites quantités de matériel. Finalement, une étape supplémentaire d'homogénéisation des billes avant prélèvement et une réduction de l'agitation lors de l'étape de précipitation des protéines sur les billes ont été ajoutées afin de tenter de résoudre les problèmes de répétabilité du protocole. Malheureusement, le temps nous a manqué pour les tester dans le cadre de ces travaux de thèse et la suite de ces développements sont en cours de réalisation au laboratoire par d'autres étudiants.

Partie III : Développement de méthodes d'analyse protéomique quantitative sur un couplage innovant incluant une étape de séparation par mobilité ionique

La deuxième partie des travaux de cette thèse a consisté à mettre en place et à développer des méthodes d'acquisition sur un couplage nLC-IMS-MS/MS de dernière génération, un TimsTOF Pro 8,9 couplé à une nanoElute (Bruker Daltonics). Cet instrument apporte une quatrième dimension de données basée sur la mobilité ionique en comparaison avec les spectromètres de masse habituellement utilisés en protéomique « Bottom-up ». La mobilité ionique vient complémenter la chromatographie liquide en phase inverse avec une séparation des peptides dépendante de leur charge et de leur forme.

Afin d'exploiter au maximum le potentiel de cette séparation supplémentaire, un mode d'acquisition spécifique a été développé par Meier et al.,le PASEF 9,[START_REF] Meier | Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device[END_REF] (Parallel Accumulation -SErial Fragmentation). Celui-ci repose sur l'accumulation et l'élution parallèle des ions de la double cellule de mobilité ionique, ainsi que sur la synchronisation de cette élution avec la sélection des ions précurseurs par le quadripôle. Cela permet d'utiliser pratiquement 100% du flux d'ions entrant dans le spectromètre de masse. Cette méthode, spécifique à cette gamme d'instruments, possède de nombreux avantages tels qu'une diminution du nombre de spectres MS2 chimériques, grâce à la séparation d'ions de m/z proches de par leur comportement en mobilité ionique, ou encore une augmentation du ratio signal/bruit entrainant des gains significatifs en sensibilité et en couverture du protéome.

J'ai participé activement à la mise en place de ce couplage dans notre laboratoire et mis au point des méthodes chromatographiques et d'acquisition des données, en vue de l'utilisation de celui-ci par l'ensemble des membres du laboratoire sur des problématiques variées. J'ai également assuré la maintenance du couplage, aussi bien au niveau de la chromatographie liquide que du spectromètre de masse. Je suis désormais capable de réaliser des nettoyages en profondeur et des réparations sur ces systèmes, ce qui m'apporte aujourd'hui une expertise rare et fortement valorisable pour la suite de ma carrière.

Différents développements ont été menés tout d'abord au niveau de la séparation en chromatographie liquide. Le débit analytique initialement recommandé par le fournisseur était de 0,3µL/min pour les gradients inférieurs à 1h et 0,4µL/min pour les gradients de plus d'une heure. Nous avons évalué l'impact d'une diminution du débit analytique sur les gradients longs, dans le but d'homogénéiser nos méthodes LC et éventuellement, de prolonger la durée de vie de certains consommables en diminuant les pressions qui y sont appliqués. Les résultats obtenus ont permis de démontrer des performances équivalentes pour l'identification et la quantification de protéines à des débits de 0,3µL/min et 0,4µL/min nous permettant de réaliser cette homogénéisation.

Par rapport à d'autres systèmes nLC, la nanoElute possède une géométrie spécifique qui permet de travailler avec et sans colonne de piégeage grâce à un système de vanne et qui ne nécessite donc pas de démontage. L'utilisation d'une colonne de piégeage est une pratique qui vise à prolonger la durée de vie des colonnes de séparation qui sont plus coûteuses tout en concentrant l'échantillon. Cependant, l'utilisation de ces colonnes a un impact, principalement sur le temps de rétention des pics chromatographiques, ce qui peut être problématique en particulier sur des gradients courts. Cela dit, l'utilisation de colonnes de piégeage dans la configuration de la nanoElute permet d'éliminer les contaminants non retenus sur cette phase et qui ne seront donc pas élués vers la colonne de séparation puis dans le spectromètre de masse évitant de les encrasser. Par contre, cette géométrie peut conduire à la perte de peptides très hydrophiles. Par conséquent, selon le projet, il peut être nécessaire de s'affranchir de la colonne de piégeage ce qu'il est possible de réaliser facilement sur la nanoElute. Nous avons évalué l'impact de l'utilisation d'une colonne de piégeage sur nos gradients afin de garantir une élution correcte des peptides sur un même gradient avec et sans colonne de piégeage.

Nous avons également évalué la robustesse des performances de la nanoElute. En effet, la robustesse et la répétabilité du système nLC sont des points critiques, en particulier pour la mise en place d'analyses quantitatives. La stabilité des performances du couplage a donc été évaluée en injectant une centaine de fois de façon consécutive le même échantillon. Ces injections ont duré environ 5 jours et ont donné des résultats d'une reproductibilité satisfaisante comme montré en Figure 6. Nous avons évalué jusqu'à quelle limite la normalisation peut être poussée. Avec la normalisation la plus forte, nous avons pu augmenter l'intensité du point de concentration le plus bas de 70%, ce qui est énorme. Nous avons également réalisé une analyse différentielle à partir de ces différentes normalisations qui a montré que le plus petit nombre de protéines différentielles est obtenu avec la normalisation LFQ sur l'ensemble des analyses. L'algorithme compense ici la variabilité introduite par la préparation d'échantillons malgré un jeu de données initial s'affranchissant totalement de l'hypothèse de départ de MaxQuant qui considère que la majeure partie des données doivent peu varier entre les différentes analyses.

Partie IV : Évaluation d'outils bio-informatiques pour le traitement des données issues d'un couplage nLC-IMS-MS/MS

Un autre logiciel a été évalué pour ses performances en identification et quantification label-free. Nous avons utilisé les données d'une gamme UPS1/Arabidopsis. Dans les résultats présenté en Figure 13, SpectroMine a permis d'identifier significativement plus de PSMs que les deux autres solutions avec des paramètres aussi équivalents que possible.

Il permet également d'identifier plus de protéines, sauf pour les protéines avec une quantité inférieure à 250amol pour lesquelles MaxQuant présente de meilleures performances.

Figure 13: Gamme UPS1 dopée dans un fond constant de protéines d'Arabidopsis thaliana, 200ng de protéines ont été injectés, analysés puis traités avec différents logiciels. A. Nombre de protéines identifiées. B. Nombre de PSM identifiés.

Nous avons ensuite comparé MaxQuant, SpectroMine et Proline pour la quantification sans marquage. SpectroMine permet de quantifier plus de protéines, mais la plupart d'entre elles sont perdues lorsqu'on applique un filtre de CV<20% sur les intensités au sein d'une condition. De plus, la courbe de calibration montre également une sousestimation des quantités protéiques comme illustré en Figure 14. La même sousestimation a été observé pour Proline. Nous estimions au moment de l'évaluation de SpectroMine qu'une façon de l'améliorer pourrait être de travailler sur la normalisation des intensités. En dépit de nos résultats encourageants, compte tenu du fait que SpectroMine n'ait pas été initialement conçu pour traiter des données sans marquage, nous avons décidé de continuer à utiliser MaxQuant pour sa meilleure précision en quantification. Néanmoins, nous avons gardé un oeil attentif sur l'évolution de SpectroMine qui semblait prometteur.

Obtenu très récemment par rapport à ceux de MaxQuant et SpectroMine, ces premiers résultats obtenus à l'aide de la quantification label-free de Proline sur des données ddaPASEF sont très encourageant puisque les nombres de protéines quantifiées sont similaire à ceux de notre référence, MaxQuant. Néanmoins quelques optimisations seront encore nécessaires afin d'améliorer la justesse de la quantification. De même, Proline n'exploite pas à ce jour la dimension de mobilité ionique mais aura tout à y gagner dans le futur.

Nous avons par la suite pu mener une nouvelle comparaison des performances de MaxQuant, SpectroMine (Biognosys) et Peaks (Bioinformatics Solutions Inc.) à laquelle nous avons par la suite ajouté Proline. Ces résultats présentés en Figure 15 sont intégrés dans la publication qui sera prochainement soumise à Journal of Proteomics. Nous avons comparé les résultats obtenus avec un traitement des mêmes données via une approche peptides-centrée et une approche spectres-centrée, toutes deux possibles dans Spectronaut (Figure 16). L'approche centrée sur les peptides nous a permis de quantifier plus de protéines sur la globalité de l'échantillon alors que l'approche centrée sur les spectres a semblé être plus efficace sur les protéines de faible abondance. Selon l'OMS, en 2019, les deux principales causes de décès dans le monde étaient les cardiopathies ischémiques et les accidents vasculaires cérébraux, qui peuvent tous deux résulter de l'athérosclérose et qui représentent à elles seules 27% des décès dans le monde. Par conséquent, comprendre les mécanismes de l'athérosclérose présente un intérêt majeur pour trouver de nouveaux moyens de diagnostiquer et de guérir ces maladies.

Nous avons analysé deux co-IP avec leurs IP contrôles respectifs pour identifier les interactants des protéines lysosomales NPC1 et NPC2 connues pour intervenir dans le métabolisme du cholestérol et qui jouent un rôle important dans la genèse de l'athérosclérose. Les premiers résultats obtenus dans cette étude ont montré une trop grande variabilité entre les réplicats et la présence de protéines non spécifiques liées à la préparation des IPs. Les conditions expérimentales de préparation de ces IPs n'ayant pu être améliorées par le collaborateur, nous avons donc décidé d'analyser ces échantillons sur un couplage plus sensible et de réaliser une étude uniquement qualitative.

Nous avons ainsi pu identifier un nombre significatif de peptides issus des protéines d'intérêts NPC1, NPC2 et Wnt5a dans les deux co-IPs comme présenté en Table 1. Malgré l'absence de dimension quantitative, ces résultats ont permis de renforcer les conclusions des autres expériences de biologie présentées dans la publication permettant ainsi d'identifier la protéine Wnt5a comme un interactant de NPC1 et NPC2. Cette étude a permis de révéler une nouvelle fonction de cette protéine qui semble jouer un rôle essentiel dans l'homéostasie du cholestérol in vivo chez la souris et qui pourrait ainsi jouer un rôle important dans le développement de l'athérosclérose. Table 1: Poids moléculaire et nombre total moyen de PSMs identifiées pour trois réplicats biologiques pour les deux protéines cibles NPC1 et NPC2 ainsi que la protéine d'intérêt Wnt5a.

Le second projet collaboratif, mené durant cette thèse, a été réalisé en collaboration avec l'équipe du Dr Marc Graille du Laboratoire de Biologie Cellulaire Structurale de Palaiseau en France (Ecole Polytechnique, CNRS, UMR7654). Son objectif était de confirmer, grâce à l'analyse de co-IPs en spectrométrie de masse, l'interaction entre la protéine THUMPD2 et la protéine TRMT112 dans des cellules humaines. TRMT112 est une méthyltransférase connue pour être impliquée dans la biosynthèse des ribosomes chez les mammifères.

Le ribosome joue un rôle central dans tous les organismes vivants. Cependant, tous les mécanismes impliqués dans sa biogenèse, son recyclage, sa régulation, et en particulier la vérification de sa qualité afin d'éviter la génération de protéines anormales, restent à ce jour mal compris, en particulier chez les eucaryotes. Ce que l'on sait, en revanche, c'est que les méthylations, catalysées par des méthyltransférases, constituent l'une des modifications les plus couramment observées des composants cellulaires connus pour être impliqués dans ces mécanismes. Dans ce projet, nous nous sommes intéressés à la méthyltransférase THUMPD2. THUMPD2 est une méthyltransférase connue pour être impliquée dans la méthylation des ARNt sans que l'on connaisse mieux son rôle précis. Compte tenu de l'activité méthyltransférase de THUMPD2 qui est similaire à celle de TRMT112, cette expérience était un premier essai pour explorer la possibilité que THUMPD2 soit impliquée dans la même voie métabolique que cette dernière.

Après analyse des co-IP, deux protéines se sont avérées être extrêmement différentielles comme illustré en Figure 17. Ces deux protéines sont THUMPD2, notre protéine cible et TRMT112 avec des p-values très significatives par rapport à toutes les autres protéines quantifiées. Ces résultats suggèrent que ces deux méthyltransférases puissent être des protéines interactantes. Grâce à ces résultats, nos collaborateurs vont pouvoir pousser plus loin leurs investigations autour des méthyltransférases THUMPD2 et TRMT112 chez l'homme afin d'explorer plus précisément leur rôle dans la biogenèse des ribosomes. Finalement, une troisième et dernière collaboration a été réalisée avec l'équipe du Dr Alexandre Detappe (ICANS, Strasbourg, France). Elle repose sur l'analyse de cellules immunitaires humaines, des lymphocytes « natural killer » (NK), B et T après mise en contact avec différentes nanoparticules (NPs) à intérêt médical. Ces nanoparticules peuvent être utilisées, entre autres, pour de l'imagerie médicale ou pour du traitement ciblé en cancérologie. L'objectif de cette étude a été d'évaluer l'impact de ces nanoparticules sur le protéome des cellules immunitaires. Cette dernière étude a représenté un véritable défi analytique de par le grand nombre d'échantillons à analyser et les quantités très réduites de matériel à notre disposition, qui étaient inférieures ou égales à 2µg de protéines totales. Par ailleurs, ce projet était transdisciplinaire car les mêmes échantillons ont été analysés par des approches de transcriptomique par l'équipe du Dr Raphael Carapito (Inserm, U1109, Strasbourg) afin de comparer les résultats obtenus par ces deux approches omiques.

Ce projet s'est déroulé en trois phases. La première consistait en une analyse exploratoire sur des cellules NK mises en contact avec huit NPs différentes en plus d'un contrôle correspondant aux mêmes cellules non mises en contact avec des NPs. La seconde était une évaluation de la préparation de ce type échantillons avec la méthodologie SP3. Le but était d'évaluer la possibilité d'augmenter le nombre d'échantillons pouvant être traités en un temps acceptable. Enfin, la dernière étape a été l'étude finale avec l'analyse de trois types de cellules immunitaires humaines isolées et mises en contact avec 9 NPs plus un contrôle. Cette dernière partie a représenté à elle seule un total de 90 échantillons à analyser. Les résultats obtenus sont présentés en Table 2.

Table 2: Tableau du nombre de protéines différentielles obtenu à partir de 300ng de protéines injectées pour les différentes conditions et lignées cellulaires en comparaison avec le contrôle pour un FDR d'environ 1%. Indépendamment de la lignée cellulaire, nous avons observé un impact élevé de deux NPs, oxCNT et NH3-CNT. Les modifications potentiellement induites par les autres NPs semblent faibles au regard de nos données. Ces résultats doivent maintenant être décortiqués en profondeur par nos collaborateurs et confrontés aux résultats obtenus en transcriptomique. Une publication de l'ensemble des résultats est en cours de rédaction avec nos collaborateurs.

Conclusion

En conclusion, au cours de ces travaux de thèse, plusieurs protocoles de préparation d'échantillons ont été investigués, optimisés et comparés afin de mener des analyses protéomiques quantitatives, performantes et robustes, à partir de faibles quantités de matériel biologique. De premiers travaux ont été entrepris pour automatiser le protocole le plus prometteur, à savoir la SP3.

Un nouveau couplage nLC-IMS-MS/MS a été implémenté au laboratoire avec succès pour des analyses qualitatives et quantitatives, notamment grâce à des approches globales sans marquage, basées sur l'acquisition de données en mode ddaPASEF et diaPASEF. Ces trois années ont été marquées par différentes évolutions de ces instruments grâce à l'implémentation de certains composants de nouvelle génération.

Quatre logiciels permettant de traiter des données de quantification sans marquage acquises en ddaPASEF ont été évalués et comparés. Parmi eux, le logiciel MaxQuant a été investigué en profondeur sur ce type de données afin de tenter d'en optimiser les paramètres par défaut avec un focus en particulier sur la normalisation des intensités. Nous avons également eu l'opportunité de réaliser une première évaluation encourageante de la quantification label-free proposé dans les logiciels SpectroMine, Peaks et Proline sur des données ddaPASEF. Les logiciels Spectronaut et MaxDIA ont été évalués pour traiter des données de diaPASEF par des approches centrées sur les peptides. Spectronaut a également été évalué en utilisant une approche basée sur les spectres avec directDIA.

Finalement, ces travaux de thèse ont pu être mis à contribution dans le cadre de trois collaborations :

→ L'une reposant sur la validation d'un complexe de protéines, impliquées dans l'accumulation du cholestérol entrainant le développement d'athérosclérose chez la souris, qui a permis de confirmer l'implication d'une protéine spécifique.

→ Un deuxième projet a également porté sur l'analyse d'immunoprécipitations mais cette fois pour étudier des méthyltransférases chez l'homme afin d'explorer leur rôle dans la biogenèse des ribosomes. Ici encore, les résultats sont venus confirmer ceux de nos collaborateurs biologistes et ont permis d'identifier un interactant spécifique.

→ Enfin la dernière étude portait sur l'évaluation des modifications induites sur le protéome de cellules immunitaires humaines après leur mise en contact avec des nanoparticules d'intérêt médical, notamment pour le développement d'outils de visualisation, de diagnostiques ou de thérapies ciblées en cancérologie. La stratégie analytique que j'ai mise en oeuvre a permis l'analyse d'une cohorte de grande taille, en un temps réduit, à partir de quantités de protéines inférieures ou égales à 2µg.

A titre personnel, cette thèse m'a permis d'acquérir un grand nombre de compétences. J'ai eu l'occasion de me former à l'utilisation et à l'optimisation de nombreux protocoles de préparation d'échantillons pour l'analyse protéomique « Bottom-up ». J'ai appris à utiliser un robot de pipetage Bravo AssayMap (Agilent) et j'ai entrepris de premiers travaux pour implémenter un nouveau protocole automatisé me permettant de mettre un premier pied dans l'environnement de développement de méthodes associées à cette plateforme. J'ai acquis une solide expertise en chromatographie liquide et spectrométrie de masse pour le développement de méthodes analytiques sur un instrument incluant une dimension de séparation par mobilité ionique. J'ai appris à gérer l'entretien et les pannes du couplage ainsi que la pression/responsabilité de devoir maintenir et offrir un système fonctionnel et performant à mes collègues et collaborateurs. J'ai également eu l'occasion de me plonger dans le traitement des données de protéomique ainsi que leur analyse statistique et d'acquérir la maitrise profonde d'un certain nombre de logiciels.

Cette thèse m'a également permis de développer d'autres compétences via ma thèse en elle-même ou les activités connexes que j'ai pu mener. J'ai pu perfectionner mes compétences en communication de mes résultats, aussi bien à l'oral qu'à l'écrit, auprès d'un public scientifique expert dans mon domaine. J'ai pu développer des qualités de patience, de résilience, de résistance à la pression et à une lourde charge de travail sur une période prolongée.

Parmi les activités annexes à cette thèse, j'ai notamment pu participer au concours de vulgarisation scientifique « Ma thèse en 180 secondes » et atteint la finale de la région Alsace, qui n'a malheureusement pas pu avoir lieu à cause des restrictions sanitaires. Cela dit cette expérience m'a permis de grandement améliorer mon aisance à l'oral devant un grand public ou une caméra dans l'exercice, plus difficile qu'il n'y parait, de vulgariser des travaux scientifiques.

J'ai également été, pendant deux ans et demi, représentante des doctorants auprès de l'école doctorale de sciences chimique de Strasbourg. Cela m'a permis d'apporter ma petite pierre à l'édifice afin d'améliorer toujours plus la formation doctorale en apportant le point de vue des étudiants aux membres du conseil. Cette expérience a été particulièrement importante et formatrice dans le contexte sanitaire exceptionnel que nous avons connu. Cela m'a également permis de mieux comprendre certains aspects organisationnels et politiques gravitant autour de la formation doctorale auxquels les étudiants ont malheureusement rarement accès.

L'ensemble des compétences ainsi développées me seront très profitables pour mon futur parcours professionnel.

GENERAL INTRODUCTION

From tadpole to frog, from baby to adult, from one cellular type to another, the genome remains globally the same. However, the phenotype, i.e. the set of observable traits of an organism, can vary greatly. This is due to the different expression of the same DNA (deoxyribonucleic acid) to adapt to varying conditions and objectives as illustrated in Figure 18. Indeed, a whole set of different proteins called proteoforms can be derived from the same gene. These proteoforms result, within the same individual, from splicing variants occurring during the transcription of DNA into mRNA (messenger ribonucleic acid). They also result from errors in the translation of mRNA into proteins [START_REF] Timp | Beyond Mass Spectrometry, the next Step in Proteomics[END_REF] . Genomic sequence variants will also be observed between different individuals [START_REF] Aebersold | How Many Human Proteoforms Are There?[END_REF] . The genome, the transcriptome, the proteome, and each other "ome" will then bring an additional level of complexity. For this reason, the different "omics" strategies are complementary and provide different insights into common situations to understand them better.

Biological mechanisms occurring at the level of DNA and mRNA already provide a great variety within the protein population, but this is further complicated by posttranslational modifications (PTMs). These PTMs, in addition to being extremely varied, will also bring an evolutionary dimension to the proteome because, unlike the sequence of a protein which is fixed once it has reached maturity, its modifications may evolve throughout its existence. This will have an impact on its structure and therefore its interactions with other biological components [START_REF] Timp | Beyond Mass Spectrometry, the next Step in Proteomics[END_REF] . In humans, it is estimated that the ~20,300 genes can lead to up to 6 million proteoforms [START_REF] Aebersold | How Many Human Proteoforms Are There?[END_REF][START_REF] Zhang | Protein Analysis by Shotgun/Bottom-up Proteomics[END_REF][START_REF] Ponomarenko | The Size of the Human Proteome: The Width and Depth[END_REF] .

Indeed, a protein alone is of no interest, what counts are the biological functions. A function will depend on the interaction of tens or even hundreds of proteins and other biological components. The function of a protein will depend on its environment. The same protein at different locations may be involved in different mechanisms. Moreover, proteins are regularly renewed to replace those that are too old to avoid dysfunction or to adapt to constantly changing external conditions.

The proteome is therefore complex and constantly changing. However, the tools that are available today do not allow monitoring these flows in real time. The role of the proteomist will therefore consist in taking frozen "photos" of this proteome and attempting to retrace the "film" of the dynamic mechanisms behind it. For those reasons, today's proteomist described a proteome as confined to a defined space and temporality.

Proteins were discovered in 1835 in the Netherlands by the organic chemist Gerardus Johannes Mulder but it is only in 1838 that the word protein was created 25 . From the 1980s onwards, their analyses were carried out using two-dimensional gel electrophoresis and Edman sequencing to determine the amino acid sequence of their components [START_REF] Timp | Beyond Mass Spectrometry, the next Step in Proteomics[END_REF][START_REF] Wilkins | From Proteins to Proteomes: Large Scale Protein Identification by Two-Dimensional Electrophoresis and Amino Acid Analysis[END_REF][START_REF] Rabilloud | Two-Dimensional Gel Electrophoresis in Proteomics: A Tutorial[END_REF] . These are usually twenty in number. Two additional amino acids exist but their presence is limited to certain organisms or precise protein types. Since that time, methods for studying proteins have continued to improve, driven by advances in sample preparation, instrumentation, and computerised data processing, particularly for large datasets. Today, one of the most widely used methods for the study of proteins is based on liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [START_REF] Aebersold | Mass-Spectrometric Exploration of Proteome Structure and Function[END_REF][START_REF] Zhang | High-Throughput Proteomics[END_REF][START_REF] Steen | The ABC's (and XYZ's) of Peptide Sequencing[END_REF] .

Thanks to these new tools, in addition to being able to identify them, we are also able to quantify several thousands of proteins in a few hours [START_REF] Muntel | Surpassing 10 000 Identified and Quantified Proteins in a Single Run by Optimizing Current LC-MS Instrumentation and Data Analysis Strategy[END_REF] and thanks to statistical tools we can evaluate the significance of differences between two proteomes [START_REF] Steen | The ABC's (and XYZ's) of Peptide Sequencing[END_REF] . Proteomics is therefore a tool that can be used in numerous biological contexts and on various types of samples. This applies equally to fundamental research to understand how living organisms function, to environmental studies for biodiversity monitoring and ecotoxicology, and to the medical field. In this last field, proteomics can notably allow the discovery of new diagnostic means or the search for new therapeutic targets [START_REF] Aslam | Proteomics: Technologies and Their Applications[END_REF] .

Depending on the specificities of each biological question, different approaches have been developed to make the most of each situation.

That said, there are still limitations today and it is in this context that my thesis was carried out. My work consisted in exploring, evaluating and implementing in our laboratory the latest technological advances related to protein analysis by bottom-up approaches in mass spectrometry. The final objective was to be able to perform quantitative analyses without labelling using small quantities of starting proteins. This manuscript is therefore structured in seven parts:

The first part consisted of a summary of my thesis in French since it was carried out within a French doctoral school.

The second part will be a state of the art of bottom-up proteomics. It will follow the chronological order of the different steps of a quantitative proteomic analysis in the same logic as the consecutive results parts.

→

The first chapter will present the different steps leading to protein identification.

→

The second chapter will discuss the different steps implicated in protein quantification.

The third part will be the first part of results presenting the work carried out on the preparation of samples from small quantities of proteins. Two chapters compose this part:

→ The first chapter will present the evaluation of different sample preparation protocols adapted to work efficiently with low protein amounts (< 20µg).

→

The second chapter will present trials carried out with the aim of automating the Single-Pot, Solid-Phase-enhanced Sample Preparation (SP3), the most promising method among the previously presented ones.

The fourth part of this thesis and second part of the results will present the work related to the arrival in our laboratory of a new generation coupling including an additional separation dimension thanks to ion mobility (nLC-IMS-MS/MS strategy) and using a dedicated acquisition mode, the PASEF (Parallel-Accumulation-SErial Fragmentation). This part will also be divided into two chapters based on the data acquisition strategy used:

→ The first chapter will present the data dependent acquisition (DDA).

→

The second chapter will present the data independent acquisition (DIA).

The fifth part of this thesis and third part of the results will focus on the processing of the data acquired by the approaches explored in the previous part:

→ The first chapter will present the evaluation and the optimisations of MaxQuant parameters for processing data acquired in ddaPASEF mode.

→

The second chapter will present the benchmark of different other software allowing to treat ddaPASEF data as well as two possible software for processing diaPASEF data.

The sixth part of this thesis and the fourth and last part of the results will present different collaborative projects integrating some of the developments that will have been highlighted in the previous parts:

→ The first chapter will present two distinct projects based on the analysis of immunoprecipitations for the study of protein complexes involved in different biological mechanisms. The first project will focus on cholesterol metabolism and its role in the development of atherosclerosis in a mouse model. The second will study specific methyltransferases and their role in ribosome biogenesis in humans.

→

The second chapter will follow the evolution of a project from the exploratory phase to the study of a cohort of 90 samples requiring advanced optimisations, particularly in terms of sample preparation. In this chapter, we will evaluate the impact of nanoparticles of medical interest, mainly for oncology, on the proteomes of human immune cells.

The seventh and final part will bring together the experimental details of the various works described in this manuscript.

Part I: State of the art of proteomic analysis by mass spectrometry

Proteomics is the science that studies the proteome. This term was coined in 1997 by Peter James by deriving the words protein and genome, as was the case for the word proteome derived from protein and genome in 1994 by Mark Wilkins [START_REF] Wilkins | From Proteins to Proteomes: Large Scale Protein Identification by Two-Dimensional Electrophoresis and Amino Acid Analysis[END_REF] . Today, this science is particularly interested in the qualitative, quantitative, and functional study of the proteome, through mass spectrometry.

The use of mass spectrometry for proteomics was made possible by two inventions made at the same time and having the same goal, the soft ionisation of biological macromolecules. This is the MALDI (Matrix-Assisted Laser Desorption Ionisation) discovered by Koichi Tanaka [START_REF] Tanaka | Protein and Polymer Analyses up to m/z 100 000 by Laser Ionization Time-of-flight Mass Spectrometry[END_REF] and ESI (ElectroSpray ionisation) discovered by John Fenn [START_REF] Fenn | Electrospray Ionization for Mass Spectrometry of Large Biomolecules[END_REF][START_REF] Fenn | Electrospray Ionization-Principles and Practice[END_REF] . These discoveries earned them a Nobel Prize in Chemistry in 2002. Thanks to these two types of sources, it is now possible to ionise proteins or peptides that are naturally not very volatile and fragile so that they can be analysed by mass spectrometry.

Subsequently, the study of proteins has progressed enormously as a result of various developments [START_REF] Zhang | Protein Analysis by Shotgun/Bottom-up Proteomics[END_REF][START_REF] Aebersold | Mass-Spectrometric Exploration of Proteome Structure and Function[END_REF][START_REF] Li | Current Trends in Quantitative Proteomics -an Update[END_REF][START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] . These include methods for separating proteins and peptides upstream of the spectrometer to increase the depth of analysis on complex samples containing many co-eluting elements. Among those techniques, the most widely used is the high-performance liquid chromatography (HPLC). Mass spectrometers have also made great strides in increasing their resolution, sensitivity, accuracy, and acquisition speed. New modes of acquisition have appeared, taking advantage of these improvements, among others, to allow the quantification of peptides and proteins. Finally, computer and statistical tools have also evolved considerably. The advent of new, more powerful and automated software has been made possible by developments in computing with more powerful computers, the use of servers or computing grids. Finally, the improvement of sequenced genome libraries via their completion, annotation and manual verification has improved the quality of the protein databases derived from them and essential for proteomics data processing.

The use of LC-MS/MS for the study of proteins has thus allowed the emergence of three major approaches differentiated by the size of the molecules to be analysed:

→ Top-down approaches will allow the analysis of intact proteins. MS1 analysis allows the mass of the protein to be determined while MS2 allows it to be sequenced. This approach is also used for the analysis of PTMs and the characterisation of proteoforms [START_REF] Patrie | Top-down Mass Spectrometry: Proteomics to Proteoforms[END_REF][START_REF] Toby | Progress in Top-Down Proteomics and the Analysis of Proteoforms[END_REF] . As with any approach, it has a number of limitations [START_REF] Cupp-Sutton | High-Throughput Quantitative Top-down Proteomics[END_REF][START_REF] Leduc | Accurate Estimation of Context-Dependent False Discovery Rates in Topdown Proteomics[END_REF][START_REF] Ghezellou | A Perspective View of Top-down Proteomics in Snake Venom Research[END_REF] , including delicate sample preparation in order to properly extract and solubilise native proteins. At the analytical level, the ionisation and the fragmentation of proteins require adjustments especially to improve the sequence coverage. The mass spectrometers used must allow a sufficiently fine resolution to enable the separation of isotopic envelope peaks from highly multicharged fragments. The computer tools must allow the interpretation of complex spectra and their statistical evaluation. However, this approach continues to progress and has enabled the identification of more than a thousand proteins and several thousand PTMs thanks to its coupling with a multidimensional separation [START_REF] Mccool | Deep Top-Down Proteomics Using Capillary Zone Electrophoresis-Tandem Mass Spectrometry: Identification of 5700 Proteoforms from the Escherichia Coli Proteome[END_REF][START_REF] Catherman | Large-Scale Top-down Proteomics of the Human Proteome: Membrane Proteins, Mitochondria, and Senescence[END_REF] .

→ The middle-down approach is, as its name suggests, in the middle of the topdown and bottom-up approaches from which it tries to get the best. This approach allows the analysis of large peptides between 3 and 10 kDa generated through partial enzymatic digestion or until 25kDa in specific cases such as mAb characterisation [START_REF] Melani | Direct Measurement of Light and Heavy Antibody Chains Using Ion Mobility and Middle-down Mass Spectrometry[END_REF] . The MS1 spectra generated will allow the determination of the mass of the peptide while the MS2 spectra will allow the elucidation of the peptide sequence. This approach will provide similar information to the Topdown approach while reducing its limitations. It will also allow for better protein inference compared to the bottom-up approach by generating fewer and longer peptides that are less likely to co-elute or be shared between multiple proteins. The limitation of this approach is the need to optimise the partial digestion of proteins by perfectly controlling the enzyme used and the digestion conditions, notably time, temperature, and the protein/enzyme ratio.

→ The Bottom-up approach describes the analysis of peptides between 500 Da and 3.000 Da. Enzymes theoretically completely digest the proteins into peptides.

Trypsin is classically used alone or coupled with other endoproteases such as Lys-C [START_REF] Swaney | Value of Using Multiple Proteases for Large-Scale Mass Spectrometry-Based Proteomics[END_REF][START_REF] Giansanti | Six Alternative Proteases for Mass Spectrometry-Based Proteomics beyond Trypsin[END_REF][START_REF] Hakobyan | Efficient Tandem LysC/Trypsin Digestion in Detergent Conditions[END_REF] . Trypsin and Lys-C have the advantage of cutting at specific sites that occur regularly in most proteins. Then, peptides are separated according to their hydrophobicity by high performance liquid chromatography (HPLC/UHPLC) to decrease the number of co-eluting peptides and increase the depth of analysis.

The specific enzymatic cuts allow the digestion of proteins to be simulated computationally to compare the m/z obtained experimentally with those generated in silico by digestion of a protein database. This allows the attribution of experimental signals to peptides. The parent proteins can then be determined by inference. However, this process remains tedious because a complex mixture of proteins will have common peptides shared by several proteins. Therefore, rather than identifying proteins, the smallest possible groups of proteins will be identified according to the principle of parsimony [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] , where the unique representative for each group will be the most likely protein present. It should also be kept in mind that different algorithms exist to do protein inference and each possessed its own way to work releasing thus different results on a same dataset [START_REF] Audain | In-Depth Analysis of Protein Inference Algorithms Using Multiple Search Engines and Well-Defined Metrics[END_REF] . This method is best suited for the identification and quantification of proteins in a very complex mixture, which can amount to more than 10,000 proteins identified and quantified in a single run on human tissues in a few hours [START_REF] Muntel | Surpassing 10 000 Identified and Quantified Proteins in a Single Run by Optimizing Current LC-MS Instrumentation and Data Analysis Strategy[END_REF] .

The bottom-up approach is the one that has been used during this thesis work to be able to identify and quantified as much proteins as possible from small protein amounts. Its different steps will be presented more in detail in the next part. The first chapter will focus on protein identification and the second one on protein quantification.

Chapter 1: Identification of proteins

The samples analysed in proteomics can have multiple origins and forms. On one hand, they can be "raw" samples such as cell pellets, biological fluids, or tissues. On the other hand, they can be more "refined" such as immunoprecipitations or transfected cell pellets. The classical proteomic analysis scheme will then be divided into three main parts: 1) sample preparation, 2) mass spectrometry analysis and 3) computer-assisted data processing. Depending on the project, two additional steps may exist. A preliminary sample preparation step carried out by a biologist depending on the biological context (i.e the preparation of a protein complex immunoprecipitation) and a final step of statistical data processing, which can be carried out, by the proteomist, a biostatistician or both. Depending on the purpose of the projects, the same samples can also be analysed by other techniques in parallel such as transcriptomics.

Proteomics projects are therefore very often multidisciplinary. Focusing on the role of the proteomist, it starts with the preparation of the samples.

A. Sample preparation methods for bottom-up proteomics

Sample preparation is a critical step for the quality and repeatability of the results. Poor sample preparation can lead to protein loss or biased quantification, which may result in incorrect biological conclusions. Therefore, this step should be optimised for each sample type, sample origin and project objective. This becomes especially true when working on small quantities (less than 10µg of starting material). In this context, it is important to note that there is still a significant gap in terms of tools between classical proteomic workflows, which process samples down to a low limit around 1µg of protein, and true single-cell proteomics, which requires specific equipment, workflows and analytical pipelines. Single-cell proteomics will be only briefly evocated in the automation part of this manuscript [START_REF] Huang | Simplified Nanoproteomics Platform for Reproducible Global Proteomic Analysis of Nanogram Protein Quantities[END_REF][START_REF] Zhu | Nanoproteomics Comes of Age[END_REF][START_REF] Kelly | Single-Cell Proteomics: Progress and Prospects[END_REF][START_REF] Specht | Transformative Opportunities for Single-Cell Proteomics[END_REF] . The first step in sample preparation is the extraction of proteins from the sample.

1) Cell lysis and protein extraction

The cell lysis and the extraction of proteins is a key step as if the proteins are not recovered at this step, they are purely lost for the entire analysis thus affecting results quality and repeatability. The aim of that step will be to recover a maximum of proteins without modifying or degrading them. The used methods should be adapted to the sample type, the difficulty to extract certain proteins such as membrane proteins, the protein quantities, the sample volumes and the compatibility with the following intended analytical steps [START_REF] Bose | Proteomics: Tools of the Trade[END_REF][START_REF] Feist | Proteomic Challenges: Sample Preparation Techniques for Microgram-Quantity Protein Analysis from Biological Samples[END_REF][START_REF] Tubaon | Sample Clean-up Strategies for ESI Mass Spectrometry Applications in Bottom-up Proteomics: Trends from 2012 to 2016[END_REF][START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . Cell lysis coupled to protein extraction techniques are divided into two complementary categories, mechanical and chemical approaches [START_REF] Dapic | Fast and Simple Protocols for Mass Spectrometry-Based Proteomics of Small Fresh Frozen Uterine Tissue Sections[END_REF][START_REF] Shevchenko | Comparison of Extraction Methods for the Comprehensive Analysis of Mouse Brain Proteome Using Shotgun-Based Mass Spectrometry[END_REF] :

Mechanical approaches include manual grinding with a Potter or automatic grinding using a bead mill. These strategies are usually applied to matrices, tissues, or cells to release the proteins they contain. The final mechanical strategy is sonication or ultrasonication, usually applied to cells [START_REF] Islam | A Review on Macroscale and Microscale Cell Lysis Methods[END_REF] . Recent development have been made in that field to improve the consistency of this step with for example the Adaptive Focused Acoustics (AFA, Covaris, Brighton, UK) or with Bioruptor 62 (Diagenode, Seraing, Belgium). They aim to lyse cells to release their protein content but can also be used to loosen proteins adsorbed on the walls of a container. These methods must be carefully monitored to ensure that they do not raise the temperature of the sample too much or generate free radicals which could alter the sample or even degrade the proteins [START_REF] Yusof | Physical and Chemical Effects of Acoustic Cavitation in Selected Ultrasonic Cleaning Applications[END_REF] .

Chemical lysis and extraction of proteins can also be achieved using:

→ Ionic (sodium dodecyl-sulfate, SDS), non-ionic (Triton) or zwitterionic (CHAPS) [START_REF] Zhang | Detergents: Friends Not Foes for High-Performance Membrane Proteomics toward Precision Medicine[END_REF] detergents, bile salts (sodium deoxycholate, SDC) [START_REF] Wang | Evaluation of Sample Preparation Methods for Mass Spectrometry-Based Proteomic Analysis of Barley Leaves[END_REF] . Some detergents have been specifically developed to be compatible with MS analysis, such as RapiGest, which breaks down in acidic medium into two products, one compatible with MS and the other precipitable by centrifugation [START_REF] Tanca | Comparison of Detergent-Based Sample Preparation Workflows for LTQ-Orbitrap Analysis of the Escherichia Coli Proteome[END_REF] or the Azo (or 4-hexylphenylazosulfonate), an anionic, photocleavable surfactant that rapidly degrade upon UV exposure [START_REF] Aballo | Ultrafast and Reproducible Proteomics from Small Amounts of Heart Tissue Enabled by Azo and TimsTOF Pro[END_REF] .

→ Chaotropic agents (urea) that denature proteins [START_REF] Feist | Proteomic Challenges: Sample Preparation Techniques for Microgram-Quantity Protein Analysis from Biological Samples[END_REF] .

→ Organic solvents (acetonitrile, ACN or methanol, MeOH)) which facilitate the denaturation of proteins by changing their conformation.

Finally, alternative strategies are emerging with the use of strong acids (trifluoroacetic acid, TFA) for example [START_REF] Doellinger | Sample Preparation by Easy Extraction and Digestion (SPEED) -A Universal, Rapid, and Detergent-Free Protocol for Proteomics Based on Acid Extraction[END_REF] . In the end, the most common strategies combine mechanical and chemical approaches to increase their effectiveness [START_REF] Feist | Proteomic Challenges: Sample Preparation Techniques for Microgram-Quantity Protein Analysis from Biological Samples[END_REF] .

2) Facultative steps prior to digestion

Additional steps may be introduced after lysis and extraction especially when chemical agents, incompatible with enzymatic digestion or MS analysis, must be removed. This could also be required to remove contaminants from the samples such as lipids, salts, sugars, or nucleic acids. Indeed, those latter may interfere with enzymatic digestion or peptide chromatographic separation. Among these complementary steps, we can mention precipitation with cold organic solvents (glacial acetone), with acids (trichloroacetic acid, TCA), solvent mixture (MeOH/chloroform) or using dialysis or ultrafiltration. However, this type of step is particularly deleterious for samples containing little material because it is an important source of material loss [START_REF] Feist | Proteomic Challenges: Sample Preparation Techniques for Microgram-Quantity Protein Analysis from Biological Samples[END_REF] .

Another step that can be necessary depending on the sample type consists in depletion steps. Indeed, depending on the sample type, the dynamic range of the protein abundancies can reach 10 orders of magnitudes [START_REF] Zhang | Protein Analysis by Shotgun/Bottom-up Proteomics[END_REF][START_REF] Zubarev | The Challenge of the Proteome Dynamic Range and Its Implications for In-Depth Proteomics[END_REF][START_REF] Wu | Overcoming the Dynamic Range Problem in Mass Spectrometry-Based Shotgun Proteomics[END_REF][START_REF] Wang | A Deep Proteome and Transcriptome Abundance Atlas of 29 Healthy Human Tissues[END_REF] whereas LC-MS/MS couplings are able to cover 4 to 5 orders of magnitude at best [START_REF] Zubarev | The Challenge of the Proteome Dynamic Range and Its Implications for In-Depth Proteomics[END_REF][START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Gstaiger | Applying Mass Spectrometry-Based Proteomics to Genetics, Genomics and Network Biology[END_REF] . This results in difficulties to detect low abundant proteins. To solve that problem, the most abundant proteins can be depleted with different technics [START_REF] Zougman | A Simple Serum Depletion Method for Proteomics Analysis[END_REF][START_REF] Gianazza | With or without You -Proteomics with or without Major Plasma/Serum Proteins[END_REF] . However, as for precipitation, this strategy can be risky for samples with low protein quantity [START_REF] Gianazza | With or without You -Proteomics with or without Major Plasma/Serum Proteins[END_REF] .

Another way to proceed those samples is the fractionation allowing decreasing the sample's complexity and dynamic range. This step can be realised at the level of proteins before digestion or at the level of peptides after digestion [START_REF] Kulak | Loss-Less Nano-Fractionator for High Sensitivity, High Coverage Proteomics[END_REF][START_REF] Camerini | The Role of Protein and Peptide Separation before Mass Spectrometry Analysis in Clinical Proteomics[END_REF] . Among the possible approaches, we can cite sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE, molecular weight fractionation), steric exclusion chromatography (SEC, size fractionation), ion exchange chromatography (IEX, isoelectric point fractionation), isoelectric focusing (IEF, isoelectric point fractionation) or reverse phase chromatography (hydrophobicity-based fractionation) [START_REF] Feist | Proteomic Challenges: Sample Preparation Techniques for Microgram-Quantity Protein Analysis from Biological Samples[END_REF][START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Salvato | Strategies for Protein Separation[END_REF] .

Finally, enrichment steps can be added prior to the digestion step such as membrane protein enrichment or after the digestion step at the peptide level to enrich the sample in modified peptides carrying specific PTMs such as phosphorylation or glycosylation among others.

3) Enzymatic digestion

The enzymatic digestion step is also a critical step of proteomics sample preparation. Poor digestion results in a high rate of enzymatic missed cleavages decreasing the overall peptides numbers, generating peptides not selected for MS fragmentation or leading to lower quality signals. This will have an impact on the repeatability between replicates and therefore on the performance in protein identification and even more crucially quantification.

Protein digestion is usually carried out using trypsin. Indeed, trypsin is an endoprotease that cuts specifically at the C-terminal ends of lysine and arginine residues, except when they are followed by a proline due to steric hindrances [START_REF] Giansanti | Six Alternative Proteases for Mass Spectrometry-Based Proteomics beyond Trypsin[END_REF][START_REF] Burkhart | Systematic and Quantitative Comparison of Digest Efficiency and Specificity Reveals the Impact of Trypsin Quality on MS-Based Proteomics[END_REF] . As a result, a positive charge is present after cleavage at the basic C-terminal end of the peptides, which will favour their ionisation and fragmentation during LC-MS/MS analyses. It should also be noted that according to the mobile proton model [START_REF] Tabb | Influence of Basic Residue Content on Fragment Ion Peak Intensities in Low-Energy Collision-Induced Dissociation Spectra of Peptides[END_REF][START_REF] Wysocki | Mobile and Localized Protons: A Framework for Understanding Peptide Dissociation[END_REF] , fragmentation will also be favoured by the basicity equilibrium between the free amine at the N-terminus of the peptide and the arginine or lysine at the C-terminus. The abundance of lysine and arginine in the general protein population allows the generation of peptides with sizes ranging from 500 to 3000Da, which are therefore suitable for LC-MS/MS analysis. It should also be noted that trypsin is a relatively inexpensive and easy-to-use enzyme. Over time, modified trypsins have also been developed to make them less prone to autolysis, thus avoiding the addition of highly abundant peptides to the samples, which could mask the presence of low abundance proteins. Moreover, trypsin autolysis can also generate pseudo-trypsin, which could play a role in the generation of non-specific cleavages [82][START_REF] Perutka | Pseudotrypsin: A Little-Known Trypsin Proteoform[END_REF][START_REF] Niu | Nonspecific Cleavages Arising from Reconstitution of Trypsin under Mildly Acidic Conditions[END_REF] . Finally, the small size of trypsin in its native conformation has been used in the development of in-gel digestion protocols. Trypsin is small enough to slip through the mesh of acrylamide gels to reach and digest the proteins held there in a very efficient way and with a high yield [START_REF] Shevchenko | In-Gel Digestion for Mass Spectrometric Characterization of Proteins and Proteomes[END_REF] .

However, the widespread use of trypsin also has disadvantages. Although most peptides generated by trypsin are of a size compatible with LC-MS/MS analysis. However, a certain number can be missed such as, peptides carrying specific PTMs, proteoforms or too long or too short peptides. For this reason, various other proteases have been investigated to complement or as an alternative to trypsin, including chymotrypsin, pepsin, LysN, AspN, GluC, Lys-C or ArgC [START_REF] Swaney | Value of Using Multiple Proteases for Large-Scale Mass Spectrometry-Based Proteomics[END_REF][START_REF] Giansanti | Six Alternative Proteases for Mass Spectrometry-Based Proteomics beyond Trypsin[END_REF][START_REF] Morsa | Multi-Enzymatic Limited Digestion: The Next-Generation Sequencing for Proteomics?[END_REF][START_REF] Tsiatsiani | Proteomics beyond Trypsin[END_REF] . This work showed that the combined use of several proteases, in particular the trypsin/Lys-C mixture, contributed to better sequence coverage [START_REF] Hakobyan | Efficient Tandem LysC/Trypsin Digestion in Detergent Conditions[END_REF][START_REF] Glatter | Large-Scale Quantitative Assessment of Different in-Solution Protein Digestion Protocols Reveals Superior Cleavage Efficiency of Tandem Lys-C/Trypsin Proteolysis over Trypsin Digestion[END_REF] . The endoproteinase Lys-C is a protease discovered in the bacterium Lysobacter enzymogenes. It cleaves proteins on the Cterminal side of lysine residues, complementing the action of trypsin, especially when this residue is followed by a proline. This enzyme can easily be coupled to trypsin as these commercial forms operate under similar temperature and pH conditions. Moreover, it is resistant to denaturing conditions.

Given the large number of sample types that can be analysed in proteomics, many protocols have been developed to maximise the benefit of each of them considering their specificities. There are four categories of digestion protocols based on the medium used: in-solution approaches, in-gel approaches, on-filter approaches and onbead approaches [START_REF] Lu | Tube-Gel Digestion: A Novel Proteomic Approach for High-Throughput Analysis of Membrane Proteins[END_REF][START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF][START_REF] Zougman | Suspension Trapping (STrap) Sample Preparation Method for Bottom-up Proteomics Analysis[END_REF][START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF][START_REF] Wiśniewski | Universal Sample Preparation Method for Proteome Analysis[END_REF][START_REF] Yang | Evaluation of Six Sample Preparation Procedures for Qualitative and Quantitative Proteomics Analysis of Milk Fat Globule Membrane[END_REF][START_REF] Rogers | Sample Preparation for Mass Spectrometry-Based Proteomics; from Proteomes to Peptides[END_REF][START_REF] Medzihradszky | In-Solution Digestion of Proteins for Mass Spectrometry[END_REF][START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF][START_REF] Kulak | Encapsulated Proteomic-Sample Processing Applied to Copy-Number Estimation in Eukaryotic Cells[END_REF] .

a) In-solution digestion

The Figure 19 presents the main principle of in-solution digestion. As most protocols, it starts from denatured proteins with a reduction and an alkylation step to reduce disulphide bonds and prevent their reformation. This step plays an important role to maximise the protease access to the cleavage sites of the proteins. Then, proteins are enzymatically digested in general at 37°C overnight. Solid Phase Extraction (SPE) can then be used to clean-up peptides. They are retained based on their hydrophobicity while salts and certain contaminants are discarded. However, this step has to be used carefully as it can lead to peptides losses especially for the very hydrophobic peptides, which can remain attached in the SPE cartridge and when working with very low starting material amounts [START_REF] Tubaon | Sample Clean-up Strategies for ESI Mass Spectrometry Applications in Bottom-up Proteomics: Trends from 2012 to 2016[END_REF][START_REF] Humbert | Extraction En Phase Solide (SPE) : Théorie et Applications[END_REF] . This approach has the advantage to be fast but is limited in terms of lysis and extraction reagents compatibility as there is no wash step prior to digestion. It is also important to use reagents which are compatible with the mass spectrometry analysis or that can be removed thanks to the SPE step.

b) In-gel digestion

Two main methods for in-gel digestion exist, the SDS-PAGE approach described in Figure 20 and the tube-gel described in Figure 21.

i.

Sodium Dodecyl Sulphate -Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

Figure 20: General scheme of protein in-gel, SDS-PAGE digestion protocol.

In the SDS-PAGE protocol, SDS linearizes and negatively charges proteins. The SDS is a detergent plebiscite for cell lysis and protein extraction due to its high efficiency.

Then proteins are loaded and migrated on an acrylamide/bis-acrylamide gel. Their presence is revealed thanks to Coomasie blue [START_REF] Candiano | Blue Silver: A Very Sensitive Colloidal Coomassie G-250 Staining for Proteome Analysis[END_REF] . The gel bands are cut, and proteins are reduced, alkylated and washed. Three migrations scenario are possible:

→ The stacking gel -In this approach proteins migrate only several centimetres in the gel. They are concentrated in one band in the first region of the gel that is composed in general of around 4-5% acrylamide/bis-acrylamide. This approach is useful when protein fractionation is not needed.

→ The migration gel -This methodology can be separated in two:

 1D SDS-PAGE: proteins are concentrated in the concentration gel and then separated depending on their molecular weights in the separation gel composed of 8-15% acrylamide/bis-acrylamide. This method allows fractionating the sample in several bands.

 2D SDS-PAGE: proteins are first separated depending on their isoelectric points thanks to IsoElectric Focusing (IEF). After that, they are separated in a second dimension thanks to SDS-PAGE. This technic allows a higher degree of fractionation and a lower degree of sample complexity in each spot [START_REF] Rabilloud | Two-Dimensional Gel Electrophoresis in Proteomics: A Tutorial[END_REF] . However, this strategy is being used less and less as the sensitivity and speed of MS improves, and that new, shorter, more efficient and more convenient sample preparation protocols emerge. In addition, this strategy is mainly limited to soluble proteins.

After migration, the gel bands or pieces need to be washed thanks to dehydration/hydration cycles to remove the SDS and other contaminants and produce samples compatible with an MS analysis. Proteins are digested in-gel as the trypsin is small enough to enter the gel, again thanks to dehydration/hydration process. Finally, the peptides can be extracted, as they are small enough to passively migrate out of the gel, by adding dehydration/hydration cycles.

ii.

Tube-Gel

An alternative in-gel method consists in running tube-gels, this an approach that has been particularly investigated in our lab by the Dr Leslie Muller during her PhD [START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF][START_REF] Muller | Extended Investigation of Tube-Gel Sample Preparation: A Versatile and Simple Choice for High Throughput Quantitative Proteomics[END_REF] . In this approach, the acrylamide/bis-acrylamide gel is directly polymerised around the sample allowing gaining time by removing the gel preparation, migration, and coloration steps of the SDS-PAGE approaches. As the stacking gel, this method does not allow protein fractionation, but it permits using detergents non-compatible with MS as it includes a washing step prior to digestion. Despite their advantages, in-gel approaches keep drawbacks. They are long, tedious, and not adapted for low protein quantities.

c) On-filter digestion

The next approaches are called on-filter and are based on cartridges allowing retaining proteins to wash them thanks to vacuum or centrifugation. Here the three most employed protocols will be described: the FASP, the S-Trap (Protifi) and the iST (PreOmics). However, others exist such as the MStern 97 , the Sample Preparation Kit from Biognosys or the Pierce Mass Spec Sample Prep Kit from Thermo Fisher Scientific.

iii.

Filter Aided Sample Preparation (FASP)

In FASP procedures, presented in Figure 22, SDS linearized proteins to allow them to be retained by the filter even if their folded size is below the cut-off. Then they are loaded into cartridges containing molecular mass cut-off filters. The SDS and other contaminants that pass the cut-off membrane are eliminated thanks to centrifugation. Proteins are then reduced, alkylated and the excess reagents are eliminated thanks to centrifugation. Finally, the enzyme is added, and the digestion starts. The peptides' size allows them to be eluted from the membrane by centrifugation. Depending on samples and protocols, an additional SPE step can be implemented [START_REF] Wiśniewski | Filter Aided Sample Preparation -A Tutorial[END_REF] .

Despite its advantages, the FASP protocol can be time consuming especially when working with high volumes. In addition, those protocols are difficult to automatize. Moreover, filters can be subject to clogging and in general, they are not adapted to deal with low amounts of material. The iST procedure is commercialised by the company PreOmics (Planegg-Martinsried, Germany). Its main protocol is described in Figure 23. Cells are lysed and proteins solubilised, reduced and alkylated in 10 minutes in the provided lysis buffer. Proteins are loaded on the iST cartridges to be digested at 37°C during 1h. Then peptides are washed thanks to centrifugation cycles. Finally peptides are eluted from the cartridges and recovered. This protocol has the drawback to be a commercial kit. Consequently, the exact composition of the different buffers remains unknown. Moreover, the kit remains an expensive consumable in comparison to in-solution or in-gel solutions. However, this protocol is very fast and appears to work robustly on various sample types [START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF][START_REF] Kulak | Encapsulated Proteomic-Sample Processing Applied to Copy-Number Estimation in Eukaryotic Cells[END_REF][START_REF] Ding | Urine Proteomics: Evaluation of Different Sample Preparation Workflows for Quantitative, Reproducible, and Improved Depth of Analysis[END_REF][START_REF] Lefeuvre | Effects of Topical Corticosteroids and Lidocaine on Borrelia Burgdorferi Sensu Lato in Mouse Skin: Potential Impact to Human Clinical Trials[END_REF][100][101] for starting material between 1µ and 100µg of proteins. It provides solid results even from 1µg of starting material in comparison of other sample preparation technics [START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF] . An automated version of this protocol is available on the PreOn robot also commercialised by PreOmics.

v. SDS-Trap or Suspension Trap (S-Trap)

As the iST, the S-Trap (SDS-Trap or Suspension Trap) is a commercial solution developped by the company Protifi (Farmingdale, NY, USA). It exists in four formats, among which three cartridges formats: the micro, the mini and the midi that should allow working with respectively from 1µg to 100µg, 100µg to 300µg and up to 10mg of protein. The fourth format is a 96-well plate allowing automated sample preparation on multiple automated platforms including the Tecan A200 positive pressure workstation and Agilent Bravo platform.

In the S-Trap protocol, described in Figure 24, cells must be lysed with SDS (5% recommended). Proteins are then reduced and alkylated. A protein emulsion is created by adding a binding buffer containing 90% methanol (MeOH) and 10% triethylammonium bicarbonate (TEAB) 1M, pH 7.1. Then denatured proteins are loaded on the cartridge and washed several times. After the digestion step, peptides are released from the cartridge by centrifugation 5 .

As most commercial solutions, this protocol has the drawback to be expensive. But, it has the main advantage to be compatible with high percentages of SDS. Despite the young age of this technique, initially described in 2014, it established itself as a widely used method, which gives promising results in different publications that compare it to other sample preparations such as in-solution 102 , in-gel [START_REF] Yang | Evaluation of Six Sample Preparation Procedures for Qualitative and Quantitative Proteomics Analysis of Milk Fat Globule Membrane[END_REF] , FASP [START_REF] Yang | Evaluation of Six Sample Preparation Procedures for Qualitative and Quantitative Proteomics Analysis of Milk Fat Globule Membrane[END_REF]102,103 , MStern [START_REF] Ding | Urine Proteomics: Evaluation of Different Sample Preparation Workflows for Quantitative, Reproducible, and Improved Depth of Analysis[END_REF] , iST [START_REF] Ding | Urine Proteomics: Evaluation of Different Sample Preparation Workflows for Quantitative, Reproducible, and Improved Depth of Analysis[END_REF] and SP3 104 . S-trap was shown to be compatible with a large range of lysis buffers 105 and is able to remove problematic compounds such as polymeric surfactant 106 . It was used in combination with phosphopeptides enrichment 105,107 and other PTMs 108,109 , high-pH reversed phase fractionation 102 and with isobaric TMT 110 or SILAC 111 labelling, among others. The number of publications is exploding since 2019 on various sample types such as yeast [START_REF] Zougman | Suspension Trapping (STrap) Sample Preparation Method for Bottom-up Proteomics Analysis[END_REF]112 , bacteria 113,114 , protozoa 115 , tomato [116][117][118] , virus [119][120][121] , urine [START_REF] Ding | Urine Proteomics: Evaluation of Different Sample Preparation Workflows for Quantitative, Reproducible, and Improved Depth of Analysis[END_REF] , bile 122 , T cell lipid raft 123 , membrane proteins [START_REF] Zougman | Suspension Trapping (STrap) Sample Preparation Method for Bottom-up Proteomics Analysis[END_REF][START_REF] Yang | Evaluation of Six Sample Preparation Procedures for Qualitative and Quantitative Proteomics Analysis of Milk Fat Globule Membrane[END_REF]124,125 , FFPE tissues 110,126 , host coral proteome 127 ,immunoprecipitation 5 , prions 111 , microglia 128 or more in the news on SARS-CoV-2 BioID 129 and numerous others .

Figure 24: General scheme of protein on-filter, S-Trap digestion protocol.

d) On-beads digestion

The SP3 (Single-Pot, Solid-Phase-enhanced, Sample preparation) first publication was released by Hughes et al. in 2014 6 followed by its patent (WO2015118152A1) using paramagnetic carboxylated beads. The protocol was improved [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF][START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF]151 and then automated by Müller et al. in 2019 2 . The company PreOmics, which markets a kit, based on this protocol, the SP3-iST, now owns the patent. However, paramagnetic beads with various derivatization can also be purchased in batch at various retailers. The SP3 protocol has been extended to the use of paramagnetic microparticles independently of the surface chemistry used under the name PAC (Protein Aggregation Capture) by Tanveer et al. in 2019 152 .

The SP3 protocol is described in Figure 25. First, cells or tissues are lysed, proteins are reduced and alkylated. Proteins are bound to paramagnetic beads in specific conditions linked especially to the organic solvent proportion and the pH. The first mechanisms advanced for that binding were hydrophilic interactions (HILIC, Hydrophilic Interaction Liquid Chromatography) and electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) [START_REF] Hughes | Ultrasensitive Proteome Analysis Using Paramagnetic Bead Technology[END_REF]152,153 . However, it was then demonstrated that this phenomenon alone does not explain everything, and extended investigations showed that protein immobilization is also driven by protein aggregation induced by addition of high concentration of organic solvents (ACN, isopropanol). The microparticle's surface acts as a nucleation site or carrier and induces an immobilization cascade of insoluble protein aggregates 152 . Beads carrying proteins are retained thanks to a magnetic rack to be cleaned by successive addition and removal of wash buffers. Proteins are then enzymatically digested, and peptides are eluted from the beads. Peptides are separated from beads still thanks to a magnetic rack. To remove potentially remaining beads a centrifugation step or an SPE step can be added.

Depending on the digestion buffer used and the peptide concentration at the end of the protocol, the peptide drying step can also potentially be removed which is of great interest when working on sub-microgram protein amounts to avoid material loss.

Figure 25: General scheme of protein on-beads, SP3 digestion protocol.

The SP3 protocol has been compared with other sample preparations such as FASP and iST where it exhibits the most stable performances for protein amounts ranging from 1µg to 20µg of starting material. Its performances appear to be superior to FASP and equivalent to iST except for protein quantity inferior or equal to 2µg [START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF] . SP3 was also compared to S-Trap, in-gel digestion 104,154 and Sample Preparation by Easy Extraction and Digestion (SPEED) protocol, FASP and in-solution digestion [START_REF] Doellinger | Sample Preparation by Easy Extraction and Digestion (SPEED) -A Universal, Rapid, and Detergent-Free Protocol for Proteomics Based on Acid Extraction[END_REF] . In this later publication, the SPEED protocol, which is a universal, rapid, and detergent-free protocol, based on acid extraction brings globally the best performances in comparison with other technics.

The SP3 protocol was demonstrated to be a viable option for samples containing very low amounts of proteins in the microgram or sub-microgram range [START_REF] Sielaff | Evaluation of FASP, SP3, and IST Protocols for Proteomic Sample Preparation in the Low Microgram Range[END_REF]155 and even for single-cell proteomics 156 . SP3 is virtually compatible with any kind of samples due to its compatibility with almost all lysis buffers. It is to note that it was shown compatible with high amounts of SDS up to 10% [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . It was also shown that PAC and so SP3 enable to decrease the number of missed cleaved peptides in comparison with liquid digestion protocols 152 .

The literature using SP3 protocols is already very extensive and published works applied it to numerous of different sample types such as protozoa 154 , yeast 157,158 , human [START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF]159,160 , plants 161 , bacteria 155,158,162 , FFPE tissue 160,163 , neurons 164 , rice 165 , immunoprecipitation 166 , skin 167 or even paleoproteomics samples [168][169][170] . SP3 was combined with TMT and SILAC labelling 152,157,164 . It can also be used prior to phosphopeptides or glycopeptides enrichment 152 . A miniaturised version of SP3 sample preparation has been designed to fit on microfluidic chips opening another new field of applications 171 . SP3 can also be followed by peptide fractionation strategies 172 (CIF). SP3 sample preparation is thus not limited to sample preparation for bottomup proteomics approaches. The paramagnetic beads used for SP3 and PAC, can also be used to purify peptides thanks to specific binding conditions. This procedure was published under the SP2 denomination 153 . SP3 was also used with success for denaturing top-down proteomics studies. 173,174 To conclude, SP3 is an extremely versatile protocol compatible with almost any kind of bottom-up studies, quantitative or not, even on sub-microgram protein amounts or on single-cells. Its main application is already extended to work on peptides or for denaturing top-down studies 174 . Finally, two independent groups already automate this protocol on an AssayMap Bravo robot [START_REF] Zecha | Reagents, Assays and Merits of Proteomics for SARS-CoV-2 Research and Testing[END_REF][START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] , which will be a great help for studies with hundreds of samples making it an ideal option for high throughput studies.

4) Automated sample preparation for bottom-up proteomics

As illustrated in the previous sections, a quantum leap has been made since 2014 in the development and democratisation of new sample preparation protocols. This gap is like the one, which occurred in automated genomic in the 2000's. These are simpler, faster, more repeatable, and efficient on any type of samples even on small amounts or even on single cell protein extracts. These improvements were intended not only to improve the quality of future projects but also to free up researchers' time so that they could concentrate their efforts on other critical steps such as data acquisition or processing. They can also be hijack of their primary use to adapt to specific situation, as it was the case of numerous AssayMap Bravo, which were converted during the COVID crisis to perform PCR.

The other objective is to make the proteomics community capable of routinely analysing large cohorts of hundreds of samples, among which cohorts of clinical samples at high throughput to identify new disease markers or discover new therapeutic targets. Indeed, being able to study a larger number of samples is a critical parameter to increase the sensitivity and robustness of our results, particularly at the level of data analysis and statistical processing.

In the same perspective, the next step for the improvement of sample preparation is based on the automation of protocols on robotic platforms. Various protocols are compatible with automation, including liquid digestion, S-Trap, iST and SP3 for example. Beyond simple protein digestion, other steps such as SPE, phosphopeptides or other PTM enrichments, TMT and other labellings, peptide cleaning, peptide fractionation, sample preparation for top-down approaches can also be automated. To meet this need, different types of platforms have been created, ranging from simple automatic pipetting stations to complete systems with already implemented workflows.

Among these liquid handling robots, we can mention the Agilent Bravo and its AssayMap head acquired in our laboratory. Among the most used for bottom-up proteomics, we can also mention the Kingfisher Flex workstation equipped with a 96pin magnetic head from ThermoFisher, the MicroLab Star from Hamilton, the Resolvex A200 from Tecan, the Biomek workstation series from Beckman Coulter life science or more recently the PreON from PreOmics. This list is not exhaustive, and I would refer to the very complete review of Alexovič et al. 175,176 for a more detailed list of the various publications released to date based on automated clinical sample preparation.

Recently, sample preparation for proteomic analysis has reached a milestone, allowing robust and standardised sample preparation from protein quantities of less than 1µg and on single cells. Thanks to those improvements, it becomes possible to perform nanoproteomics, which opens new possibilities regarding the accessible sample types as described in Figure 26. This glass ceiling has been broken thanks to multiple optimisations at all stages of the analyses, including sample preparation 177 . The nanoproteomics is defined for dealing with samples containing <1μg total protein in starting material.

Recent developments include nested nanoPOTS array (N2) microfluidic chips (nanodroplet Processing in One-pot for Trace Samples) that drastically reduce well volume, allowing a 230% gain in peptide/protein recovery with a median CV of about 16%. These arrays are also compatible with TMT labelling and allow the analysis of 243 single cells on a single chip 179 . That chip is an improvement of the already published nanoPOTS chip [START_REF] Zhu | Nanoproteomics Comes of Age[END_REF]180,181 . The second recent improvement regarding this technology is its automation via a commercial single cell isolation and picoliter dispenser, the cellenONE from Cellenion (Lyon, France) that includes a direct interfacing with a standard autosampler for LC-MS/MS analysis. This platform allowed to reproducibly yield around 500 protein groups per single HeLa cell and 1,422 protein groups across 30 single cell measurements 182 .

It is interesting to note the development of interfacing possibility between the "sample preparation" and the LC-MS/MS system as it is the case with the cellenONE robot or with the ADE-OPI-MS 183 system developed by AB Sciex (Framingham, MA, USA.). This is very important to reduce drastically loss of material, to work on the freshest possible sample and could represent a time saving if an automated online management system supporting every part of the coupling, from sample preparation to MS analysis, is designed.

If we have fun digressing towards what could be the future of proteomics, we could imagine a complete online-automated accessible and robust pipeline. This technology could be adapted to perform extensive bioanalysis for personalised medicine in hospitals, as it is already the case for example on microorganisms' cultures with actual dedicated platforms such as the MALDI-TOF, VitekMS and Vitek 2 from Biomérieux or the Biotyper series from Bruker Daltonics. However, this time it would be with the precision level of the single cell, which could be of highest interest for example to characterise tumour with a high cell heterogeneity to adapt treatments.

B. Liquid chromatography coupled to tandem mass spectrometry

Different kind of separation technics can be coupled to mass spectrometry with different goals, forces, and drawbacks. We can cite the liquid chromatography-mass spectrometry (LC-MS), the capillary electrophoresis-mass spectrometry (CE-MS) or the gas phase chromatography-mass spectrometry (GC-MS) for example. For the separation of peptides prior to mass spectrometry analysis, the LC-MS is the most plebiscite technique.

1) Peptide separation by reversed phase liquid chromatography

Enzymatic digestion is the basis of the bottom-up approach in proteomics. However, it also has its weaknesses. One of these is that the samples become more complex as they move from the protein level to the much more numerous peptides [START_REF] Zhang | Protein Analysis by Shotgun/Bottom-up Proteomics[END_REF][START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] . If many peptides co-elute, the signals will suffer from suppression effects. Furthermore, the mass spectrometer will not be able to isolate and fragment all of them or will generate multiplexed fragmentation spectra resulting from multiple precursor ions. To overcome this problem, the peptide mixture is separated by a prior liquid chromatographic step. An efficient separation will increase the sensitivity, selectivity and coverage of the proteome studied [START_REF] Camerini | The Role of Protein and Peptide Separation before Mass Spectrometry Analysis in Clinical Proteomics[END_REF]184 .

In the work presented in this manuscript, two reversed phase nanoLC systems described in Table 3 were used. The separation of peptides is based on their hydrophobicity using an increasing gradient in organic solvent. The most hydrophilic peptides elute at the beginning of the gradient and the most hydrophobic peptides at the end. Different criteria come into play when it comes to understanding and optimising the separation of peptides in liquid chromatography. Some of them will depend on the system, such as the composition of the solvents, the flow rates, the gradient used, including its composition and duration, or the use or not of a trapping column. Other parameters that have a strong influence on the separation are related to the characteristics of the chosen column. These include length, internal diameter, pore size, the size and the organisation of the particles within the column [START_REF] Zhang | High-Throughput Proteomics[END_REF][START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] .

Chromatographic systems operating at sub-microliter minute flow rates are referred to as nanoLC (nLC) and have improved sensitivity, while requiring only small amounts of biological material 185 . However, these systems also have their limitations. They are more prone to leakage and dead volume due to the increased stress on the parts caused by the high pressures (>500 bar) generated. These phenomena can be complex to diagnose, as they are not always visible. They therefore require a high level of expertise on the part of the handlers as well as effective and adapted diagnostic tests. Because of this and in parallel with the efforts of the proteomics community to work on ever smaller quantities of material, there is a trend towards reducing working pressures by reducing flow rates or by using other types of column architecture such as the µPACs marketed by PharmaFluidics 186,187 .

These columns are produced by micromachining silicon to achieve perfect order in the stationary phase, unlike their particulate counterparts. Potential advantages of this system include lower working pressures reducing the frequency and criticality of leaks, increasing the lifetime of the various components of the system, and possibly allowing to work without needing an oven, thus reducing the complexity of the system and the risk of problems. On the analytical side, the regular organisation of the particles within the phase can improve peptide separation consequently increasing proteome coverage and repeatability of results, a crucial parameter for protein quantification.

2) Tandem mass spectrometry (MS/MS) coupled to nLC

Once peptides are separated, they arrive at the interface between the LC system and the mass spectrometer to be ionised. As introduced previously, two kinds of sources can be used to analyse biological macromolecules, the MALDI 188,189 and the ESI [START_REF] Fenn | Electrospray Ionization for Mass Spectrometry of Large Biomolecules[END_REF][START_REF] Fenn | Electrospray Ionization-Principles and Practice[END_REF] but only the last one can be coupled online to the MS instrument (ESI-LC-MS).

a) Electrospray ionisation (ESI)

The ESI source is based on the use of a high voltage at a capillary feeding the sample in solution to the spectrometer or directly into it. A spray of charged drops containing the sample is formed by a nebulisation phenomenon. These micro-droplets will evaporate until they contain too many charges of the same polarity confined in a restricted space reaching the Rayleigh limit and causing them to explode. These serial explosions will allow the release of multi-charged molecules free of solvent molecules that will enter the mass spectrometer [START_REF] Fenn | Electrospray Ionization for Mass Spectrometry of Large Biomolecules[END_REF][START_REF] Fenn | Electrospray Ionization-Principles and Practice[END_REF] . At this stage, it is particularly important that the sample does not contain salts that may compete with the peptides for ionisation or may form adducts 190 .

b) Analyser types

After their ionisation, peptides go through the mass spectrometer to be analysed or fragmented and then measured at a detector. Classically, LC-MS couplings allow obtaining three types of information: peptides retention time, peptides and fragments mass/charge ratios and their intensities. Different types of analysers were or are still used today in mass spectrometers dedicated to bottom-up proteomics applications 190 .

i.

Time of flight (TOF)

Professor William Stephens first introduced the time-of-flight analyser in 1946. It consists of a tube, usually between 0.5 and 3m long, under a high vacuum in which the ions will fly after being accelerated with equal energies 191,192 . Their speed through the flight tube will be inversely proportional to their mass. The lightest ions will arrive faster at the detector which will measure the impact of the ions allowing the calculation of their flight time from which their mass to charge ratio (m/z) will be deduced. The intensity is determined from the number of ions that hit the detector. The resolution of a TOF analyser is therefore correlated to the length of the flight tube. To increase the resolution without increasing the size of the analyser, TOFs incorporating an electrostatic mirror, known as a reflectron, have been developed to double the flight distance. These systems also increase the resolution by compensating for small variations in kinetic energy within the population of the same ion. Indeed, the faster ions will penetrate further into the reflectron and have more distance to travel than the slower ions allowing them to arrive at the detector simultaneously 190 .

Among the latest innovations on this type of analyser, this year the manufacturer Waters has unveiled a new mass spectrometer, the select series MRT, and featuring new MRT (Multi Reflecting Time-of-Flight) technology. This technology allows a three-dimensional focusing of the ions through multiple intra-TOF lenses allowing 46 reflections in the TOF and thus a flight path of more than 47 metres with minimal losses providing very high resolution mass spectra (>200,000 FWHM).

ii. Quadrupole

A quadrupole consists of four parallel rods electrically connected and to which two voltages, a direct current (DC), and an alternating radio frequency (RF) current (AC), are applied 193 . The adjacent rods have opposite DC polarity, and their AC currents are out of phase creating an oscillating electric field in which the ions can move. The applied voltages will influence the trajectory of the ions. The higher the voltages, the higher the m/z ratio of the selected ions. Depending on the voltage settings, the quadrupole can transmit all ions (RF mode), select ions sequentially (scan mode) or select only ions of a specific pre-determined m/z. It should be noted that specific tuning are required to enhance transmission and high m/z ions are generally less well transmitted 190 .

iii.

Ion Traps

The first mass spectrometer with a quadrupole ion trap analyser was introduced in the late 1950s with the work of Wolfgang Paul, for which he received the Nobel Prize in Physics in 1989. Ion traps are a family of analysers that include linear traps, spherical or three-dimensional traps such as the Orbitrap and ion cyclotron resonance traps such as the FT-ICR (Fourier-transform ion cyclotron resonance). They have the common feature of being able to retain ions long enough to carry out various consecutive stages of MS analysis. They also allow the same ions to be selected, fragmented, and analysed several times in a row, making it possible to carry out so-called MSn analyses and thus obtain more information from the selected ions, for example for de novo analysis. It should also be noted that these analysers are sensitive to charge-space effects 190,[194][195][196] .

Church constructed one of the first linear traps in 1969 197,198 . In linear ion traps, ions are trapped in a quadrupole by a combination of RF frequencies applied to the rods and to the lenses at the ends of the rods.

Comisarow and Marshall introduced FT-ICR in 1974 199,200 . In the case of cyclotron resonance, four electrodes located in a strong magnetic field will trap the ions. The higher the magnetic field used, the higher the resolution of the instrument. Once trapped, the ions begin to oscillate at a cyclotron frequency that is inversely proportional to their m/z and dependent on the magnetic field strength. Nondestructive detection of the ions is then possible after the application of RF. As ions of varying m/z are analysed at the same time, the data processing is very complex and is based on the mathematical use of Fourier transforms as for Orbitraps. FTICR instruments are today the mass spectrometers offering the highest mass resolution.

The orbital trap is the most recent analyser geometry. It was introduced by Alexander Makarov in 2000 201,202 . It is better known by the trade name Orbitrap that is currently protected by a patent held by Thermo Fisher Scientific. Spherical ion traps consist of three electrodes, a central one in the form of a ring and two at the ends delimiting the trap, which has the advantage of being very compact (1-2cm 3 ). The ions are trapped on a stable and harmonic trajectory that depends on their m/z. They will be ejected from the trap by destabilising their trajectory via an increase in the RF applied to the central electrode. The ions will be ejected sequentially towards the detector. The higher the ejection speed, the lower the analysis resolution. Indeed, when too many charges of the same polarity are trapped in a restricted space, repulsion phenomena occur, preventing the storage of more ions and reducing the sensitivity of the analysis.

c) Tandem analysis and peptide fragmentation

The tandem analysis of peptides is based on the analysis of MS1 spectra also called MS providing information at the peptide level and on the analysis of MS2 or MS/MS spectra providing information on the fragments generated from the peptides.

Fragmentation can occur at different locations depending on the dissociation method used and the fragments generated are named according to the Biemann nomenclature 203 presented in Figure 27. Peptide analysis by mass spectrometry can be carried out in different ways depending on the objective of the project and the instrumentation available. These different ways of proceeding often rely on different data acquisition strategies. The most used strategy for bottom-up approach is the DDA or data dependent acquisition. In this strategy, a MS1 spectrum of the parent ions is performed and then a Top N, i.e., a number N of the most intense ions seen in the MS1 spectrum is selected and fragmented one by one to generate MS2 spectra as described in Figure 28. This acquisition mode allows the identification and quantification of several thousands of proteins and a good proteome coverage 209,210 . Unfortunately, this remains a stochastic approach as only the N most intense ions are fragmented resulting in a lack of repeatability despite increasingly sensitive instrumentation due to undersampling of the ions. Some experimental parameters can increase the coverage of the proteome. These include dynamic exclusion to reduce spectral redundancy, definition of inclusion or exclusion lists 211,212 .

In a DIA analysis, all co-eluting ions isolated at a precise time or in a precise isolation window will be co-fragmented and generate multiplexed MS2 spectra as illustrated in Figure 28. Consequently, in opposition with DDA, DIA makes possible to avoid stochasticity. The DIA acquisition mode will be extensively described in the next chapter of this manuscript.

C. Ion mobility spectrometry (IMS) 1) Generalities

Ion mobility spectrometry is used since a long time in combination with MS to separate isomers, filter signal, and annotate untargeted features via Cross-collisional section (CCS) database matching [213][214][215][216] . However, until now its application was not extended to bottom-up proteomics. This has changed with the development of the Field Asymmetric Ion Mobility Spectrometry device (FAIMS) by Thermo Fisher Scientific and the Trapped Ion Mobility Spectrometry (TIMS) in the TimsTOF Pro instruments family from Bruker Daltonics. Its implementation has major impact on bottom-up proteomics at the level of data acquisition and data processing 213 .

Ion mobility spectrometry allows separating ions inside a buffer gas under the influence of an electric field depending on their mobility. The mobility of an ion depends on its mass, charge, and shape. The measurement of ion mobility must be carried out at a known constant pressure and temperature. Various technologies to realise IMS exist, and it is therefore necessary to find a way to harmonise the results obtained with every type of instrument. This is why to analyse ion mobility data, it is common to convert ion mobility (K) or the reduced ion mobility (K0) into Crosscollisional section (CCS, Ω) thanks to the Mason-Schamp equation [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF]213,217 :

In this equation e is the charge of an electron; z, the ion charge; N0, the buffer gas density; μ, the reduced mass of the collision partners; kb, the Boltzmann's constant; and T, the drift region temperature. This equation does not enjoy consensus but is the most widely used.

Various types of IMS devices are commercialised under different denominations by different vendors. A summary of those technologies is proposed in Figure 29. The drift tube ion mobility spectrometry (DTIMS) is the most classical one. It is easy to use and allows directly determining CCS. In DTIMS, ion packets are pulsed in a uniform electric field that propagate through the drift tube containing the buffer gas. This gas has no directional flow. Ions with a bigger shape will be slowed down by colliding with buffer gas atoms whereas higher charge states will faster go through the tube. It is to note that DTIMS has generally low duty cycle due to reduced accumulation time in comparison to the separation duration. This duty cycle can be increased up to 50% thanks to multiplexing ion packets but it also requires signal deconvolution. Another drawback of this technology is the way to increase its resolution. It requires a precise balance between the drift tube size, the buffer gas pressure and the voltage drop to avoid ion diffusion, ion loss or peak broadening 213 .

The traveling wave ion mobility spectrometry (TWIMS) was first developed on Synapt instruments from Waters. Its principle is very similar to the DTIMS. Ions go through a drift tube containing a buffer gas with no direction flow. However, unlike DTIMS, the applied electric field oscillates across the drift tube, creating voltage waves that push the ions through the tube. Another difference with DTIMS lies in the need to calibrate the instrument with ions of known mobility to determine the CCS. TWIMS shares most of the limitations of DTIMS, but requires lower voltages and benefits from reduced ion losses in the long drift tubes to improve ion separation. Its resolution can be increased by the use of circular ion mobility spectrometers 213,218 .

The differential mobility analyser (DMA) is a device that works at atmospheric pressure such as DMS, DIMS and FAIMS. As the DTIMS, it uses a constant electric field and allows a direct determination of CCS. It uses a perpendicular gas flow and is especially suited to study large analytes like antibodies or even nanodrops that cannot be studied with other IMS technics 213 .

2) Ion mobility spectrometry for bottom-up proteomics

Two types of IMS devices are mostly used in combination with mass spectrometers to perform bottom-up proteomics analysis, the FAIMS and the TIMS.

a) Field asymmetric waveform ion mobility spectrometry (FAIMS)

The differential mobility spectrometry (DMS), the differential ion mobility spectrometry (DIMS) and the field asymmetric waveform ion mobility spectrometry (FAIMS) are based on the same principle and differ only by their geometry. As the TIMS, they are small devices. They work at atmospheric pressure like DMA and are located between the ion source and the entrance of a mass spectrometer making them easy to install or to remove depending on the project as described in Figure 30. These technics use a parallel constant gas flow. They work as filters using a voltage alternating between high and low electric fields. Only the ions with a specific response to the changing electric field and the compensation voltage (CV) applied at the level of the inner electrode in FAIMS will be able to go through the device and reach the mass spectrometer. The compensation voltage can be set to realise a scan of the ions. Moreover, as this system does not use ion accumulation, its duty cycle is about 100% for the ions passing the filter allowing improving the signal to noise ratio. Due to the application of this waveform electrical field, those devices are not able to provide CCS values. . However, it is necessary to make a difference between classical TIMS device and the TIMS device included in TimsTOF instruments, which use a dual TIMS cell of 9.7cm [START_REF] Meier | Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device[END_REF] . Here, only the basic TIMS principle will be described. The functioning of the dual TIMS cell and the PASEF acquisition mode resulting from it that achieved duty cycle around 100% will be detailed in the results part of this manuscript.

A TIMS device is divided in three parts, two ion funnels at the entrance and exit of a TIMS tunnel as shown in Figure 31.a. The funnels focus the ions entering and exiting from the TIMS tunnel. TIMS principle is the inverse of DTIMS. Due to the separation principle unique to TIMS, lower mobility ions elute first. In this technology, ions are dragged into the TIMS cell by a constant buffer gas flow and are retained by the application of a static electrical field. Three steps are achieved in the TIMS tunnel as described in Figure 31.b. First ions coming from the ion source are accumulated. Then they are trapped at their equilibrium position into the tunnel as shown in Figure 31.c. Their position in the tunnel is dependent of their shape from a same charge state. The biggest ions will be dragged by the gas flow further into the tunnel and be nearer to its exit. Ions are then released by decreasing CCS order by a slow decrease of the electrical field 213,220,221 . This type of IMS can achieve high resolution until 400 K/ΔK. Its selectivity increases when the scanning speed of the electrical field decrease. However, to be coupled with HPLC, it is necessary to maintain a relatively high scanning speed. Moreover, the scan speed also affects the duty cycle. The principle of the TIMS also increase the signal-to -noise ratio as the noise is diluted on the complete ion mobility range whereas signal ions are packed at the same position during the trapping step. Finally, the last advantage of TIMS is its size between 5 and 10 cm allowing to easily couple it with other instruments and making upgrading possible. Different configurations are also explored to couple several TIMS cells as in TimsTOF dual TIMS cell [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF] . Another configuration the TIMS-CID-TIMS-MS or tandem TIMS was also explored 223 and new research explores the possibility to perform fragmentation inside a TIMS device to perform pseudo MS3 with a greatly improved fragmentation sequence coverage 224 .

To conclude this part, you can find in Table 4 the specifications of the mass spectrometer used to realise the work presented in this manuscript. 

D. Data analysis and interpretation

There are two main approaches to assign peptide sequences to MS2 spectra 225 . The spectrum-centric approach uses in silico digested protein sequence databases. This is the most common strategy but is limited by the need to have access to a database of sufficient quality. On the other hand, there is the de novo approach which does not require a database, and which consists in extracting sequences directly from the spectra. This approach is the only one that can be used when studying organisms that have not been sequenced, or have been only partially/poorly sequenced, even at the level of their taxonomic family. We will only focus on the spectrum-centric approach in this work.

1) Protein databases

When working with a database, it is important to keep in mind that only proteins included in the database can be detected in the working dataset. The completion of databases of high quality, implying human intervention for manual curation, has been a major issue between 2000 and 2010 as illustrated in Figure 32. It should also be borne in mind that unnecessarily increasing the size of a database with information that is not relevant to the project may have a negative impact on the peptide identification stage by multiplying the number of shared peptides, increasing the risk of false attributions, and increasing calculation times.

There are various online databases of protein sequences. These differ in annotation quality, completeness, and redundancy [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] . Amongst these, we find: 

 NCBI Entrez

 RefSeq 230

This library is also provided by NCBI but unlike NCBI Entrez, it is redundancy-free, verified, and annotated. The release number 206 dated 21 May 2021 contained 204 185 448 proteins belonging to 111 743 organisms. As NCBI Entrez, this database may be subject to sequence errors due to problems in translating nucleotide sequences into peptide sequences, which may affect the data analysis.

 UniProtKB or UniProt Knowledgebase

UniprotKB is a joint effort between the European Molecular Biology Laboratory and the European Bioinformatics Institute (EMBL-EBI), the Swiss Institute of Bioinformatics (SIB) and the PIR, which continue to update its databases regularly 231- 233 .

o UniProtKB/TrEMBL TrEMBL is a library containing protein sequences derived from the automatic translation of nucleotide sequences from EMBL/Genbank/DDBJ, Ensembl, VEGA, RefSeq, PDB, MODs and other resources such as data derived from amino acid sequences that are submitted directly to UniProtKB or scanned from the literature. They are automatically annotated and classified. On 14 July 2021, TrEMBL contained 219,174,961 proteins, of which 5,038,824 were from viruses, 5,325,458 from archaea, 151,457,065 from bacteria, 54,927,467 from eukaryotes, 1,347 proteins from other sequences such as artificial sequences, minichromosomes, plasmids, transposons, or insertion sequences and finally 2,424,800 unclassified proteins from enrichment cultures, metaproteomes, environmental samples of miscellaneous sequences or simply from unidentified organisms.

o UniProtKB/SwissProt SwissProt is a subset of TrEMBL containing only manually verified sequences, annotations, and classifications. The creation of this library required a colossal effort, but it has paid off, as illustrated by the important growth of the database in Figure 32. On 14 July 2021, SwissProt contained 565,254 proteins, including The regular updating of sequence libraries following the discovery of new proteins, new variants, or new modifications, among others, is progressively making it possible to identify more and more peptides from MS2 spectra that were previously impossible to assign 246 . In addition, the cross-referencing of data from different omics disciplines allows for the enrichment of functional annotations, gene prediction algorithms or peptide and protein identification 237 . This combination is known among others as proteogenomics and is promising but requires complex data integration workflows 247- 249 .

The work presented in this thesis was carried out using sequence databases mainly from UniProtKB/SwissProt and occasionally from UniProtKB/TrEMBL

2) Proteomics search engines

On one hand, once the raw data has been acquired, the various information of interest such as m/z, peptide and fragment intensities as well as their linkage and retention time are extracted and compiled into a peaklist. These are our experimental data. On the other hand, we will choose an appropriate database to search the data. This later will be digested in silico with the experimentally used enzyme and will constitute our theoretical data. The identification of the peptides will be done by comparing the experimental and theoretical data. This approach is known as Peptide Fragmentation Fingerprinting (PFF). Once the peptides have been identified, they will be associated with proteins by inference [START_REF] Audain | In-Depth Analysis of Protein Inference Algorithms Using Multiple Search Engines and Well-Defined Metrics[END_REF] . Inference is a complex process that is carried out in different ways in the various existing algorithms. Because of shared peptides, it is sometimes impossible to associate strictly a peptide to a protein. The principle of parsimony will then be used to define the smallest possible group of proteins to which a shared peptide could belong to [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] . As a result, protein identification results are most often groups of proteins presented under different names depending on the software, such as protein group or protein set.

There are many search engines, which can realise this work in an automated way. Each possesses its own specificities. Verheggen et al. had compiled a comprehensive list of the different search engines available in 2015 250 . These results are presented in Table 5 to illustrate the large number of possibilities that exist. However, it should be noted that many of these software packages are no longer updated. Search engines require setting series of parameters. The number of parameters accessible highly differs from one algorithm to another, which can be both a force and a drawback. Nevertheless, some parameters are necessary for all of them such as:

→ The protein database → The enzyme to use for the database in silico digestion → The maximum number of enzymes missed cleavages allowed → The fragmentation used and the type of fragments awaited → The parent and fragment charges awaited → The amino acid modification systematically or punctualy present → The mass error tolerance at the level of peptides and fragments As with all stages of the proteomics analysis pipeline, search engines have made great strides since the early 2000s, as evidenced by the raft of new engines released during this period. Search engines have also benefited from advances in instrumental techniques. However, some limitations remain, and it is common to observe that the number of unassigned MS2 spectra in an analysis represents 60 to 75% of the total spectra acquired. There are several reasons for this 251 :  The quality of low intensity or partially fragmented MS2 spectra 252 Some strategies are being developed at the instrumental level to overcome this problem. The TimsTOF Pro has a dedicated process that fragments the same precursor several times within a certain intensity range (not intense enough to be of good quality but too intense to be background) and sums the intensity of the MS2 spectra obtained to increase the overall quality.

 The generation of chimeric spectra from the co-fragmentation of several peptides coeluted from the LC and located in a very close m/z window (1-3m/z in general) 253 .

It should be noted that the introduction of ion mobility in bottom-up proteomics analysis via TIMS or FAIMS reduces this problem thanks to a better separation of species with very close m/z and co-eluting from the LC separation thanks to their different mobility coefficients. Beyond the non-attribution of spectra, this point is also problematic for the calculation of the score. Therefore, several search engines have developed workarounds. Andromeda can perform a second search when two species are present on its m/z and retention time maps with such a small m/z delta that it is not possible to select them separately. Since version 2.5, Mascot can also identify multiple peptides within chimeric spectra.

(http://www.matrixscience.com/help/june2014.html; and http://www.matrixscience.com/blog/how-many-of-you-are-there-in-thereprocessing-and-searching-chimeric-msms-spectra-with-mascot-distiller-andmascot-server.html)  The number of modifications requested is often very limited compared to all known/possible modifications and has to be adapted depending on the sample and the project goal 254 . This is particularly true for PTMs sought as variable modifications, as this explodes the resource and computational time requirements. The proportion of unassigned spectra due to this limitation is estimated to be around one third of all spectra. However, new and faster search engines, more adapted to searches without enzymes or numerous PTMs, tend to appear, such as MSFragger [START_REF] Yu | Nesvizhskii1, 2*. Fast Quantitative Analysis of TimsTOF PASEF Data with MSFragger and IonQuant[END_REF]255 .

 The use of incomplete, error-prone, or unsuitable protein sequence databases as described in the previous section.

One way to solve this problem is to use higher quality databases. However, when it is not possible, a hybrid approach using de novo interpretation can be used as it is the case in Peaks with the deep-learning-based model DeepNovo 256,257 .

 Errors in data processing such as incorrect peak extraction, incorrect assignment of the monoisotopic peak or assignment of the wrong charge state.

The work presented in this manuscript was carried out using the following search engines: Andromeda, Mascot, Pulsar and Peaks.

Mascot is a commercial search engine from Matrix Science. Its algorithm is not opensource. Each MS2 spectrum allows it to calculate an ion score. The purpose of this is to assess the probability that the match between the spectrum and the in silico digested database is a false positive. The higher the score, the more robust the identification. However, this score only considers the quality of the spectrum and does not evaluate the quality of the database used, which is evaluated using identity and homology thresholds.

Andromeda is a free, but non-open-source engine published in 2011 by Jürgen Cox and his team. It is integrated into the MaxQuant software and has a spectra calibration function. This algorithm is based on a probability notation just like Mascot. Although their score scales differ, they offer comparable results.

Pulsar is also a commercial, non-open-source algorithm sold by Biognosys (Schlieren, Switzerland). It has been implemented in the Spectronaut and SpectroMine software. It allows the processing of DDA data but also the generation of spectral libraries for the processing of DIA data [START_REF] Muntel | Surpassing 10 000 Identified and Quantified Proteins in a Single Run by Optimizing Current LC-MS Instrumentation and Data Analysis Strategy[END_REF][258][259][260] .

Finally, the Peaks software includes a search algorithm and is a non-open-source commercial software from Bioinformatics Solutions (Waterloo, Ontario, Canada). It has the particularity of integrating a de novo search in addition to the identification approach by Peptide Fragmentation Fingerprinting via DeepNovo 256,257 .

3) Validation of protein identifications

The search algorithms will look for matches between theoretical and experimental data. They will also assign mostly quality scores to the MS2 spectra. Unfortunately, these scores are not sufficient to rule out the possibility of a bad match. Moreover, the size of the datasets generated nowadays makes it impossible to check each spectrum manually. For this reason, an automated strategy has been introduced, the targetdecoy approach [261][262][263] .

To achieve this strategy, the database is used to generate decoys, i.e., protein sequences that do not normally exist in the sample. There are several ways to proceed randomisation, reversal, or shuffle of protein sequences. Those decoys are concatenated to the database and searches are performed with it. The False Discovery Rate (FDR) is estimated based on the number of assigned decoys sequences and the number of assigned target sequence as follows:

The FDR can be calculated at the level of proteins, peptides and PSM. In proteomics, a FDR of 1% is generally awaited by scientific journals but this is not a global consensus.

Chapter 2: Different strategies for protein quantification

Knowing which proteins are present during the expression of a specific phenotype is of great importance for understanding the underlying biological mechanisms. However, to bring depth and nuance to proteomic analysis, it is essential to be able to quantify peptides and proteins [START_REF] Zhang | Protein Analysis by Shotgun/Bottom-up Proteomics[END_REF] . To this end, several mass spectrometry approaches have been developed, each with their own advantages and drawbacks. Among the drawbacks inherent to quantitative mass spectrometry analysis are the response factors specific to each peptide. It is important to remember that most MS quantification methods give information on relative quantities that means the abundancy of one protein among the different samples of the study.

In terms of data acquisition in tandem mass spectrometry, there are different ways of processing the signal to quantify proteins. For this purpose, several types of approaches can be distinguished. Global approaches, such as DDA (data dependent acquisition), will allow the quantification of the totality of proteins in an analysis. Targeted approaches will follow a certain number of predefined peptides using SRM/MRM (Selected Reaction Monitoring/Multiple Reaction Monitoring) and PRM (Parallel Reaction Monitoring) approaches. Finally, there are DIA (data independent acquisition) approaches, which promise to combine the advantages of both targeted and global approaches. As quantitative proteomics methods become more sensitive and repeatable, they tend to gain in popularity. In this thesis, only the DDA and DIA approaches using extracted ion chromatograms (XIC) at MS1 and MS2 levels respectively were used.

A. Global quantification approaches

There are several approaches to quantify peptides and proteins with and without labelling as described in Figure 33. 

1) Label-based quantification strategies

The starting assumption for labelled relative quantification strategies is that isotopically labelled and unlabelled peptides have the same physico-chemical properties. This includes retention time, ease of ionization and fragmentation patterns. Thus, the only criterion differentiating labelled and unlabelled peptides will be their mass, the labelled forms being heavier. The advantage of the labelled approaches is the multiplexing that allows analysing several samples in one analysis, which reduced the constraints of the stability of the analytical coupling and allows comparing the measurements to perform quantification.

a) Metabolic and enzymatic labelling

Metabolic labelling consists in using the metabolism of the cells to incorporate stable isotopic markers into their proteins. This labelling is therefore carried out upstream of sample preparation when the cells are cultured in a specific medium. This approach allows labelling all proteins and limits the biases that can be introduced during the different steps of the sample preparation. The most common strategy is SILAC (Stable Isotope Labelling with Amino acids in Cell culture) 265 . In this, cultures prepared with 13C, 15N labelled Lysine and Arginine are mixed in equivalent amounts prior to sample preparation. After LC-MS/MS analysis, the MS1 signal intensities between labelled and unlabelled peptides are compared to perform the relative quantification. Despite its accuracy, this strategy suffers from being applicable only to cell cultures or SILAC mice 266 . Moreover, the number of conditions that can be multiplexed is limited to three. Different strategies have therefore been developed to overcome these difficulties. The super-SILAC adds marked internal standards to control the quality of the quantification 267 . NeuCode (Neutron enCoding) allows increasing the number of multiplexing conditions by using Lysine isotopologues and by combining other labelling strategies 268 . Another type of metabolic labelling is based on the use of heavy water (H2 18 O) during enzymatic reactions 269,270 . However, this strategy and all metabolic labelling approaches suffer from poor multiplexing capabilities that can be improved by chemical labelling.

b) Chemical labelling

In contrast to metabolic labelling, chemical labelling is performed during sample preparation. Part of them is realised prior to digestion whereas other are realised at peptides level. These strategies modify the reactive groups of certain amino acids, in particular the amine functions of lysine or the thiol functions of cysteine residues with a stable isotopic tag. The first of these strategies is the ICAT (Isotope Coded Affinity Tag) 271 . This tagging technique uses heavy and light reagents and requires mixing of the samples to be compared, which allows to get rid of the constraint of the reproducibility of the analytical coupling by carrying out the quantification in a single analysis. It uses a reagent divided into three parts, a reactive function that will react with the thiol groups of cysteine-containing proteins, a linker labelled with heavy and light isotopes and a tag, often biotin, to allow an enrichment step in ICAT modified peptides via its affinity for streptavidin. This approach is limited because it is only applicable to cysteine-containing peptides. This concern was subsequently resolved by modifying the linkers to use [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] C. Finally, biotin can lead to interference in MS signals.

Here again, developments have been carried out and have led to the creation of cleavable linkers allowing the removal of the biotin tag before MS analysis 272 .

A second category of chemical labelling, which is also the most widely used in recent years, is the use of isobaric labels that react with the reactive functions of amino acid side chains and the N-terminus of peptides. The approaches using amine functions are the most common, but others have been described using cysteine residues and carbonyl groups. The isobaric tags used in these approaches have a peptide-reactive moiety and a cleavable moiety in the CID or HCD mass spectrometry fragmentation step. The different tags used in an experiment to multiplex several conditions will be isobaric to avoid unnecessary complexification of the sample at the peptide level. However, the different fragments also called reporter ions will have different masses.

The relative quantification is done by calculating the ratio of the intensity of the MS2 spectra of the reporter ions. Among these approaches, we note the TMT (Tandem Mass Tag, Thermo Fisher Scientific) allowing us to multiplex up to 18 conditions 273-276 and the iTRAQ (Isobaric Tag Relative and Absolute Quantification, Sciex) allowing us to multiplex up to 8 samples 274,277 . However, this type of relative quantification suffers from a compression of the ratios due to interferences 272 . This can be partially compensated by performing MS3 analysis, which consists in an additional step of isolation and fragmentation of fragments from MS2 analysis.

2) Label-free quantification strategies

Label-free quantification has gained in popularity in recent years thanks to the various developments in mass spectrometers and bioinformatics tools. The new generations of instruments allow improved sensitivity 278 and a significant increase in their acquisition speed with instruments that can now exceed 100Hz as is the case of the TimsTOF Pro with acquisition modes using PASEF [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF][START_REF] Meier | Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device[END_REF] . These strategies are also popular because of their low cost and ease of implementation since they do not require any additional labelling steps. These approaches are not limited in number of conditions since they do not use multiplexing strategies 272 . However, this point has the disadvantage of making them sensitive to any source of variability during the sample preparation as well as during data acquisition where the stability of the coupling throughout the complete sequence analysis becomes critical 279 . For that reason, normalisation is commonly performed to compensate that variability. Finally, this type of quantification is applicable to any type of samples. This approach of quantification can be performed from acquisitions in DDA or DIA mode, but the latter will be described in the part specifically dedicated to it.

a) Spectral counting

The starting assumption of label-free quantification based on MS2 spectra is as follows: the abundance of a protein is correlated to the number of MS2 spectra acquired on its belonging peptides. One of the advantages of this method is its simplicity, both in terms of sample preparation and data acquisition and processing. Unfortunately, this strategy suffers from the drawbacks inherent to DDA acquisitions, i.e., stochasticity, undersampling and difficulty in identifying and quantifying low abundant peptides in samples with a large dynamic range. This leads to a loss of repeatability of results and increases the number of missing values. For a spectral counting approach, the dynamic exclusion parameter should be removed or minimized. Otherwise, the results will be biased by the limitation of the spectra redundancy. Another limitation is the size of the proteins studied. The larger a protein is the more peptides it will have and the more likely it is that these peptides will be selected and fragmented. Therefore, the quantification of small proteins (<20kDa) would be more biased and less accurate 272 .

To compensate, normalization methods based on protein length, mass or detection probability of the spectra have been developed. Another problem inherent to all quantification strategies will be the management of peptides shared between several proteins. In the case of spectrum counting, the counting of these peptides is usually weighted by sharing them between the different parent proteins based on the results obtained for single peptides 264,280 .

b) Extracted ion chromatogram (XIC)

The relative quantification without labelling based on the extraction of ion currents from MS1 spectra is based on the following assumption: the abundance of a peptide is linearly correlated to its extracted ion current also called XIC (eXtracted Ion Chromatogram). This type of approach has been democratized with the advent of HR/AM (High-Resolution/Accurate-Mass) mass spectrometers allowing us to correctly separate the different isotopes of the precursor ions.

The extraction of an ion current is presented in Figure 34. An algorithm will scan the MS1 spectra for peaks respecting a Gaussian distribution and will assign a centroid mass. A peak can be defined in two cases. First, when the intensity drops to zero or second, when the intensity reaches a local minimum as shown in Figure 34.a and b.

Once the peaks and their masses are determined, the spectra are assembled according to their retention time to generate three-dimensional peaks (m/z, intensity, and retention time) as shown in Figure 34.c. This assembly is realized only if the m/z value between two adjacent spectra is close enough. An example of a reconstructed peak visualized in two and three dimensions is shown in Figure 34.d and e. Once the peaks are reconstructed it becomes possible to identify the isotopic clusters and thus to determine the charges of the peptides. In Figure 34.f, eleven peaks are visualized, and form two distinct isotopic clusters also called features [START_REF] Cox | MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein Quantification[END_REF] .

Figure 34: Three-dimensional peak detection. From Cox et al. [START_REF] Cox | MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein Quantification[END_REF] .

The abundance of a peptide of determined m/z can be assessed from the height or area under the curve of the peak reconstructed in two dimensions (RT and intensity) from the MS1 spectra. Peptide identification is enabled by the MS2 spectra. Quality quantification will therefore requires a good balance between the number of MS1 and MS2 spectra to ensure good performance both in identification to allow good coverage of the proteome and in quantification to have enough points per peak to obtain accurate quantification. The use of liquid chromatography separation prior to mass spectrometry analysis is essential to decomplexify the peptide mixture in order to increase the depth of analysis and the accuracy and precision of the measurements. However, the robustness of the nLC may be a limiting factor for this type of analysis as it may impact on the repeatability of an analytical run. This strategy requires complex data processing compared to spectral counting, particularly because it is necessary to align retention times and normalise to compensate for its inherent variability [START_REF] Cox | MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein Quantification[END_REF] .

Once these features have been detected, retention times will be aligned and intensities normalised if necessary. Peptides will be identified via MS2 spectra and proteins will be determined by inference. Finally, peptide quantification will be used to trace back to the protein level using different approaches that can use sums or averages of all or part of the peptides. In order to partially overcome the stochasticity of DDA, an algorithm can be used to search for the identity of a peptide detected in MS1 in an analysis but not identified due to the poor quality of the MS2 spectrum or the absence of an MS2 spectrum. The information of the unidentified MS1 signal i.e. its m/z and retention time will be sought in other analyses processed in parallel. If an MS1 signal corresponding to an identified peptide is detected in another run, the identification will be transferred to the first assay whose signal did not trigger identification in the first place. Among these algorithms, we can mention the match between runs (MBR) used in MaxQuant [START_REF] Tyanova | The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics[END_REF] and which will be detailed in another part of this manuscript or the cross-assignment used in Proline [START_REF] Bouyssié | Proline: An Efficient and User-Friendly Software Suite for Large-Scale Proteomics[END_REF] .

This procedure is the one used on classical data obtained from a LC-MS/MS coupling. However, the development of LC-IMS-MS/MS and the TimsTOF Pro which introduces a new dimension of data with the information extracted from the ion mobility required adjustments to the feature extraction as described in Figure 35.

Figure 35: Feature detection in 4D data. From Prianichnikov et al. [START_REF] Prianichnikov | MaxQuant Software for Ion Mobility Enhanced Shotgun Proteomics[END_REF] .

Unlike classical LC-MS/MS data where peak detection is performed on twodimensional data (m/z and intensity), here there are three dimensions of data (m/z, intensity, and ion mobility). Therefore, a peak can no longer be defined by a closed line but must be a closed two-dimensional surface. Unfortunately, detecting all these twodimensional closed surfaces in such a large data set is extremely time consuming. Therefore, additional criteria were added based on the features and regularities found in the mass spectrometry data. For feature extraction, the raw data will be interpolated onto a common mass grid where the number of scans in the ion mobility dimension remains constant, but the m/z centroid values are irregular as shown in Figure 35.A.

To add the intensity dimension to these data, index windows are cut around the ion mobility signals in the grid. The raw intensities within a mobility window and a 3σ m/z window relative to the peak resolution are averaged using a Gaussian kernel. The width of the peak will be adapted locally according to the resolution. The grids are ordered according to their retention time. This produces cubic data which are then sliced into ion mobility planes as shown in Figure 35.B. Each mobility plane will correspond to data defined in 3D by their m/z, RT, and intensity. Pseudo LC-MS series are then obtained and will be subjected to a feature search as explained above. This data format allows the feature extraction of each scan to be parallelized to reduce the computation time. An example of the feature obtained is shown in Figure 35.C. As the slices of close ion mobility are very similar, the feature search is only performed once every n slices.

The search parameter n is modifiable and fixed by default at 3 in MaxQuant, which reduces the calculation time. However, this factor is only used to define the features, the values of all the scans are used to define the intensity. Once the features are defined, the planes are reassembled to generate four-dimensional features as shown in Figure 35.D. The global intensity of a feature is defined as the integral of the signals in the volume [START_REF] Prianichnikov | MaxQuant Software for Ion Mobility Enhanced Shotgun Proteomics[END_REF] .

There is a plethora of software to process this type of data, among which we can cite those used in this thesis, namely: SpectroMine (Biognosys) and Peaks (Bioinformatics Solutions) which are licensed for a fee. MaxQuant [START_REF] Prianichnikov | MaxQuant Software for Ion Mobility Enhanced Shotgun Proteomics[END_REF][START_REF] Cox | Andromeda: A Peptide Search Engine Integrated into the MaxQuant Environment[END_REF][START_REF] Tyanova | The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics[END_REF] is free but not open source and Proline [START_REF] Bouyssié | Proline: An Efficient and User-Friendly Software Suite for Large-Scale Proteomics[END_REF] is free, open source and developed by the French proteomics infrastructure ProFI. Each of these software packages has its own features. It should be noted that Proline has only recently been able to support 4D data for label-free quantification and is currently being evaluated. Comparative studies of these different software packages have already been proposed and we ourselves have taken an interest in the issue which will be discussed later in this manuscript [START_REF] Bouyssié | Proline: An Efficient and User-Friendly Software Suite for Large-Scale Proteomics[END_REF]281,282 . c) "Absolute" quantification

In contrast to relative quantification, which gives information in relation to ratios between conditions, absolute quantification will give a quantity value. The absolute term is therefore not representative of the accuracy and precision of a method but simply of the nature of the values provided. Therefore, there will be absolute quantification strategies with and without labelling. Absolute quantification strategies without labelling are interesting because they allow many proteins to be quantified in a simple and inexpensive way 272 . Unlabelled strategies will aim to estimate the protein quantity but are far from being as accurate and precise as the absolute quantification strategies with labelling which will be presented in the next section.

Different strategies exist, firstly emPAI (exponentially modified Protein Abundance Index) which is an extension of PAI (Protein Abundance Index). The relationship between PAI, emPAI and protein content in percentages of mass and molarity is as follows with MW the molecular weight of the protein 283 :

𝑃𝐴𝐼 = Number of peptides observed Number of peptides observable emPAI = 10 𝑃𝐴𝐼 -1 Protein content mol% = 𝑒𝑚𝑃𝐴𝐼 𝑒𝑚𝑃𝐴𝐼 × 100 Protein content (weight %) = 𝑒𝑚𝑃𝐴𝐼 × 𝑀𝑊 𝑒𝑚𝑃𝐴𝐼 × 𝑀𝑊 × 100
A second approach is the iBAQ (intensity-Based Absolute Quantification) used in MaxQuant. This is obtained by dividing the sum of the intensities of all peptide peaks by the number of theoretically observed peptides 284 . This strategy has already been compared with other label-free quantitation strategies 285,286 . Finally, we can also mention the top 3 strategy 287 . This uses an unlabelled protein added to the sample in a known quantity to serve as a standard. The abundance of a protein in the sample will be calculated according to its three most intense peptides in comparison with the three most intense peptides of the standard protein. This strategy has already been compared and found equivalent to iBAQ 286 .

B. Targeted quantitation approaches

In contrast to global approaches, targeted approaches allow the quantification of only a small number of peptides but with increased precision and repeatability even on samples with a large dynamic range 288 . These advantages have made these approaches popular for projects that are interested in only a few specific, pre-defined targets that require high-quality quantification. These approaches have been implemented on various types of instruments. On triple quadrupole mass spectrometers (QQQ), this approach is called SRM (Selected Reaction Monitoring) or MRM (Multiple Reaction Monitoring). On HR/AM instruments such as Q-Orbitrap or Q-TOF, it is called PRM (Parallel Reaction Monitoring) [289][290][291] .

1) Selected Reaction Monitoring (SRM)

SRM is the reference method for targeted approaches in proteomics 272 . This method requires extensive preparation prior to the analysis to identify the target peptide and fragments pairs that will then be defined in the MS method as transitions. These transitions are chosen to address a specific biological problem. The peptides usually used for SRM and PRM are proteotypic that means they are peptides that uniquely identify each protein and are consistently observed when a sample mixture is interrogated by a tandem mass spectrometer 292,293 .

SRM analysis is performed on triple-quadrupole instruments. The first and third quadrupoles will operate in ion filter mode at the precursor and fragment levels while the second quadrupole will be used as a collision cell. For each transition, the ion streams will be extracted and grouped by precursor ion. The double selection of a specific precursor ion and fragment ion allows for a very specific and highly sensitive quantification. Finally, the higher the number of transitions monitored, the higher the specificity.

2) Parallel Reaction Monitoring (PRM)

The development of high-resolution instruments with high mass accuracy has allowed targeted strategies to be implemented and is now popular under different names such as PRM, MRM-HS (MRM-High Resolution) or Targeted MS/MS. Like SRM, PRM requires the selection of target precursors based on the same criteria, which must address a specific biological problem. To improve the quality of quantification, usually several unique peptides per protein are used in the assay. These must be between 7 and 25 amino acids in size to fall within the mass range of the instrument used. It is recommended that modified peptides or peptides containing an enzymatic cleavage site are not used 294 . These peptides must have well-defined chromatographic peaks and ionise efficiently. Doubly and triply charged forms are preferred because of their mass range and fragmentation efficiency.

The creation of PRM methods is simplified in comparison with SRM as only the m/z and retention time of the precursor ions need to be identified. In addition, HR/AM instruments offer the ability to perform both global and targeted analyses, helping to optimise targeted methods by allowing the transfer of key parameters 294 . It is to note that SRM and PRM method development also includes steps where the cycle time, the instrument resolution, the injection time, and the number of selected precursors are optimised to improve the analysis. The resolution is the capacity of an instrument to distinguish ions based on their m/z. Its increase improves the method selectivity 295 . The injection time can be increased in a certain limit to improve the sensitivity and the dynamic range. On Q-Orbitrap instruments, the AGC target parameter is fixed to limit this number to avoid saturation and to gain time. A similar strategy can be used in the TimsTOF Pro by using the ICC (Ion Charge Control) in prmPASEF acquisition 291,296 .

In a PRM analysis, target ions are selected in the quadrupole and fragmented in the collision cell. All fragment ions are analysed at the same time during MS2 spectrum generation as opposed to SRM where only the fragments specified in a transition are analysed. As a result, PRM methods increase the number of transitions available for data processing, which provides more sensibility and flexibility in the event of interfering transitions 288,290 . The SRM and PRM methods have been compared in numerous studies and show equivalent reproducibility, accuracy, and quantification precision [START_REF] Li | Current Trends in Quantitative Proteomics -an Update[END_REF]272,289 . However, the combination of high resolution and high mass accuracy increases selectivity, signal-to-noise ratio, sensitivity, and dynamic range [START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF]272,289 .

3) Absolute quantification by targeted approaches

To obtain absolute quantification of peptides and proteins, it is possible to combine targeted approaches with the use of stable isotope labelled peptide or protein standards. These standards will retain the same sequence as the endogenous peptides to preserve their physico-chemical properties. The labelling of arginine and lysine on the C-terminal side of the peptides is preferred in most cases where trypsin is used. This results in mass deltas of 10.01 and 8.01 Da, respectively.

The AQUA 297 (Absolute QUAntification) strategy is historically one of the first methods created and is still widely used despite its high price (about 300€/peptide). Highly pure labelled synthetic peptides are added to the sample in known quantities and serve as internal standards. A problem with this approach is that it does not reproduce sample preparation biases such as chemical modifications or missed cuts during enzymatic digestion. It should be noted that different levels of quality exist in commercial synthetic peptides. Peptides of medium purity can also be found. These are used for methodological developments or relative quantifications because the quantities added are unknown. They have the advantage of being inexpensive (about 20€/peptide).

Another strategy is the QconCAT 298 (Quantification conCATamer). In this approach, a synthetic coding DNA is created by genetic engineering approaches and expressed in Escherichia coli bacteria. This strain will be grown in a medium enriched with labelled amino acids. The resulting expressed protein sequence will contain the isotopically labelled peptides of interest. This protein, once purified and quantified, can be added to the sample at the beginning of the preparation protocol to reduce its potential biases. However, this approach does not allow evaluating the bias at the level of the digestion step.

The PSAQ 299 (Protein Standard Absolute Quantification) strategy is based on the production of proteins and not peptides of interest, unlike the two previous approaches. These labelled proteins are produced in an out-of-cell production system using E. coli machinery. They are purified, quantified, and added to the sample at the beginning of the preparation to minimize preparation bias, including the digestion step. The final advantage of this approach is that all the peptides in the protein can be used as standards, which can allow additional sample fractionation steps to increase the depth of analysis. However, this technic is extremely expensive which reduces drastically the number of proteins that can be quantified thanks to this approach.

The FLEXIQuant 300 (Full-Length EXpressed stable Isotope-labelled proteins for Quantification) strategy also uses labelled proteins, but these are produced in vitro from a wheat germ extract and allows the study of post-translational modifications.

Finally, the PrEST 301 (Protein Epitope Signature Tag) strategy is based on information from the PrEST database developed as part of the Human Protein Atlas project. PrESTs are short regions of 50 to 150 amino acids belonging to proteins of interest contained in the PrEST library. They have been selected for their minimal homology with other proteins. These sequences are fused with solubilisation and purification markers, expressed in E. coli cells grown in a medium enriched in amino acid residues to be isotopically labelled. Finally, they are added to the sample to allow the quantification of many proteins simultaneously.

With these approaches, the amount of a peptide is determined from the sum of the areas under the curve of the different isotopic transitions. The ratio of the areas of the endogenous peptide and its labelled form allows determining the amount of endogenous peptide in the sample based on the known amount of synthetic peptide. Absolute quantification from a targeted approach requires the extraction of both endogenous and labelled target ion currents. Various software packages are capable of this but the most widely used is Skyline 302 which has many features and data visualisation tools and is free of charge. In targeted approaches, the small number of target peptides makes manual verification of signals possible and desirable to eliminate interfering signals. Different quality criteria are used such as retention time, co-eluting transitions, shape of the chromatographic peak, relative intensities in the different samples and similarity of signals between endogenous and synthetic peptides. This manual verification is time consuming, and tools are being developed to automate this step.

Determining the absolute quantity of peptides is an exercise that requires knowledge of the limits of quantification (LOQ) of an analytical pipeline. Indeed, the relationship between the amount of peptide and the area under the chromatographic signal curve is only linear between certain limits 290 . The lowest amount of a peptide allowing an accurate quantification will be defined as the lower limit of quantification (LLOQ) and the highest amount as the upper limit of quantification (ULOQ). Outside these limits, the relationship between quantity and area is no longer correlated and the assessment of quantity is then distorted. To determine the conditions under which the quantification will be linear, it is necessary to analyse calibration curves, i.e., ranges of labelled peptides, added to a matrix representative of the sample to be analysed later.

The data are then processed by applying strict quality criteria such as a CV ≤ 20% between replicates, a difference of less than 20% from the expected value and a coefficient of determination of the curve (R 2 ) greater than 0.99.

C. Data independent acquisition (DIA)

The so-called DIA or data dependent acquisition approaches were developed to take the best of both global DDA and targeted SRM/PRM approaches. The aim was to be able to quantify several thousand proteins with high sensitivity, specificity, and accuracy even in samples with a large dynamic range. DIA emerged in 2000 introduced by Masselon et al. 303 and began to explode in 2013. Its use has been increasing ever since, with 162 publications already in September 2021 despite the COVID crisis as illustrated in Figure 36. The explosion of this technology is largely due to the improvement of instruments, particularly in terms of their resolution and speed of acquisition, which have made this previously technologically unattainable approach possible. Finally, the second factor driving this technology has been the rapid development of algorithms for processing DIA data. DIA is a global approach, unlike targeted approaches its interest is the totality of the peptides and not just a few predetermined target peptides. That said, unlike DDA, DIA makes it possible to avoid stochasticity. Indeed, during a DIA analysis, all co-eluting ions isolated at a time t in the entire mass range or in a precise window defined by the m/z and depending on the instrument the ion mobility, will be co-fragmented and generate multiplexed MS2 spectra as illustrated in Figure 28.

Quantification will be performed by extracting ion currents from MS2 spectra allowing quantification of all peptides contained in complex samples as soon as the peptide is within the detection limits of the instrument.

DIA has undergone many iterations since the first experiments, which allowed the identification of seven peptides simultaneously from multiplexed MS2 spectra generated on a very high-resolution instrument, a FT-ICR mass spectrometer. In 2003, Purvine et al. 304 proposed a first evolution under the name of shotgun CID. In this one, a first analysis is performed with a low source voltage to limit fragmentation and thus generate MS spectra, and then a second analysis is performed with a higher source voltage to fragment the peptides and obtain MS2 spectra. The term DIA was coined in Part I: State of the art of proteomic analysis by mass spectrometry Chapter 2: Different strategies for protein quantification 96 2004 when Venable et al. 305 proposed to sequentially isolate and fragment peptides in 10m/z isolation windows using a linear ion trap mass spectrometer. Since these early developments, the number of proposed variants has exploded. These variants have been performed on different types of instruments and using different strategies for data processing. However, they can be divided into two sub-categories: the approaches working over the complete mass range and the approaches based on the use of isolation windows as displayed in Table 6. 

DIA method

1) Developments in full MS range-based strategy

The first DIA method working on the full mass range was the Shotgun CID. In 2005, a new approach was proposed by the company Waters, the MS E 287 . This strategy uses alternating low and high collision energies to generate MS1 and MS2 spectra and performs quality peptide quantification.

In 2010, Thermo Fisher Scientific unveiled a similar approach called AIF 307 (All-Ion Fragmentation). Precursor ions and fragments are analysed sequentially.

Fragmentation is performed in an HCD collision cell over the entire mass range.

In 2012 and 2014, improved versions of the MS E were introduced. The HDMS E (High-Definition MS E ) uses additional ion separation via TWIMS ion mobility 213 in a SRIG (Stacked Ring Ion Guide) cell 325 . This separation reduces the complexity of MS2 spectra and increases the signal-to-noise ratio 311 . The UDMS E (Ultra-Definition MS E ), uses variable collision energies and is optimised according to the elution of the ions from the ion mobility cell, which is dependent on their mass 314 .

2) Developments of isolation windows-based strategies a) Consecutive fixed width windows

The original DIA published in 2004 by Venable et al 305 was the first to propose the use of isolation windows for ion fragmentation. Many strategies using fixed size isolation windows have followed.

In 2009 Panchaud et al. proposed the PAcIFIC 306 (Precursor Acquisition Independent From Ion Count) approach which uses narrow windows to reduce the complexity of MS2 spectra. Unfortunately, with this approach, the analysis of a complex proteome took about 5 days. This time has been greatly reduced by the improvement of the Q-Orbitrap instruments 326 .

The XDIA (eXtended Data-Independent Acquisition) strategy was presented in 2010 by Carvalho et al 308 . In this approach, a high-resolution MS1 spectrum is acquired at the beginning of each cycle and then a combination of CID and ETD fragmentation is used.

The In 2020 new DIA strategies using a supplemental ion mobility separation like HDMS E and UDMS E have emerged: DIA-FAIMS 320 and diaPASEF. Those devices allow reducing the complexity of MS2 spectra. The diaPASEF [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] will be presented in detail in a later part of this manuscript.

Other approaches seem promising such as BoxCar 319 . This strategy, which can be combined with a DIA acquisition mode, uses the acquisition of MS1 spectra from narrow mass windows, thus increasing the dynamic range of MS1 signals by an order of magnitude or more in the case of biological fluids with a high dynamic range. Since recently, BoxCar data such as diaPASEF data can be easily processed using MaxDIA [START_REF] Sinitcyn | MaxDIA Enables Library-Based and Library-Free Data-Independent Acquisition Proteomics[END_REF] .

DDIA is a hybrid data acquisition method combining the DDA and DIA approaches 321 .

A cycle is divided into three phases. Analysis of precursor ions for MS1 spectrum generation. The acquisition of MS2 spectra obtained from the selection and sequential fragmentation of the Top N most intense ions by a DDA approach. Finally, the cycle concludes with the acquisition of multiplexed MS2 spectra resulting from the cofragmentation of ions in isolation windows covering the entire mass range.

b) Consecutive variable width windows

The density of tryptic peptides during nLC-MS/MS analysis is variable. This is true for retention times, mass range and ion mobility range when present. In terms of mass range, on a complex proteome the highest density of precursor ions is observed between 400 and 800m/z 323 . In the ion mobility dimension, the highest density is generally observed between 0.7 and 1.25 1/K0. The higher ion density influences the performance of DIA acquisitions by generating more complex and difficult to interpret multiplexed MS2 spectra. The fact that more ions arrive at the same time also has an impact on the sensitivity and the specificity as the dynamic range within an isolation window will be higher. In order to reduce the complexity of MS2 spectra, it is possible to reduce the size of the windows, but this strategy comes at a cost as it increases the cycle time needed to cover the whole mass range and therefore decreases the coverage of the proteome. To overcome this problem, several approaches have developed DIA methods using variable size isolation windows. In this way, large windows are used in sparse regions and smaller windows in dense regions to reduce the complexity of the spectra while minimising the impact on cycle time. This is the case of the variable windows size SWATH approach 315 proposed by Zhang et al. in 2015 also known as SWATH 2.0 which is an evolution of the original 2012 SWATH method using fixed window sizes 310 . The swath TUNER tool was created to optimise these window sizes according to the complexity of a sample.

The HRM (Hyper Reaction Monitoring) approach 316 uses the same principle but on Q-Orbitrap instruments and is now owned by the company Biognosys. It should be noted that there is no automated tool for generating these windows.

The PulseDIA presented in 2021 by Cai et al. 323 is an evolution of the PAcIFIC approach and a gas-phase fractionation -assisted DIA method that uses variable width DIA windows.

c) Overlapping windows

Other strategies use significantly overlapping isolation windows. This increases the selectivity of the analysis by helping to de-multiplex MS2 spectra. This is the case with the SONAR approach 318 developed by Moseley et al. in 2018. MS2 spectra are acquired continuously over the 400-900 m/z mass range using overlapping 24 m/z isolation windows.

The Finally, the diaPASEF approach [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] can also be used to propose window designs on two overlapping lines as shown in Figure 37. Unlike the other techniques presented below, the windows overlap in the ion mobility dimension and not in the mass range dimension. The mass range from 500 to 900 m/z is covered by 100 windows of 4Da. The MS2 spectra are then computationally demultiplexed to increase selectivity and signalto-noise ratio. This approach uses the multiplexing capabilities of the Q-Orbitrap instruments but may suffer from a loss of sensitivity due to the limited time for ion trapping.

3) DIA Data analysis DIA approaches are extremely promising, but the generation of complex MS2 spectra requires the development of dedicated data treatment tools. To process these data, two types of approaches exist to date, peptide-centric and spectrum-centric methods. However, theoretically, the DIA approach allows the collection of MS2 spectra of all peptides in a sample within the instrumental limits. Therefore, the same data set can potentially answer several biological questions, even if these were not considered at the time of the design of the experiment.

a) Peptide-centric approach

The peptide centric approach is based on the use of previously generated spectral libraries to perform spectrum-peptide matching. The creation of a spectral library is necessary to process DIA data via a peptide-centric approach.

i.

Spectral library

These libraries contain MS2 spectra assigned to a peptide sequence with a high level of confidence 327,328 . These spectra are most often derived from DDA analysis but may also have been extracted from DIA analysis after deconvolution of the MS2 spectra. In a similar way to the processing of DDA data, it will only be possible to assign the signals contained in the library. The completeness of the library is therefore of utmost importance. For this reason, the main approach is to generate these libraries from DDA analyses on fractionated samples to increase the coverage of the proteome and thus the search space. The quality of the library is of strategic importance in data processing. Library generated on the same coupling than DIA analysis remains more adapted to create spectral libraries 329,330 . If the library includes false positives, generally a 1% FDR is used for its generation, then these false positives will be treated as real identifications and searched in the DIA analysis 328,331 . Therefore, the quality of the libraries and especially their error rate must be carefully controlled through advanced statistical tests 327,332 . Unfortunately, the generation of spectral libraries can therefore be time consuming, tedious and expensive 329,333 . To ensure the presence of peptides of interest in the library, it is possible to use synthetic peptides to generate the library 334 . Hybrid libraries composed of endogenous and synthetic peptides have already been used 335 .

To compensate for the time-consuming generation of spectral libraries, various platforms such as PeptideAtlas 244,336 , MassIVE 337 , PRIDE 244 (PRoteomics IDEntification database) or SWATHAtlas 333 offer public spectral libraries for the extraction of DIA-SWATH data. Unfortunately, the number of libraries and organisms available is still limited. As of 22/07/2021, seven years after its creation, SWATHAtlas offers only 17 libraries, five of which are human, with very variable proteome coverage ranging from 15 to 99% when it can be estimated. It is perfectly possible to combine the use of several public libraries to increase their comprehensiveness if they contain standard peptides allowing their normalisation. Several studies have shown that MS2 spectra generated on different instruments using CID fragmentation were sufficiently comparable to be used for cross-instrument library generation if the elution order of peptides is the same 324,330 . Retention times, which can also vary depending on the type and condition of the chromatographic system, can be compensated for by adding standard peptides to the samples used for library generation and DIA analysis. This is the case with the iRTs standard marketed by Biognosys. Other software approaches also allow the comparison of assays and libraries to align retention times against common peptides as is the case with Spectronaut or SpectroMine (Biognosys). Other software such as MaxDIA allow using analysis with different gradient sizes between the spectral library and DIA runs thanks to non-linear RT mapping between them [START_REF] Sinitcyn | MaxDIA Enables Library-Based and Library-Free Data-Independent Acquisition Proteomics[END_REF] . However, this approach also has its limitations as it has already been shown that generating a library from spectra generated on the same coupling as the DIA analyses are more suitable. An approach called MCIP (Multiple Characteristic Intensity Pattern) has been created to better identify spectral variability during library generation 331 .

Currently, the rise of artificial intelligence is reflected in the processing of proteomic data, and particularly in the processing of DIA data. One such tool is DeepMass 338 , which is able to predict peptide fragmentation patterns using a machine learning algorithm fed by tens of millions of MS2 spectra. Prosit 339-342 is a flexible deep neural network architecture capable of predicting retention times, fragmentation and MS2 spectra of peptides. pDeep 343 is also capable of predicting peptide fragmentation from different fragmentation modes. It should be noted that the intensity of the predicted spectra is instrument-dependent 344 . Data processing software such as Spectronaut (Biognosys) or DIA-NN [START_REF] Demichev | High Sensitivity Dia-PASEF Proteomics with DIA-NN and FragPipe[END_REF]345 , now use artificial intelligence to improve their processing.

The recently released MaxDIA also uses machine learning thanks to DeepMass:Prism 338 that uses a bi-directional recurrent neural network 346 (BRNN) and XGBoost 347 . Benchmarking of the different DIA data treatment workflow comparison is currently largely investigated 258 .

ii.

Targeted spectra extraction

The spectral libraries contain information at the peptide level such as sequence and normalised retention time, at the precursor level such as m/z, charge state and at the fragment level such as their type, m/z, charge state, and relative intensities. The libraries also contain the parentage between peptide, precursors and fragments that is lost in DIA analysis compared to DDA analysis by co-fragmentation of peptides.

Targeted data extraction from a spectral library was initially proposed by Gillet et al. for the processing of SWATH data 310 . The library information is used to extract XICs from MS2 spectra. Different criteria like those used in the targeted approaches are used to assess the quality of the signals such as the co-elution of fragment ions, the shape of the chromatographic peak, the correlation with the relative intensities of the fragment ions of the spectral library and the retention time. Other criteria can also be added concerning the mass accuracy of the signal such as the co-elution of precursor and fragment ions or the co-elution of different charge states of the same peptide. Those criteria allow improving the quality of the extracted signals.

As in DDA, peptide identification is statistically validated using a target-decoy approach to assess the false positive rate (FDR). Then a semi-supervised learning algorithm evaluates the discriminant score, i.e., the combination of weighted individual scores of the identifications, to distinguish the distributions of the scores of target and decoy populations. The candidate peak with the highest discriminant score will be retained and the relevance of the peptide detection will be evaluated by calculating the q-value 327,332 . This strategy is used in OpenSWATH 348 , PeakView (AB Sciex), DIA-NN [START_REF] Demichev | High Sensitivity Dia-PASEF Proteomics with DIA-NN and FragPipe[END_REF]345 , Skyline 302 and Spectronaut (Biognosys). The mProphet 349 algorithm is used in the last two solutions. Other algorithms such as TRIC 350 (Transfer of Identification Confidence) or DIAlignR 351 can also be used to enhance the robustness of identifications by limiting the proportion of false identifications or to normalise retention times between analyses.

Additional software have also been developed to support four-dimensional DIA data, including ion mobility data, to process the data generated by the TimsTOF Pro instruments. This is the case of Mobi-DIK [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] which can be used in the OpenSWATH environment, Spectronaut or more recently DIA-NN combined with FragPipe 17 and MaxDIA [START_REF] Sinitcyn | MaxDIA Enables Library-Based and Library-Free Data-Independent Acquisition Proteomics[END_REF] implemented within MaxQuant from version 2.0.

iii.

Direct spectral matching

Another strategy for extracting DIA data is based on a direct comparison of the multiplexed MS2 spectra of an analysis with the assigned spectra contained in a spectral library or database. This type of extraction is therefore not a targeted extraction.

The first software using this approach is ProbIDtree 352 presented in 2005. For each multiplexed MS2 DIA spectrum, the algorithm identifies all potential precursor ions contained in the corresponding MS1 spectrum that are above a user-defined intensity threshold. From the list of potential precursor ions, a match score is calculated, and a peptide probability tree is constructed. At each iteration, a new MS2 DIA spectrum is generated from the experimental MS2 spectra by deleting the already matched fragments.

The MSPLIT-DIA 353 software (Mixture-Spectrum Partitioning using Libraries of Identified Tandem mass spectra) deconvolutes the MS2 spectra by evaluating the similarity between them and the MS2 spectra contained in the spectral library. It excludes spectra that are too similar from the targeted extraction and evaluates the quality of the results through retention time scores and statistical validation based on the use of FDR.

Finally, the PECAN algorithm 354 (PEptide-Centric Analysis) on which EncyclopeDIA 355 is based uses a spectral library generated from DIA analyses using very narrow isolation windows (4m/z) drastically reducing the complexity of MS2 spectra.

b) Spectrum-centric approach

The spectrum centric approach is based solely on multiplexed MS2 spectra from which algorithms will extract demultiplexed pseudo MS2 spectra which will be subjected to a classical search via interrogation of an in silico digested database. After identification, the assigned spectra are used to generate a spectral library to perform signal extraction for the quantification step. This approach was first used by Purvine et al. 304 in 2003. Pseudo DDA spectra were reconstructed from DIA analyses using similar chromatographic characteristics of precursor and fragment ions to identify them manually. Fortunately since then, many algorithms have been developed to perform this task in an automated fashion 324,327,356 . They are also capable of supporting data from other types of DIA acquisition. These include DIA-Umpire 357 , which can identify and quantify peptides in a non-targeted manner and can also generate a spectral library for peptide-centric extraction from the initial data. Spectronaut also incorporates the directDIA algorithm for this type of approach to processing DIA data, just like DIA-NN [START_REF] Demichev | High Sensitivity Dia-PASEF Proteomics with DIA-NN and FragPipe[END_REF]345 and MaxDIA discovery mode [START_REF] Sinitcyn | MaxDIA Enables Library-Based and Library-Free Data-Independent Acquisition Proteomics[END_REF] .
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Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material

During the last decade, progress has been done at every stage of the proteomic analysis pipeline. However, some limitations remain, especially for the preparation of samples from small amounts of biological material. This is particularly critical in projects for which samples are difficult to obtain or when working with precious samples such as clinical samples. The COVID-19 crisis was a good example as the samples available for the study of the virus needed to allow as many different analyses as possible 358 . Low amounts of material requirements for proteomic analysis were in this context a decisive advantage. However, this is also true for every clinical study, cross-discipline or not, where the difficulty to obtain samples and the well-being of donors must be taken into consideration.

The second limiting point regarding the sample preparation is the time needed to perform it. Depending on the project and the protocol used, this can need several days. For that reason, the development of shorter and automated protocol is more and more popular. Automation will be in near future a tremendous help for high throughput studies with hundreds of samples such as biomarkers searches. In this context, two main parts of my PhD work consisted in i) the evaluation of new sample preparation protocols adapted for reduced protein amounts and ii) the automation of the most promising of them, in our hands, on a newly sample preparation robot acquired by our laboratory.

Chapter 1: Evaluation of different digestion methods

The terms microproteomics 176,359,360 first introduced in 2002 by Krieg et al. and nanoproteomics [START_REF] Zhu | Nanoproteomics Comes of Age[END_REF][361][362][363][364] first introduced in 2004 and by Pasa-Tolić et al. despite their various context-dependent significations are evidences of the long-standing interest of proteomists in reducing the amount of protein required for analyses. To be able to achieve that goal, the complete proteomic analysis pipeline must be screened and adapted. The first step was the development of sample collection technics going down to single cells isolation. This is already possible using techniques such as laser capture microdissection (LCM), fluorescence activated cell sorting (FACS) [START_REF] Zhu | Nanoproteomics Comes of Age[END_REF] or even exosome isolation technics 178 . Then comes the protein extraction that must be realised with adapted tools and reagents to reach the highest protein recovery. The digestion must be optimised to reach the best efficiency and allows analysis with improved sensitivity and depth. During all the sample preparation protocols, the quickness, the number of transfers, the contact surface between samples and tubes are especially critical due to proteins and peptides adsorption phenomena on the well walls.

In addition to the challenge of reducing the quantity of sample needed, label-free quantification remains also highly challenging especially on low amounts of material. This approach is plebiscite due to its capabilities to quantified thousands of proteins,
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At the beginning of my PhD, in our lab, the classical proteins inputs for sample preparation were between 20µg and 100µg for standard bottom-up proteomics analyses. Different approaches were used such as stacking gel, tube-gel, FASP or liquid digestion and some people in the lab also already investigated PreOmics iST kits. In that context, my goal was to investigate new digestion protocols able to deal with 20µg to less than 1µg of proteins, compatible with lysis buffer containing SDS allowing a good extraction of poorly soluble proteins to conduct label-free quantification studies.

In this aim, different strategies were investigated:

→ In-gel digestions: a volume-reduced tube-gel was designed, evaluated and compared with other in-gel approaches.

→ On-filter digestions: Suspension-Trap also called SDS-Trap 5 (S-Trap, Protifi, Farmingdale, NY, USA) were evaluated and the protocol optimised.

→ On-beads digestion: Single-pot, solid-phase-enhanced sample preparation 58 (SP3) were evaluated, optimised on small protein quantities and compared with S-Trap.

A. Setup of a volume reduced tube-gel protocol

This work started from the knowledge and experience already present in the lab. Firstly, an interest was shown in the tube-gel sample preparation developed by the doctor Leslie Muller during her PhD [START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF][START_REF] Muller | Extended Investigation of Tube-Gel Sample Preparation: A Versatile and Simple Choice for High Throughput Quantitative Proteomics[END_REF] . This protocol consists in polymerising acrylamide gels directly in the tube containing the proteins thus avoiding the long process of 1D-SDS-PAGE gel preparation, loading and migration. Then the tube-gel is cut into pieces with the proteins trapped inside the gel pieces before being washed by successive dehydration/hydration cycles with organic solvent and digested overnight at 37°C. Finally, peptides are extracted from the gel by dehydration thanks to an acidified organic solvent.

1) Experimental design

One major problem when working with reduced amount of protein is the loss of proteins and peptides during the sample preparation procedure. Indeed, this lost quantity can represent an important proportion of the total sample that will result in low signals in MS for quantification. To reduce it, different points are known to be critical. The ideal protocol to deal with small amounts should be fast, with a reduced number of steps and ideally in one tube with a small working volume. The aim of all those points is to avoid the adsorption of proteins and peptides on the tube walls that lead to their loss. That the reason why we choose to investigate a volume reduced tubegel based on the classical tube-gel protocol but using half-reduced volumes. Then, we decided to do a comparison of the three in-gel protocols to confirm if this optimisation
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To do so, different protein quantities from the model organism Saccharomyces cerevisiae were used to create a range of starting material. Eighteen conditions, or six amounts per protocol, were prepared in triplicate and analysed in nLC-MS/MS on a coupling composed of a nanoAcquity (Waters) and a Q Exactive Plus (Thermo Fisher Scientific). The same estimated quantity of peptides (600ng) was injected in DDA mode. Data were processed to obtain protein identification and label-free quantification with MaxQuant (ver. 1.6.10.43) as displayed in Figure 38. We decided to work without match between runs (MBR) feature in order not to positively bias the low point's results and to assess only the impact of the sample preparation. Classical FDR of 1% were applied at protein and PSM levels. XIC-MS1 quantification was performed and the results normalised using MaxLFQ 13 algorithm using a minimum ratio count of two. After data treatment in MaxQuant and in order to evaluate the quality of the quantification results obtained, we applied different quality filters to our data. Those filters will be used extensively in most results parts of this manuscript. First, we added a filter removing proteins with one or more missing values among a condition triplicate. Missing values are a real and complex problem for data treatment in omics in general especially for statistic analysis [START_REF] Tyanova | The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics[END_REF]366,367 . One way to reduce their number is to improve each step of the workflow, from the sample preparation to the data generation.

A dataset with a lower number of missing values is of better quality and will require less processes such as match between runs or imputation during the data treatment. Indeed, they can distort and induce biases or errors especially when misused.

A second filter based on the coefficient of variation (CV) of the protein relative quantities was then applied. By convention, CV values lower then 20% are considered as acceptable to guaranty a good reproducibility of the MS quantification 368 . All
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2) Benchmarking of the stacking gel, tube-gel and volume reduced tube-gel

The number of proteins identified and quantified with and without the application of the 3/3 and CV < 20% filter are displayed in the Figure 39. We can observe a loss of half or more of the number of identified and quantified proteins for each sample preparation protocol in correlation with the decrease of the starting sample amount. This result illustrates that equivalent losses for a same protocol on a lower total amount represent a higher percent of the sample. This leads to a higher delta between the estimated injected quantity, which was the same for every condition, and the real injected quantity that depends of the percent of sample lost during the sample preparation. If I rephrase, losing a fixed amount over 1µg or 20µg of total material does not represent the same percentage loss. Therefore, if one assumes injecting barely under 200ng of the sample from the 20µg condition this is not the case for the 1µg condition where one injects much less without being able to quantify this loss exactly.
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The second point to note is that the results obtained from the different sample preparation protocols, for the quantities higher or equal to 5µg, are roughly equivalent in identification and quantification without filtering. However, the standard deviation appears to be higher for the volume-reduced tube-gels for 20 and 10µg, which has an impact on the quantification after the application of the filters and induced dropping numbers of quantified proteins. Despite this, for the 2.5µg points the volume-reduced tube-gel provides slightly better results than the stacking gel and better results than the standard tube-gel. On the lowest point, namely 1µg, the volume-reduced tube-gel definitively gave better results than the standard tube-gel and the gel stacking. A protein number increase of 19% in comparison with stacking gel and 47% with the standard tube-gel was observed. This illustrates that reducing the tube-gel volume is a way to limit the proteins/peptides loss during the sample preparation for total protein amounts below or equal to 2.5µg. However, this volume seems less suitable for higher quantities regarding the increase of variability above 5µg.

The results obtained with this experiment are encouraging, but the tube-gel remains a lengthy two-day protocol, even if it is faster than the concentration gel, which takes between 3 and 4 days if we count the time needed to prepare the gel. Moreover, gel protocols are difficult to automate because of the risk of losing pieces of gel sticking to the tips as we experienced it in an automated in-gel digestion test on the Bravo platform using 96-LT tip head despite protocol optimisation. Finally, the improvement obtained in our experiment is not significant enough to be a viable option for highthroughput quantitative proteomic studies. For these reasons, we decided to pursue the search for alternative protocols that would allow a complete sample preparation ideally in one day, while remaining SDS compatible to guarantee a good protein extraction and more easily automated workflow. Therefore, we were interested in S-Trap sample preparation.

B. Evaluation and optimisation of S-Trap (Suspension or SDS-Trap) digestion

The S-Trap principle first published in 2014 by Zougman et al. [START_REF] Zougman | Suspension Trapping (STrap) Sample Preparation Method for Bottom-up Proteomics Analysis[END_REF] relies on the formation of a protein emulsion thanks to their denaturation by 5% SDS and organic solvent in acidic condition. This emulsion is loaded by centrifugation on the S-Trap cartridge composed of porous derivatized silica retained by a layer of quartz fibres. Once proteins are trapped in the pores, they are washed by successive cycles of solvent addition and centrifugation. Finally, proteins are enzymatically digested and eluted by centrifugation.

As presented in the state of the art, S-Trap has been shown to produce promising results in comparison with different other sample preparation protocols and multiple publications of the last three years presented results obtained on various sample types. However, most of them used 50µg [START_REF] Yang | Evaluation of Six Sample Preparation Procedures for Qualitative and Quantitative Proteomics Analysis of Milk Fat Globule Membrane[END_REF]103,105,110,113 or more input proteins. To our knowledge, only the initial publication 5 presents identification results obtained on complex samples with less than 30µg but this work was realised using a StageTip prototype and not in the current commercialised cartridges. In this context, we have decided first to evaluate rigorously its performances on a complex protein range from 1µg to 20µg of HeLa cell proteins.
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1) Evaluation of S-Trap performances a) Experimental design

As a logical extension of the evaluation of the reduced volume tube-gel and for the reasons already presented previously, we decided to evaluate the S-Trap protocol with a higher complexity sample, namely human HeLa cell lysates instead of yeast. We used the micro S-Trap cartridges, which possess a capacity from 1µg to 100µg of proteins, therefore adapted to our working range. The samples were analysed with a highly sensitive nLC-IMS-MS/MS system: a nanoElute hyphenated to a TimsTOF Pro in ddaPASEF [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF][START_REF] Meier | Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device[END_REF] mode with an 80min gradient. In this experiment, we used the protocol provided by Protifi (Farmingdale, NY, USA), the company that markets the S-Trap. MaxQuant (ver 1.6.14.0) was used without MBR for data analysis to prevent bias for the lowest points. Classical FDR of 1% was applied at protein and PSM levels. Labelfree MS1-XIC quantification was performed, and the results normalised using MaxLFQ algorithm using a minimum ratio count of two as shown in Figure 40. Moreover, the 3/3 and CV < 20% filters were applied. We can observe in Figure 41 that, as for the in-gel approaches, the number of proteins decreases in correlation with the amount of starting material. Around 75% of the identified proteins are lost between the highest and the lowest point as well as 85% of the quantified proteins. Here again this result is the repercussion of the protein/peptide loss during the experiment which is more damaging on small protein inputs.

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material We observe a breaking point in performances and the spread of the standard deviation starting from the 5µg point. The technical replicates using 20µg and 10µg of proteins present a satisfying intra-condition reproducibility. However, the standard deviations increase sharply for the lowest points from 5µg to 1µg, affecting the quality of quantification with almost no protein robustly quantified after application of the different filters for the 2.5µg and 1µg points.

Another point observed, but not shown in this manuscript, is the high level of contaminating proteins such as keratins and polyethylene glycols (PEGs) in the lowest points. Those results are counterintuitive as literature showed that S-Trap allows removing a large range of polymers from the samples 106 . However, those results have been reproduced several times on two different cartridges batches and on cartridges without sample. We also checked the PEG absence in all the solutions used for sample preparation using MALDI-MS suggesting that those polymers were released from the cartridge material.

We concluded from this experiment that S-Traps could be used for label-free quantification of proteins up to 10µg of input material without losing too much sensitivity and repeatability. However, S-Traps are not suitable for working with smaller amounts of protein and therefore do not meet our needs. In parallel to this work, we evaluated the possibility to improve the S-Trap digestion step to increase the quality of our results.

2) Optimisation of the S-Trap digestion protocol

Despite the fact that progress has been done regarding the use of different enzymes to digest proteins, trypsin remains the gold standard due to its efficiency, specificity and the peptides size and charges it generates which is adapted for MS analysis (typically 0.5-3 kDa) [START_REF] Burkhart | Systematic and Quantitative Comparison of Digest Efficiency and Specificity Reveals the Impact of Trypsin Quality on MS-Based Proteomics[END_REF][START_REF] Tsiatsiani | Proteomics beyond Trypsin[END_REF] . Different studies illustrated the importance of the trypsin quality to

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 1: Evaluation of different digestion methods 110 achieve proper digestion [START_REF] Burkhart | Systematic and Quantitative Comparison of Digest Efficiency and Specificity Reveals the Impact of Trypsin Quality on MS-Based Proteomics[END_REF]369 . It is also the case for enzyme combinations to improve digestion efficiency such as the combination of trypsin and Lys-C [START_REF] Hakobyan | Efficient Tandem LysC/Trypsin Digestion in Detergent Conditions[END_REF][START_REF] Glatter | Large-Scale Quantitative Assessment of Different in-Solution Protein Digestion Protocols Reveals Superior Cleavage Efficiency of Tandem Lys-C/Trypsin Proteolysis over Trypsin Digestion[END_REF]370 .

a) Experimental design

To improve digestion, we set up the following experiment: a fixed amount of protein of 20µg of total HeLa cell lysate was used and five digestion conditions were prepared in triplicate. Two conditions used trypsin alone with an enzyme:protein ratio of 1:20 and three conditions used an equimolar combination of trypsin and Lys-C, ratio 1:10 (Figure 42). Therefore, the amount of trypsin is the same in all conditions but with the addition of Lys-C in three of them. Lys-C in combination with trypsin facilitates peptide cleavages when basic amino acids are followed by proline, which could hinder it.

Several duration/temperature combinations were evaluated as shown in Figure 42.

The protocol recommended by Protifi corresponds to condition A, i.e., a one-hour digestion at 47°C. However, these parameters are not the most used in proteomics in which an overnight (or 16 h) digestion at 37°C is often preferred to obtain a more complete digestion and reduce the rate of missed cleavages. However, an overnight digestion is not compatible with a one-day sample preparation. For this reason, we chose to evaluate a 3-hour digestion at 37°C, which is expected to combine the advantages of both approaches. The samples were analysed on a TimsTOF Pro in ddaPASEF mode using a 100min LC gradient. Data were treated to obtain protein identification and quantification with MaxQuant (ver. 1.6.14.0). We decided to work with match between runs (MBR) as all points were prepared from an equivalent starting amount of material. Classical FDR of 1% was applied at protein and PSM levels. Label-free quantification was performed, and the results normalised using MaxLFQ algorithm with a minimum ratio count of two.

In total, three searches were realised with those parameters but with different "virtual" enzymes to digest in silico the database.
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Consequently, this parameter is suited to treat dataset from samples digested with trypsin or trypsin/Lys-C. The Figure 43.A was generated from this data treatment, which is representative of the parameters classically used in proteomics.

→ A second search was performed with the same "virtual" enzyme but allowing three missed cleavages. The goal of that parameter setting was to estimate the proportion of missed cleaved peptides in our sample. Indeed, the probability to have peptides with more than three missed cleavages is very low due to their size most of the time incompatible with MS analysis. Those data were used to generate the stacked histogram in Figure 43.B.

→ Finally, a third search was performed using the parameter "no enzyme". Without enzyme specificity specified, all peptides and not only tryptic peptides will be searched. This allows us to recover peptides originated from non-specific cleavages. We were able to generate the curve of the mean numbers of peptides with non-specific cleavages displayed in Figure 43.B from this search. To evaluate those numbers, we subtracted the peptides ending by a lysine or an arginine to the total number of peptides in the same search. However, with this way of proceeding, we are not able to consider the C-terminal tryptic peptide of proteins that does not end with a basic amino acid but is still a tryptic peptide. However, this is not a problem in our case as we can assume that the proportion of C-terminal tryptic peptides is equivalent in each condition. This is not a perfect way to assess the number of non-specific cleavages, but it is sufficient to assess trends and make a comparison between the different digestion conditions.

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material First, we can observe that the addition of Lys-C to trypsin leads to higher numbers of identified and quantified proteins for equivalent digestion parameters. This is especially visible for the 1-hour digestion showing an increase of around 500 proteins.

It also leads to a slight reduction in the numbers of missed cleavages and a slight increase in the numbers of peptides with non-specific peptides.

Non-specific cleavages can have different origins 371 but in our case the differences between the conditions are only dependent on the digestion step. The probability that an enzyme makes a non-specific cleavage is the same in efficient digestion condition.

Consequently, if we increase the amount of enzyme, we also risk increasing the number of non-specific cleavages. Moreover, if the digestion step is longer, the enzyme will have more time to generate non-specific cleavages. It will also increase the rate of trypsin autolysis leading to the formation of pseudotrypsin that is another cause of nonspecific cleavages [82][START_REF] Perutka | Pseudotrypsin: A Little-Known Trypsin Proteoform[END_REF][START_REF] Niu | Nonspecific Cleavages Arising from Reconstitution of Trypsin under Mildly Acidic Conditions[END_REF] .

Regarding the performances given by the different incubations, we can notice that for both enzyme conditions, the numbers of proteins increase when the digestion is realised at 37°C during three hours in comparison with 47°C for 1 hour. Nevertheless, for the 37°C overnight digestion, the performances decrease in comparison with the 47°C, 1-hour and 37°C, 3 hours digestion. If those effects are relatively reduced on the number of identified proteins, it is clearer for the numbers of proteins quantified especially after the addition of the 3/3 and CV < 20% filters illustrating a fall in the quality of the signals used for quantification. The conditions raising the highest numbers of proteins are the digestions at 47°C for 1 hour and 37°C for 3 hours using trypsin/Lys-C (1:10). Still, the 37°C 3h digestion presenting a lower percent of missed cleavages, we would recommend this condition.

In summary, we have clearly demonstrated that between the initial protocol recommended by Protifi and our optimised parameters, we were able to gain around 500 identified proteins, around 600 quantified proteins and around 900 quantified proteins after application of the 2 levels of quality filtering. Thanks to that improvement, we were able to increase our analysis depth and improve the reproducibility of the quantification.

To conclude, we benchmarked the S-Trap sample preparation with protein amounts from 1µg to 20µg and illustrated that it is a suitable option to perform protein analysis and especially label-free MS1-XIC quantification with protein amounts higher than 5µg. We were able to improve the digestion step by using trypsin/Lys-C (1:10) during three hours at 37°C to significantly increase the number of identified and quantified proteins and by reducing the percent of missed cleavage peptides. The S-Trap protocol brings many advantages: the use of SDS for the extraction of membrane proteins, sample preparation in one day and automation. These results will be valorised in a publication currently being written and which should be submitted to the Journal of Proteomics.
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Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 1: Evaluation of different digestion methods 114 However, this approach remains expensive and is not sufficiently efficient with protein amounts lower or equal to 5µg to realise robust protein label-free quantification. For that reason, we decided to continue to investigate new sample preparation protocols.

C. Optimisation of single-pot, solid-phase-enhanced sample preparation (SP3)

In parallel to my work realised on S-Trap, one engineer, Marziyeh Komeili and one intern, now PhD student in the lab, Marie Gebelin started a preliminary evaluation of a new sample preparation protocol based on on-beads digestion: the single-pot, solidphase-enhanced, sample preparation or SP3.

The SP3 protocol is based on the interaction between proteins and functionalized (carboxyl coated) magnetic beads when they are placed in certain organic solvents. The beads are retained with a magnet to remove the supernatant allowing the proteins to be cleaned by successive washes. Then the beads are suspended in a digestion buffer, endoprotease is added, and the proteins are digested. After digestion and acidification, the peptides are no longer retained on the beads and can be recovered in the supernatant (Figure 25).

The SP3 protocol has the advantage to be fast, in one pot, scalable, simple to handle and compatible with high amounts of SDS until 10% recommended and plenty of other detergents, chaotropes and salts [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . Consequently, it allows good protein recovery even with limited input material, which makes it compatible with a very wide range of sample types. It is easily adaptable for high-throughput automated sample preparation 2 in a flexible manner regarding the number of samples. Given the promising initial results of my colleagues and the many advantages of SP3, especially regarding small amounts of protein, we decided to study this protocol in more detail.

1) Evaluation of SP3 sample preparation a) Experimental design

The SP3 protocol was evaluated on a range of human HeLa cell proteins from 10 to 0.5µg prepared in three replicates. We used the published protocol with slight modifications [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . Briefly, the working volumes were decreased to reduce sample loss, increase digestion efficiency and the digestion was carried out overnight at 37°C. To perform the SP3 experiment and make it easily transferable to a liquid handling robot, we chose to work with different concentrations of reagents between the different conditions while keeping the same working volumes.

To realise this experiment, we used a combination of two Sera-Mag carboxylate Speedbeads types (Cytiva) which display slightly different hydrophilic properties. The used protein:beads ratio was 1:10 for each type of beads corresponding to a total of 1:20 ratio of beads. The samples were analysed on a TimsTOF Pro in ddaPASEF mode using an 80min LC gradient as described in Figure 44. MaxQuant (ver 1.6.17.0) without MBR feature was used. Classical FDRs of 1% were applied at proteins and PSM levels. Labelfree quantification was performed, and the results normalised using MaxLFQ algorithm with a minimum ratio count of two. Moreover, the 3/3 and CV < 20% filters were applied to obtain the results displayed in Figure 45. Firstly, very impressive results were obtained from the smaller amounts of proteins.

The number of proteins identified is around 5000 from 0.5µg to 2.5µg of input material. The standard deviation is surprisingly reduced for the lower amounts and increases for the higher. These results are equivalent to those obtained classically on this LC-MS system from 20µg or more of protein with other sample preparation protocols or with a commercial HeLa protein digest (Pierce). The number of proteins quantified without filtering on those points is over 3300. The addition of quality filters
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shows that the highest number of proteins quantified in a robust way is obtained with 1µg of starting material with around 2800 proteins.

One hypothesis, which could explain the decrease in performance for higher amounts, could be that the working volume that we reduced to gain in efficiency on small protein amounts is too low for higher amount of protein, which thus require high amounts of beads. This could hinder the interaction between beads and proteins, possibly due to their aggregation [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . In this case, an easy solution would be to keep a larger working volume for experiments with higher amounts of protein. This is not a problem for a manual approach. However, it does mean that automated protocols, which are limited in terms of choice of tanks and plates, may not be able to handle samples with large amounts of proteins due to volume limitations. This is not a problem for classical bottom-up proteomics experiment as we have shown results with virtually no loss with 1µg of input protein, but it could be a hindrance for the study of post-translational modifications or any proteomic workflow including an additional enrichment step which may require important amount of starting material for subsequent efficient MS analysis.

Another hypothesis relies on the intact chromatin. For the higher points, the sample is more concentrated. This is true for proteins but also for chromatin, which may not be fully degraded during cell lysis by sonication and is known to interfere with beads and protein binding. In this case, a countermeasure must be taken to degrade the intact chromatin prior to SP3 protocol. An enzymatic option, such as nuclease treatment like with benzonase 372 , could be considered. However, adding a large amount of protein to a sample is an additional risk of hiding low abundance proteins, although this is more cost effective than the second option. The second option is to use more efficient sonication devices such as Adaptive Focused Acoustics (AFA, Covaris, Brighton, UK) with a focused ultrasonicator or specific conditions with a thermostated water bath sonication solution such as Bioruptor 62 (Diagenode, Seraing, Belgium) . Those solutions allow degrading chromatin more efficiently than with conventional sonicators in parallel with the lysis step and without the release of heat that could degrade proteins 2 .

The reproducibility of the proteins identified and quantified among a condition triplicate is shown in Figure 46. The best percentages of proteins and peptides shared among the three replicates of one condition in the Venn diagram are obtained for the same conditions than the best protein numbers between 2.5µg and 0.5µg of proteins with a maximum around 84% for the 1µg condition. The percent of proteins in the three preparations of a condition is conserved between identified and quantified proteins even if the number of proteins decreases. The trends are the same at the peptide level with a minimum value around 34% of the peptides identified and quantified for the 10µg point and a maximum value of 62% for the 1µg point. Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 1: Evaluation of different digestion methods
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D. Benchmarking of SP3 versus S-Trap

We compared these SP3 results with the previously described data with S-Trap on the common amount of starting material between our two experiences. The results of that comparison are displayed in Figure 47. It is worth noting that different versions of the MaxQuant software were used to treat those two datasets. However, results obtained with MaxQuant versions from the 1.6.14.0 to the 1.6.17.0 do not show significant differences at the level of TimsTOF Pro ddaPASEF data treatment. We can notice inversed trends between the results obtained with S-Trap and SP3 regarding the performances in correlation with the amount of starting material. The best condition for the S-Trap results is the higher point of 10µg whereas for the SP3, it is the lowest with 1µg showing a complementarity regarding the starting amount of material of those two protocols.

To conclude, thanks to the SP3 methodology, our laboratory now has a protocol adapted to work with reduced amounts of proteins from 2.5µg to 500ng with performances equivalent to those obtained with tens of µg. The laboratory quickly adopted this protocol because of its compatibility with all types of samples, all classical lysis conditions, its efficiency, ease of handling, speed, and low cost. Various projects have already been carried out using it, such as a collaborative project that will be detailed later in this manuscript.
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Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot

One of the limitations of proteomic studies is the ability of researchers to conduct studies on many samples. Having more samples increases the proteome depth, the precision, and the robustness of the results, which is desirable and becomes particularly critical when statistical analysis steps are required. The number of biological replicates in a study is an essential factor to detect statistically significant differences between conditions and ensuring that the scientific conclusions resulting from it are as reliable and accurate as possible.

In addition to the length of the protocol itself, it becomes mandatory to split the cohorts into several parts, which implies that not all samples are prepared at the same time and that the risks of introducing biases and confounding factors into the results increase. For these reasons, important efforts are currently invested to develop faster sample preparation protocols as illustrated in the previous part of this manuscript. However, this alone is not a viable solution for studies involving several hundred samples. A complementary solution is to automate these preparations to process easily 96 or more samples in parallel.

Dedicated proteomics workflows have been recently implemented on liquid handling robot offering a high versatility regarding the kind of possible experiments. In addition, scientific teams are also developing their own protocols, as it is the case for the autoSP3 [START_REF] Zecha | Reagents, Assays and Merits of Proteomics for SARS-CoV-2 Research and Testing[END_REF][START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] . For this purpose, our lab has equipped itself with a sample preparation robot, an assayMAP Bravo (Agilent) (See Figure 48 and Figure 49). An important part of my last PhD year was dedicated to setup and evaluate an automated SP3 protocol (AutoSP3) on an assayMAP platform equipped with a specific head (96 LT) and accessories (magnet, shaker, heating station). Our goal was to reproduce the results already published [START_REF] Zecha | Reagents, Assays and Merits of Proteomics for SARS-CoV-2 Research and Testing[END_REF][START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] and to develop an in-house automated sample preparation protocol to address up to 96 samples in parallel, in one day, compatible with a wide range of samples, performing on small amounts of material and giving reliable and repeatable results.
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A. Adjustment and optimisation of the pipetting and shaking steps

The first experiments carried out consisted in evaluating whether the pipetting and deposit of the different solutions were done correctly, thanks to constant monitoring of the operator and the use of coloured solutions. Thus, we encountered a series of problems and a significant number of adjustments were necessary:

1) Pipetting settings → We observed that after most of liquids deposit, drops remained attached to the tips and never fell into the sample. This was especially problematic for reagents with small volume deposit, which never arrived at the samples. To solve that problem, liquid deposit depth into the wells and the tip touch distance with the well wall were adjusted. Fine tune tips position in the well for dispensing steps and tips touch are crucial for protocols reliability and robustness (Figure 50). Unfortunately, this was not sufficient to bring the liquid into contact with the sample as we observed that after dispensing a small volume (5µL), the drop remained on the well wall and never fell into the sample. To solve that point, we adjusted the plate shaking type and speed.

→ We observed during the protocol the presence of a remaining small volume in the wells after the wash solution removal. Down this volume as minimal is important because residual buffer could reduce the efficiency of the washing steps. To solve this problem, the tips' location into the well during the aspiration step and especially the height was finely tuned.

→ Another problem was observed during the washing steps. When the wash buffer is removed from the sample plate, it goes to the waste plate. After the liquid dispense in the waste plate, the tip-touching step that normally puts the last droplet on the well wall was not near enough of the wall and the drops never fall. Consequently, the drops were brought back in another plate. Part of the remaining droplets were falling at random position on the robot deck contaminating reagents and samples. We thus changed the orientation of the waste plate "Tip touch" from East/West to North/South and reduced the distance between the tip and the well wall to solve this problem. However, this solution remains wobbly, as even if it works with the waste plate reference we are using, it is not compatible with all kinds of possible consumables as for example, with vertical columns tanks. This remark is also valid for each type of plate used in this protocol and illustrates one of the difficulties associated with automation.

Figure 50: VWorks Bravo interface for protocol development, example for tips positioning versus plate for liquid dispensing into the well.

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot 123

2) Digestion step

In opposition with the published autoSP3 protocol, the digestion incubation step was implemented directly in the robot. To improve the temperature conduction and homogeneity during the digestion, a special and dedicated plate support was added on the heating station. This improvement led to the modification of the height of plate deposit by the robot gripper at this specific position on the deck.

With this last modification, the sample plate theoretically does not need to be manually moved during the protocol. However, the Bravo does still not support the cover management. Consequently, we interrupt the protocol at the beginning of the digestion incubation to seal the sample plate with a plastic foil to avoid evaporation, which could occur during overnight digestion. However, a sealed plate cover, which should avoid handling the plate, is under investigation by Agilent.

Despite the various improvements mentioned above, several problems were observed randomly throughout the various tests we carried out. For example, we found that a smaller volume is added to the last column of the sample plate than to the other columns of the plate. This is particularly noticeable for the steps where organic solvents are added, and which could affect the washing steps. Today, this problem is still not solved.

Once those preliminary adjustments were realised, first experiments were carried out on human plasma and HeLa cell lysate proteins.

B. Analysis of a non-fractionated, non-depleted human plasma 1) Evaluation on two amounts of plasma

A first experiment was performed with human plasma. We chose to work with plasma because of its great interest for clinical studies. This type of sample is commercially available and contains a high concentration of proteins. It is obviously a good candidate for the search for biomarkers of disease 373 . However, the analysis of plasma also represents a great analytical challenge due to its wide dynamic range between low and high abundant proteins and the complexity of its proteome [373][374][375] . For this reason, the analysis of this type of sample is often preceded by a depletion of the most abundant proteins such as albumin and/or a fractionation step to improve the depth of the proteome analysis. To perform a fully automated sample preparation on this type of sample, we decided to attempt plasma analysis without these preliminary steps.

We worked with 10µg and 100µg of proteins corresponding to approximately 0.1µL and 1µL of human plasma. For both conditions, the samples were prepared in quadruplicate. After autoSP3, the samples were evaporated, suspended, and analysed by nLC-IMS-MS/MS on a nanoElute-TimsTOF Pro coupling in ddaPASEF mode with a 60min gradient. Data were treated using Mascot + Proline studio using a PSM and protein FDR of 1%. The numbers of proteins and PSM identified are shown in Figure 51.

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot 124 The mean number of proteins identified is in the expected range for this type of sample. However, the 10µg condition exhibits a high variability in the number of proteins identified with a delta of 166 proteins that corresponds to 74% more proteins in the highest replicate in comparison with the lowest. However, the number of PSMs for those two replicates are equivalent. We observed lower performances on the highest starting protein amount. However, the results variability seems lower with this quantity. Nevertheless, this low variability can also be delusive and a consequence of a combination between low performance and high dynamic range.

2) Evaluation of repeatability on 3 amounts of plasma

Considering those first encouraging results, we decided to reproduce this experiment by adding one more condition with a lower protein quantity input and to realise 12 preparation replicates per condition to have a better overview of the sample preparation reproducibility. The samples were analysed, and the data were treated within the same conditions than described in the previous experience. The obtained results are displayed in Figure 52.
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The mean numbers of proteins identified for the three amounts are in the same range than the previous experience and is equivalent between the different starting amounts.

In opposition, the 0.01µL condition presents a PSMs number highly reduced in comparison with the two other conditions. With 0.01µL of plasma, the protein variability is the highest among the conditions with a delta of 428 proteins between the highest and the lowest replicate. At the level of chromatograms, we observed high differences between replicates of all conditions regarding their intensities and complexity of the chromatogram.

This problem of variability seems correlated with two observations made at the end of the autoSP3 protocol. First, an important quantity of magnetic beads has been found into the waste plate especially for the 1µL condition (Figure 53.B). The second point relates to the final sample collection plate. Normally, the proteins bound to the beads are suspended in a digestion buffer and enzymatically digested. After this step, peptide recovery consists of incubating the plate on a magnet and recovering the supernatant containing the peptides. This transfer alone should separate the beads from the peptides and no beads should be found in the final sample collection plate. However, at the end of this experiment, a large quantity of beads was observed particularly in the wells of the 1µL condition in this final collection plate as visible in Figure 53.C. Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot 127

For the 1µL condition, we used approximately 2mg of beads in total. This experiment shows that the magnet used in our autoSP3 protocol is not strong enough to hold such a large quantity of beads during the wash steps. We lose a significant portion of the sample, which leads to highly variable numbers of PSM compared to the other two conditions. The fact that the impact is not as visible at the protein level is probably a direct consequence of the high dynamic range of this type of sample. This is also the reason why the apparent reproducibility of results at the protein level should be interpreted with caution.

The presence of beads in the recovered peptides is a problem because if they are injected onto a nLC, they may cause overpressure problems and clog the columns.

There are two options for removing them. Firstly, it is possible to add an SPE clean-up step after the SP3 protocol. This approach is found in a number of publications using SP3 protocols [START_REF] Zecha | Reagents, Assays and Merits of Proteomics for SARS-CoV-2 Research and Testing[END_REF] . The problem is that SPE on small amounts can lead to additional loss of sample and especially the hydrophobic peptides. However, in special cases, it is sometimes mandatory to add a peptide-cleaning step as will be shown in the part of this manuscript dedicated to collaborations.

The second option is to add more steps to transfer the peptides to a new plate after centrifugation or incubation on the magnet. We chose to use the latter option for this experiment to remove the leftover beads in the supernatant. We manually transferred supernatants in a new plate after 10min of incubation on the magnet. This transfer was sufficient to remove the remaining beads in the 0.1µL condition but not for the 1µL of plasma for which a second round of manual transfer was required. A problem with this option is that it can lead to loss of peptides due to their adsorption to the tube wall.

A last option that could be applicable in another experience could be to reduce the amount of beads here in high excess but it would be necessary to evaluate the impact on performances depending on the sample protein quantity. The excessive quantity of beads in relation to the strength of the magnet is probably one reason for the reduced performance and increased variability of this experiment. As a reminder, the published autoSP3 protocol was developed to deal with protein quantity of 20µg at a maximum. This variability between preparation replicates is unsatisfactory and improvements in automated sample preparation are needed to reduce it.

C. Analysis of total HeLa cell lysate

Given the need to improve the protocol, we decided to focus on a well-known matrix, HeLa cell lysate, to free ourselves from the specificities of plasma samples for the protocol optimisation. However, the average number of proteins we obtained on plasma samples remains encouraging and further experiments will be conducted once the autoSP3 protocol is operational.

1) First evaluation on total HeLa cells lysate

In this first experience on HeLa cell digest, one condition based on 20µg of proteins was prepared in quadruplicate. This quantity is standard to perform proteomics assays when enough material is owned. The results are shown in Figure 54. The results are exactly as we hoped with around 5000 proteins identified in a reproducible manner with between 68,000 and 76,000 PSMs.

2) Evaluation of repeatability over a protein range

Then, we tested the autoSP3 for lower protein input ranging from 20µg to 1µg. We also wanted to evaluate more precisely the protocol robustness and repeatability by preparing 12 replicates per condition. The results are displayed in Figure 55. Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot 129

The number of proteins identified is very variable depending on the starting protein amount with the best performance obtained with 5µg. From 1µg to 20µg, the mean numbers of proteins identified were respectively 2142, 4819, 5535, 4122 and 3814. The numbers of proteins reached for the 5µg and 2.5µg points are very satisfying especially as the repeatability looks good with a standard deviation around 300 proteins representing around 6% of the total proteins number. However, an important decrease in performances is observed for the extreme points of the range.

The fact that the performances decrease with the highest amounts is not surprising as we already noticed that trend in our plasma dataset on the 1µL condition corresponding to an equivalent of 100µg of proteins. Here again, we observed beads in the waste and the peptide collection plate for the 20µg and 10µg conditions (Figure 53). The quantity of beads observed in those plates was drastically lower than on plasma, which is logical considering that the quantity of beads is proportional to the quantity of proteins. As with plasma, this could explain part of the performance decrease and the rise of the standard deviation. This effect is even more noticeable at the level of PSMs shown in Figure 56. The lowest number of PSMs corresponds to the 1µg point with around 84% less PSMs than for the 5µg condition. The 5µg condition exhibits intensities comparable to a chromatogram obtained with an analysis of 200ng of a commercial HeLa cell protein digest whereas the other conditions presented lower intensities especially at the level of the hydrophobic peptides. Regarding the repeatability, for the 10µg condition, the lowest replicate corresponds only to 24% of the highest replicate and for the 20µg; the lowest point represents 34% of the highest replicate. At the level of chromatograms, we observed a correlation between low numbers of protein identified and the richness of
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The difference of around 1000 proteins identified between the first and the second experiment on the 20µg condition was very surprising. For this reason, we investigated and discovered that some users misused the shared stock bottle of beads. People did not sufficiently mix the beads before taking them, thus significantly increasing the beads concentration in the stock solutions. When the concentrations of the stock solutions were evaluated, they were respectively of 89µg/µL and 76µg/µL against 50µg/µL waited.

Using a protein to bead ratio of 1:10 means that we are already in great excess.

Furthermore, for all conditions, we used about 61% more beads than we should have because of the concentration problem of the bead stock solution. Therefore, our first and second experiments are not comparable. The negative impact on the performance is probably related to the loss of beads due to the too low strength of the magnet. On the other hand, a too high concentration of beads leads to their aggregation reducing the efficiency of protein binding and the loss of proteins during the washing steps as observed by Hughes et al. [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . Finally, the presence of residual intact chromatin can decrease the binding efficiency. In view of these results, we decided to repeat the experiment with the same concentration of the protein set but with the correct bead ratio.

3) Analysis of a HeLa cell lysate protein range prepared in six replicates and with different beads ratio

Considering the problem of beads remaining in the peptide recovery plate in the previous experiment and various nLC pressure problems, we decided to add an SPE step to clean the peptides before the nLC-MS/MS analysis. This peptide-cleaning step was also performed on the Bravo robot but with the dedicated head for SPE protocol, namely the AssayMap head and RP-C18 cartridges. Each condition in this experiment was prepared in six replicates. Three bead ratios were tested for the 20µg condition and two for the 10µg condition as shown in Figure 57. The goal was to evaluate the possibility to work on important quantity of proteins with a lower quantity of beads without losing in performances and thus limiting the problem linked to the strength of the magnet. This time no beads were recovered from the waste plate, but some were recovered from the peptide recovery plate. This was the case for five out of six replicates of the 20µg 1:10 condition, as well as one replicate of the 10µg 1:10 condition and one replicate of the 10µg 1:5 condition. Therefore, it seems that the problem of bead loss in the washing step was directly related to the wrong quantity of beads used in the previous experiment since the phenomenon did not occur again in this current experiment. However, this is not the case for the beads found in the peptide collection plate, which are still found here. On the other hand, reducing the bead ratio on the 20µg condition seems to have solved this problem, as the quantity of beads is supplied in a large excess and able to capture much more protein than needed. The results of this experience are displayed in Figure 58.

Figure 58: Numbers of proteins identified on a range of total HeLa cells proteins with a 1:10 protein: beads ratio. Results obtained from 200ng of proteins injected.

The higher mean numbers of protein identified for the 10 and 20µg amounts clearly show that the quantity of beads was too high in the previous experiment. In opposition, for the three lower amounts, we observed drastic dropping numbers. What appears from those data is that the optimum concentration of beads is different depending on the quantity of proteins. Low quantities need higher concentration whereas high quantities need lower.

To run different conditions in parallel on the Bravo platform, it is mandatory to use the same volume for all the conditions for a same step. Consequently, it will be impossible to run in parallel samples with different starting quantity and the same bead ratio without adapting the beads concentration. In any case, the first step will be to determine what the optimum beads concentration for each protein quantity is and be sure to adapt volume to conserve a total quantity of beads, which is not too high regarding the strength of the magnet.
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ii.

Problem linked to the bead mixing prior pipetting Another problem we noticed during this experience was at the level of the beads mixing realised by the robot prior to beads pipetting. During this first step, the beads are precipitating in the reagent plate and for that reason the robot mix beads using one up and down pipetting. However, we observed that this mixing was not efficient enough. Consequently, during beads pipetting, we observed the formation of a bead concentration gradient inside the tips resulting in the deposit of non-homogenous beads concentrations among a complete sample line as shown in Figure 59. That point could also explain a part of the lack of reproducibility observed among the preparation replicates in this range. To solve that problem, the autoSP3 protocol was modified to realise three up and down cycles prior to beads pipetting. iii. Problem linked to the height of the beads in the well

In this experiment, we noticed another problem occurring at the digestion step. After the addition of the digestion buffer and the enzyme, we noticed that for most conditions and especially those with large amounts of beads, the beads stuck to the top of the well as shown in Figure 60. As a result, the digestion volume was not sufficient to cover them, preventing the proteins on the beads from being digested. Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material Chapter 2: Implementation of a high throughput and automated SP3 protocol on a liquid handling robot 134

We first thought that the beads were sent too high into the wells during the washing steps where we completely fill the wells. After some testing, we realised that this assumption was wrong and that the beads were sent too high before and more precisely during the incubation of the protein-binding step on the beads. During this step, the Bravo performs mixing cycles for several minutes with two different speeds, up to a maximum of 1500 rpm, as described in the original autoSP3 publication 2 . During this step, the beads are sent to the top of the well because the mixing speed is too high.

We had two ways to solve this problem, either to increase the digestion volume or to reduce the mixing speed. However, the main subject of my PhD and one goal of the lab is to handle reduced amounts of samples and thus increasing the digestion volume would decrease the digestion efficiency and increase the losses by adsorption on the wall. Therefore, we decided to reduce the maximum mixing speed during the binding incubation to 1000 rpm.

iv. Problem linked to the SPE step and the homogeneity of the recovered volumes However, the latter points were already present in all previous experiments, whereas only the variability of the last experiment is so large. After further investigation, we noticed a problem at the end of the SP3 protocol. The volume of peptides recovered was not homogeneous between wells with a difference of up to 10µL, which represents about 10% of our total volume. In the early experiments, this was not a problem as we evaporated and suspended all samples directly in the same volume before injection. However, it is a problem when autoSP3 is combined with SPE. This is because Bravo's SPE protocol has a dead volume during sample collection, which depends on the plate reference. This dead volume is necessary to ensure correct and repeatable sampling and to avoid the formation of bubbles that can interfere with the correct performance of the SPE protocol. As we had non-homogeneous volumes at the start of the SPE protocol, this meant that different proportions of samples were taken from different wells, which led to increased variability in the results.

To solve this problem, different solutions can be considered. Ideally, the SP3 protocol could be improved to achieve the same volume at the end, but this would be an extremely time-consuming and tedious process; however, it is clearly the way forward in the long term. The second option is to check the volume of all wells by hand after autoSP3 and adjust all volumes before SPE, which is extremely time consuming, tedious and error prone. The third option is to perform the SPE manually by loading the entire sample volume, but again this is time consuming and compromises the overall advantage of automation for working with large numbers of samples. Finally, the last option is to remove the SPE step as in the previous experiments. This was the option we chose and to ensure that no beads remained in our samples, we decided to add an additional 10-minute centrifugation step at 3500rpm before incubating the plate containing the peptides and beads on the magnet for a further 10 minutes before finally transferring the supernatant containing the peptides to another plate.
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The second part of this experiment, realised in parallel of the evaluation of the impact of the protein input amount as illustrated in Figure 57, was based on the use of variable beads ratios for the two highest protein amounts. Because of the high variability of the results, to be able to draw conclusion from those data, we decided to evaluate the results by considering both all the replicates and only the three best replicates. The results are shown in Figure 61. We can observe similar average numbers of identified proteins among all conditions considering all replicates and using only the three best replicates. These trends are similar for peptides and PSMs not presented in this manuscript. In conclusion, it appears that it is possible to reduce the bead ratio when working with 10µg to 20µg of protein without reducing performance. This result is very important in view of the limited binding capacity of our magnet. Being able to reduce the quantity of beads will allow us to work on larger amounts of proteins and to provide a digestion method compatible with the peptide amounts required for efficient enrichment step for example to study PTMs.

In summary, this series of experiments, performed on a range of HeLa cell lysate proteins and with different bead ratios, allowed us to identify a significant number of problems, which could explain the low repeatability of our results. We engaged various actions trying to solve them. We identified the beads concentration during the binding step as a critical point. It will probably be interesting to change our experiment design in the future to think in term of beads concentration instead of beads:protein ratio. This paradigm change will lead to various ratios if the goal is to work on different protein inputs in the same experience, as the volumes cannot be changed for a same step between the different conditions. In a second time, we shown that it seems possible to reduce the quantity of beads used when working on high amount of proteins. Even if those results have to be confirmed regarding our results variability, this is encouraging regarding the perspective to perform robust autoSP3 protocol on high amount of proteins, which could open the doors of new applications.

Unfortunately, as my PhD was coming to an end, I did not have time to check the effectiveness of the latest changes to the autoSP3 protocol. Nevertheless, a last experience was performed in parallel to the interpretation of the data generated in that part. The goal of this last experience was to compare the performances obtained with two different lysis buffers.

4) Evaluation of two lysis buffers in combination with autoSP3 without evaporation step

Firstly, we realised this experience to evaluate if the use of another lysis buffer with a lower SDS concentration and without Tris-HCl (1% SDS, in 100mM ammonium bicarbonate (ABC)) instead of our usual lysis buffer (2% SDS, 62.5mM Tris pH = 6.8) could improve the performances of SP3. This ABC buffer is a little more basic than our usual Laemmli-based buffer. Using this buffer could improve the binding step as it was shown that the protein binding step was more efficient with slightly basic pH [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] . We also used this opportunity to remove again the SPE step and to add the centrifugation step evocated previously to remove potentially remaining beads in the supernatants. Finally, we used this opportunity to evaluate the possibility to suppress the sample evaporation step realised after the SP3 protocols both automated or manual prior to their analysis in nLC-MS/MS and that is a potential peptide loss source in addition to being time consuming. The results of this experience based on preparation triplicates are displayed in Figure 62. The average numbers of proteins obtained in both conditions did not show significant differences. The ABC buffer with 1% SDS shows slightly higher number of PSMs. The standard deviations are correct for both conditions suggesting that we can use both lysis buffers with approximately equivalent protein binding efficiency. Regarding the removal of the SPE step, we did not notice any problems that could be related to remaining beads in the samples, such as overpressure problems due to column clogging during the nLC-MS/MS analysis. Therefore, it seems that adding a centrifugation step prior to peptide transfer to remove the beads was a good solution.

Finally, these samples were not evaporated after the autoSP3 protocol. The ABC concentration of the digestion buffer is directly compatible with the MS analysis. We only adjusted the final volume of our sample to reach a final concentration of 100ng/µL of peptides in 2% ACN, 0.1% FA. Based on the good results obtained in this test, we
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In conclusion, during my PhD I evaluated several sample preparation solutions to obtain the best possible performance on small amounts of protein, i.e., 1µg and less. A reduced volume tube-gel protocol was created and gave encouraging results. However, as gel approaches have a few limitations, we decided to investigate another protocol, the commercial S-Trap protocol. This gave good results but only for quantities above 5µg and therefore did not meet our needs. SP3 was then investigated and gave very good results even with 500ng of starting protein. Given all the advantages of this protocol, it was quickly adopted in the laboratory for different projects. During the last year of my thesis, I also started some initial work to automate this protocol on a pipetting robot. This work is still in progress, but in the future, it should be possible to prepare just under a hundred samples in parallel on a single day. Furthermore, we put in evidence for both manual and automated protocols that there is still work to obtain a "universal" protocol with an optimum efficiency on a wide range of starting material amounts and sample type. This part of my PhD work was really challenging, and it allowed me to gain a lot of experience in sample preparation and automated protocols that I will be able to bring to fruition in the future. It is a big frustration for me to do not have time to end the automation of the SP3 protocol. Still, I am confident that it will work in the future. It would be a great help for our lab to reduce the time spent on the sample preparation stage and therefore enable to process large number of samples, which will improve our studies and free up time to concentrate on the next bottlenecks of high throughput proteomics analyses.

Finally, I would like to take the liberty of making an opening on current proteomics events. For decades, one dream behind sample preparation for proteomic analysis was the analysis of single cells. During the last months of my thesis, immense progress has been made and proteomists broke this glass ceiling allowing proteomics to rise as an equal alongside genomics and transcriptomics and opening the door to new and exciting projects. This list is probably not exhaustive but one common point emerges. All those approaches need significant investment in specific instruments from sample preparation robot to dedicated mass spectrometers. Consequently, even if single cell proteomics is not a dream anymore, this technology will still need time to mature and to be implemented in proteomics facilities.

Part III: Development of quantitative proteomic analysis methods based on an innovative coupling including a mobility step for trapped ions

The last decade has been marked by many instrumental developments for proteomic analysis. These developments continue today with the emergence of new technologies allowing for faster and more sensitive instruments. This is critical to be able to perform analyses on smaller quantities with better depth of analysis, accuracy, and speed compatible with large cohorts of samples. One of these improvements was the use of ion mobility coupled to mass spectrometry for the analysis of proteins using a bottomup approach. Two types of ion mobility have been particularly developed for the those approach, the high-field asymmetric waveform ion mobility spectrometry (FAIMS) 213,219 and the TIMS trapped ion mobility spectrometry device 220,376,377 . Within the framework of my thesis work, I had the great opportunity and the heavy responsibility of setting up, maintaining, and developing methods on one of these instruments, a TimsTOF Pro (Bruker Daltonics).

The TimsTOF Pro is an extremely interesting and innovative instrument for proteomic analysis. Thanks to the development of a sufficiently fast TOF analyser and the very small size of the TIMS cells, it has become possible to couple those two technics. TIMS itself has the advantage of separating co-eluting peptides after the nLC separation. It also reduces the background by "diluting" it over the entire mobility range used 220 . In addition to this, the TIMS allows the calculation of the peptides' CCS bringing a new dimension of information. The TimsTOF Pro has been developed with the aim of making the most of this new equipment by developing a new specific data acquisition strategy. This is the parallel accumulation-serial Fragmentation scan mode or PASEF [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF][START_REF] Meier | Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device[END_REF] .

The work presented in this part of my manuscript aims to take in hand this new coupling, evaluate it and optimise its parameters at the level of both the nLC and the MS with the final goal to perform label-free quantification in DDA and DIA.

Chapter 1: Optimisation of the nLC-IMS-MS/MS coupling for ddaPASEF

Following the arrival of the coupling in the laboratory, it was necessary to take the time to learn about it and to optimise certain functionalities at both the level of the nLC and the mass spectrometer to get the best out of this new coupling.

A. Optimisation of the liquid chromatography on a nanoElute system

Firstly, peptides are separated according to their degree of hydrophobicity on an nLC called nanoElute (Bruker Daltonics). In the framework of this thesis, we used 25cm C18 columns with integrated nanospray emitters marketed by IonOptiks. Firstly, we used Odyssey series columns and then Aurora columns with Captive Spray Insert (CSI)
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1) Optimisation of the analytical flow

For the first LC methods supplied with the instrument, short gradients (less than or equal to 30min) were performed at a flow rate of 0.3µL/min whereas for longer gradients the flow rate used was 0.4µL/min. The use of a higher flow rate can accelerate the wear and tear of some parts and consumables of the system. For this reason, and for convenience, we evaluated the possibility of homogenising the flow rates of all gradients at 0.3µL/min. To do this, we injected triplicates of commercial HeLa cell protein digests with the same gradients and IMS-MS/MS analysis methods. As we intended to perform label-free quantification on this coupling, we paid attention to the quality of the quantification by applying our usual 3/3 and CV < 20% quality filters.

Reducing the flow rate can affect the width of the chromatographic peaks as well as the intensity of the peptides detected in MS due to their reduced concentration affecting the MS signal. For this reason, reducing the analytical throughput is one of the key points to be optimised when analysing extremely small quantities such as in the case of single cell analysis 177 . The data treatment was realised in MaxQuant using FDR of 1% at the levels of proteins and PSMs. The results are presented in Figure 63. Decreasing the analytical flow rate from 0.4µL/min to 0.3µL/min had a slightly positive effect on the numbers of proteins identified and quantified over a 100-minutes gradient. Therefore, we homogenised the flow rate of all gradients to 0.3µL/min. We did not try to go lower as a lower analytical flow rate could affect the stability of the spray in the ESI source. However, this is an option to consider when working with single cells. 177 Part III: Development of quantitative proteomic analysis methods based on an innovative coupling including a mobility step for trapped ions Chapter 1: Optimisation of the nLC-IMS-MS/MS coupling for ddaPASEF 140

2) Advantages and drawbacks of trapping columns

Among its advantages, the nanoElute has a backflush configuration with sample loading from the downstream of the trapping column, with the acidified water being sent to the waste bin. Then the trapped peptides are eluted from the trapping column by sending analytical solvent from the upstream of the trapping column to the separation column as shown in Figure 64. The advantage is that the sample loading removes the compounds not retained onto the trapping column and thus potential contaminants that might, in another configuration, be eluted to the separation column and afterwards into the mass spectrometer. Another advantage is that, with a backflush configuration, the peptides are not separated on the C18 trap column but concentrated in the Trap column head allowing to reduce the chromatographic peaks size. The disadvantage is that there is also a potential risk of losing very hydrophilic peptides. Compared to other nLC systems, the nanoElute offers the unique ability to automatically switch from direct injection onto the analytical column to trap column without the need to dismantle or reassemble it as shown in Figure 65. The use of a trap column is a common practice in our laboratory and is intended to extend the lifetime of the more expensive separation columns. However, the use of a trapping column has an impact on the retention time of the chromatographic peaks which can be problematic especially on very short gradients (Figure 66). Therefore, depending on the project, it is possible to easily run analyses without a trap column if you are specifically interested in very hydrophilic peptides.

3) Evaluation of the nLC system robustness

Throughout this thesis and as with most nLC-MS/MS systems, the nanoElute has been the limiting factor of this coupling in terms of robustness. Numerous robustness problems had to be overcome, particularly in the four valves of the system. These problems were reduced by using new materials for the stator/rotor pairs. Numerous improvements have also been necessary in the software to improve its stability and its available options. The maintenance of the nanoElute has been an important part of my time but it has also allowed me to become totally autonomous for all the routine and sometimes less routine repairs needed on this system. That said, it should be noted that the situation has improved over time. The modification of the nanoElute PAL configuration to allow sample injection in 96-well plates was also an opportunity to evaluate the robustness of the system with the injections of the same sample more than 96 times after around one and half year of use as illustrated in Figure 67. Despite the improvements made throughout this thesis, the nanoElute remains capricious, particularly about solvent leakage. We noted a weakness in the sealing of the stainless-steel capillaries of pump A handling acidified water. In addition to requiring replacement of the capillaries in the event of a leak, they are not easily accessible and therefore tricky to change. Although the materials of the rotor/stator pairs have been modified, they are still highly stressed parts and although we have seen an improvement in their lifetime, we still need to change them at regular intervals to solve leakage problems in the trapping valve.

To detect quickly leakage problems that could affect our analysis, a quality control (QC) was created and is analysed before the injection of each series. However, although this QC is suitable for analyses aimed at protein identification, it remains imperfect for studies dealing with protein quantification. Indeed, our QC is an evaluation of the nLC and mass spectrometer parameters at an instant T. The criteria evaluated for nanoLC include the pressure of the two pumps as well as the monitoring of specific ions (retention time, width at half height, intensity). However, quantification analysis series and in particular label-free quantification requires a good stability of the nLC system during the whole series of injections.

Unfortunately, this QC does not allow us to estimate the future stability of the coupling. One way of improvement could be to modify the QC to consider not only the parameters at a given time but also the previous QCs to evaluate and model the evolution of the coupling in time. The objective would be to be able to assess the probability of a problem occurring at the nLC level (and not related to the sample type or factors exterior to the nLC coupling) for the next analysis series. A "manual" approach can be envisaged in the first instance to determine the criteria to be followed, but in the second instance, the use of machine learning and artificial intelligence to carry out these tasks in a more refined and automated way would undoubtedly be of great help.

Quality control as it is used today also has other limitations. Indeed, today the results are analysed by hand by the users before a series of injection. As a result, it is impractical to run two series of analysis in one night or weekend without wasting time.

Similarly, a deterioration in performance during a run is not always possible to see because we are working on samples whose behaviour we do not necessarily know. As a result, a drop in coupling performance during the series can go unnoticed but may have dramatic consequences for a project.

To overcome this problem, a system called PaSER (Parallel Database Search Engine) is developed by Bruker. PaSER is a GPU (Graphics Processing Unit) powered real-time database search platform providing parallel computing power and real-time database search results for bottom-up proteomics. It allows the analysis of the data generated by the online coupling to be launched as soon as the acquisitions are completed in an automated manner. This data processing is very fast thanks to the use of cloud-based systems with delocalised computing power. Therefore, PaSER could also allow automated data analysis of QCs and allow automated interruption of acquisitions in case of problems. This would save time in chaining the different series of analyses, avoid the loss of valuable samples and free up the time of the experimenters thanks to automated quality control in real time.

To improve its quality control system, Bruker is currently working on different approaches. Another is to come with the new TimsControl acquisition software and its automated real-time calibration of TIMS before each injection. It allows to calibrate the TIMS cell automatically before each acquisition as this calibration can move rapidly unlike the TOF calibration as the TIMS is more sensible to exterior factors such as the gas flow, or the temperature. We had the occasion to made first tests with this feature. However, we observed that it only worked using Bruker's default MS methods at the time of our testing. Moreover, if the system is not able to calibrate correctly the TIMS, there is no possibility to stop automatically the injections to avoid losing precious samples.

To conclude, many tools are actually in development at the level of the nLC but also at the level of the MS in order to create more robust and performant systems by allowing easy and automated monitoring of the coupling and in order to reduce the global need in supervision of this kind of instrumentation. Those features will allow us to reduce the risk of losing precious samples and gain in fluidity and so, in time between the sample analysis and the data treatment steps.

B. Optimisation of ddaPASEF acquisition methods

In parallel, optimisations were also carried out on the mass spectrometer. Both to optimise the methods and for me personally to gain a deeper understanding of the parameter tunings. As mentioned earlier, the TimsTOF Pro is equipped with an ion mobility dual cell as shown in Figure 68. In practice, Trapped Ion Mobility Spectrometry (TIMS) works like the golden standard of ion mobility, Drift Tube Ion Mobility Spectrometry (DTIMS) 213 , but ions enters in the analyzer in the inverse order. It is the gas flow that will drive the ions inside the dual cell and the application of an electric field that will retain them or let them pass, as described in the state of the art section of this manuscript. The duration of the accumulation of the ions in the first cell can be a fixed or variable duration depending on the parameters used and is called the accumulation time.

The TimsTOF Pro is equipped with a special TIMS cell, a dual TIMS cell. This special configuration has allowed the development of a new acquisition strategy the PASEF [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF] which is compatible with both DDA and DIA acquisition modes.

This mode can be divided in two basic processes:

→ The first part of the TIMS cell is used to accumulate ions. When the accumulation time is reached, the accumulated ions are transferred to the second part of the TIMS cell. In this second part, the ions are separated

Part III: Development of quantitative proteomic analysis methods based on an innovative coupling including a mobility step for trapped ions Chapter 1: Optimisation of the nLC-IMS-MS/MS coupling for ddaPASEF 145 according to their charge and shape and released sequentially in the next part of the mass spectrometer. At the same time, the first part of the TIMS cell has accumulated the next ions and the cycle starts again allowing a duty cycle of around 100%. For ions with the same charge state, the ions with a higher mass and surface will be located near the exit of the mobility cell while the more mobile ions will remain near the entrance (see Figure 69). 

1) Optimisation of PASEF parameters

Once the TimsTOF Pro arrived in our lab, we started to optimise the ddaPASEF acquisition methods. The optimization of the parameters was done in several steps spaced out in time with different columns and HeLa samples explaining the variability of the results with the same method between the different experiments. I will only present here the results obtained from the injection of 200ng of HeLa cell digest, but these same tests were also carried out on 10ng to confirm that the trends obtained on small quantities injected remained the same. Among the parameters tested, we narrowed the range of ion mobility as almost no signal was detected below 0.7 Vs.cm-2 and above 1.25 Vs.cm-2 for ions that are at least doubly charged as illustrated in the heatmap in Figure 72. We also increased the accumulation time and reduced the target intensity and intensity threshold to improve the detection of low intensity precursors. When a precursor is detected with an intensity below the threshold intensity, it is considered as background and is not re-selected by the mass spectrometer. If its intensity is between the intensity threshold and the target intensity, the spectrometer will select the precursor ion several times to improve the quality of MS/MS spectra of low abundance precursors. Finally, the number of PASEF frames corresponds to the maximum number of Top 12 performed by the mass spectrometer during a PASEF cycle. A PASEF cycle with 10 PASEF frames corresponds to the generation of one MS1 spectrum + (number of PASEF frame x Top 12), i.e., one MS1 spectrum followed by a maximum of 120 MS2 spectra. This parameter must be adapted regarding the chromatographic peak width. For example, a classical nLC system and gradients will have a higher peak width than ultra-fast LC system such as the Evosep One which has already been combined with the TimsTOF Pro [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF]378 .

The results obtained from the two first series of tests are displayed in Figure 73. These experiences allowed us to identify the method B as giving better results in identification and quantification on both 200ng and 10ng injections. The optimisation of the parameters allows the generation of spectra of better quality for low intensity signals. We continued to carry out tests based on method B, changing only one parameter at a time. In this experience, we performed optimisations on various parameters:

→ The charge range is a parameter used to prioritize the fragmentation of precursor ions with a charge state in a certain range. By default, for bottom-up proteomics experiments, this parameter is set from zero that corresponds to ions where the charge state is unknown to five. In this test, we set up this parameter from two to five. Indeed, monocharged ions are difficult to fragment and consequently bring limited information.

→ The exclusion time is a parameter used to increase the analysis depth in DDA analysis. The default exclusion time in our MS method is of 0.4min. It means than once a precursor ion is selected and fragmented, even if it is still in the Top N of the most intense ions in the next MS1 spectra, this ion will not be used to generate again fragmentation spectra during 0.4min. The exclusion time need to be balanced depending on the peak width and the sample complexity. This function can be especially useful in samples with high abundancy proteins which otherwise would hide the less abundant proteins. For that reason, we evaluated a shorter exclusion time of 0.2min and a longer exclusion time of 0.6min.

→

The parameter reconsider ax precursors, set by default to 4x, works in tandem with the exclusion time. One precursor is selected and fragmented. Its intensity in the MS1 spectrum had a value of a. Because of the exclusion time, this

Part III: Development of quantitative proteomic analysis methods based on an innovative coupling including a mobility step for trapped ions Chapter 1: Optimisation of the nLC-IMS-MS/MS coupling for ddaPASEF 150 precursor will not be selected during the next 0.4min. However, if during this time the intensity of the precursor in the MS1 spectra reaches e.g. 5a, a fivefold higher intensity. Therefore, the parameter "reconsider 4x precursor" will allow an exception in the exclusion time and this specific precursor will be selected and fragmented again. The goal of this feature is to allow the generation of MS2 spectra of higher quality. In this experience, we evaluated if reducing the intensity factor needed to reconsider one precursor could have a positive impact on our results.

→ The collision energy is the energy applied to the precursor ions by its collision with nitrogen inside the collision cell to fragment them. The collision energy required to fragment an ion depends on its charge and mass. Consequently, the collision energy needed to fragment a precursor can be defined as depending on its ion mobility coefficient. To take advantage of that information, the TimsTOF Pro is applying variable collision energy depending on the ion mobility value of one precursor as shown in Figure 74. It is to note that the acquisition software OtofControl allows only a linear relation between the inversed of the reduced ion mobility coefficient and the collision energy whereas in TimsControl it is possible to define different slopes. This feature can be interesting to study some PTMs, type of labelling, for crosslinking experience or for Top-down approach for example. In this experience, we first changed the 1/K0 parameter range from 0.6-1.6

Vs.cm -2 to 0.7-1.25 Vs.cm -2 without changing the collision energy range 20-52eV. In a second time we changed both the ion mobility range to 0.7-1.25 V.s.cm -2 and the collision energy from 20-52eV to 23-42eV. In the third test, we changed again both the ion mobility range to 0.7-1.25 V.s.cm -2 and the collision energy to 23-52eV. The goal of this experience was to evaluate the possibility to improve peptide fragmentation to improve consequently the protein identification. → Finally, we evaluated a last parameter, the maximum number of ion mobility peaks. This parameter corresponds to the maximum number of peaks that are separated at the same time in the ion mobility cell. Here we wanted to evaluate if a higher number of peaks, i.e. 4 peaks, could improve the ions separation in comparison with the default parameter of three.

The results of this experience are presented in Figure 76. The different parameters did not have a significant impact on identification and quantification performance. A global decrease in performance observed during the series can likely be imputed to general decrease of performances over an injection series, or to the ageing of the sample as shown by the difference between the quality control at the beginning and end of the series. Only the reconsider 2x precursor parameter slightly improved the number of proteins quantified. Unfortunately, it also significantly increased the variability of the number of quantified proteins. We therefore decided to keep the initial settings for this parameter as well. In conclusion, these tests did not result in any further improvements of the data acquisition method but were an excellent exercise in understanding the different mass spectrometer parameters and their impact on the analyses.

Once the coupling was properly set up and the basic parameters optimised, the next step was to evaluate the performance of nanoElute-TimsTOF Pro for label-free XIC-MS1 quantification.

2) Evaluation of label-free quantification by extraction of ion current (XIC) from ddaPASEF acquisition on a calibrated range

We worked with a range of UPS1 (Universal Proteomic Standard 1) proteins spiked into a constant background of 200ng of Arabidopsis thaliana proteins (See in Figure 77). The UPS1 mix corresponds to a mixture of 48 human standard proteins in equimolar amounts. Samples were injected in triplicate onto the nanoElute-TimsTOF Pro coupling, and the results were processed with MaxQuant to perform label-free XIC-MS1 quantification. First, we evaluated the number of proteins identified from MS2 (by MS/MS) or Match Between Runs (MBR, by matching) spectra and the number of proteins quantified from MaxQuant LFQs using the filters described in the previous section of this manuscript, i.e. the 3/3 quality and CV < 20% filters on intensities. The results are presented in Figure 78. The calibration curve represents the experimental ratios between the highest point in the range (5fmol) and the other, lower points that are plotted against the theoretical ratios. The calibration curve shows good linearity and accuracy up to 125amol of spiked UPS1 proteins. However, even if a range of linearity is obtained up to this limit, the dispersion of the ratios, which remains relatively high even for the highest points and therefore the lowest ratios, increases around the theoretical values with the decrease of the injected quantity. This loss of accuracy and higher data scatter at the lower amounts can be explained by the fact that the linear quantification limit of the mass spectrometer is reached between the 125amol point and the 25amol point, but also the detection limit for many UPS1 proteins as shown in Figure 78. However, even at the higher points where the quantification is accurate and linear, there is a wide spread of values. This dispersion shows the same trends at the peptide level (results not shown).

Given the novelty of TimsTOF Pro and its data format, one hypothesis would be that the extraction of features is not yet optimal which would lead to this dispersion of quantification values.

In conclusion, these first results are promising although still lacking in robustness. However, it would be interesting to measure the progress made in data processing and in the extraction of features by reprocessing these data with new compatible software able to better manage this new format and once the scientific community has learned how to make the most of the additional data dimension.

3) Evaluation of the Ion Charge Control (ICC) combined to ddaPASEF for label-free XIC quantification

In its native version, the loading capacity of the ion mobility cell was a limiting factor of the TimsTOF Pro instrument. Indeed, the maximum amount of material that can be injected on the TimsTOF Pro is very limited compared to other instruments used for bottom-up proteomics. The manufacturer has recommended that no more than 200ng of peptides should be injected and that care should be taken not to saturate the mobility cell, which can cause problems especially for protein quantification. Indeed, the amount of peptides eluting from the nLC, and therefore the number of ions entering the mass spectrometer, varies enormously along the gradient. As a result, the mobility cell can become saturated at certain times. This saturation also depends on the complexity and dynamic range of the sample. It occurs when too many charges of the same polarity are confined in a small space, causing charge-space effects due to Coulomb repulsion. This can lead to a loss of TIMS resolution or even the loss of some ions. To overcome this problem, Bruker has implemented a feature called ICC or Ion Charge Control.

The ICC is based on the same principle as the AGC target (Automatic Gain Control) applied in the C-Trap in the Orbitrap instruments. In fact, the first part of the mobility cell will accumulate ions until it reaches a certain number defined in the parameters of the ICC function. When this value is reached, even if the accumulation time is not over, the ions are transferred to the next part of the ion mobility cell to be separated and eluted and the cycle starts again. If the limit number of ions set in the ICC parameter is not reached, then the ions will be accumulated for the full accumulation time and then transferred, as is the case when the ICC function is not activated. This function has a limited impact on the elution of the ions from the second part of the ion mobility cell as the elution need only 25ms to be optimum in comparison with the accumulation, which is in the magnitude order of 100ms [START_REF] Meier | Online Parallel Accumulation -Serial Fragmentation ( PASEF ) with a Novel Trapped Ion Mobility Mass[END_REF]221 .

We first performed tests on 10ng and 200ng injections of HeLa cell proteins digests.

We scanned ICC values from 10 million to 150 million incoming ions to assess the optimum value to use for these injected quantities (results not shown). We then injected the spiked UPS1 range into a constant background of 200ng of Arabidopsis thaliana proteins with the ICC set at the previously determined optimum value of 130 million ions. We obtained the results shown in Figure 80. Given that the two assays (with and without ICC) were not injected at the same time, the difference in the number of proteins quantified with and without the filter does not appear to be significant. We therefore wanted to assess whether this had an impact on the accuracy and precision of the quantification by plotting the calibration curve shown in Figure 81. The experimental curve obtained with the active ICC function is slightly less linear than the one obtained without ICC. Moreover, the scatter of the data seems to be a little larger, although the accuracy of the quantification remains roughly equivalent. In conclusion, in the condition of our tests, the ICC function does not seem to bring any significant gain. This might be the case on other type of samples with a larger dynamic range or on larger quantities of injected material, but the whole evaluation would have to be done again to find the appropriate ICC value and to confirm the positive impact or not of the ICC function. This function could also be interesting to evaluate in the future coupled with another acquisition strategy such as the diaPASEF that will be developed in the following chapter.
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Chapter 2: Optimisation of the nLC-IMS-MS/MS coupling for diaPASEF

The diaPASEF [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] is a recent DIA acquisition method specific to TimsTOF Pro as it uses to its advantage the PASEF presented in the previous section. Briefly, DIA in opposition to DDA will co-isolate and co-fragment groups of precursors without bias to precursor ion selection level overcoming the limitations of DDA that are undersampling and lack of reproducibility. These ion groups are in a limited m/z window eluting at the same retention time of the nLC. The fragmentation pattern will then be composed of several windows covering the whole mass range where the precursor ions are located. The DIA is supposed to benefit from the PASEF with, for example, the increased acquisition speed of the instrument, the noise reduction, the improvement of the signal with the accumulation of ions and the better separation of co-eluting peptides from the nLC thanks to ion mobility 379 . It also allows the use of up to 100% of the ions entering the mass spectrometer, the elimination of the interferences linked to mono-charged ions or from ions with a very different ion mobility coefficient. Regarding those promises, we decided to investigate the potential of this innovative method, the diaPASEF pipeline to benchmark the maturity of this new technic and to evaluate its performances and accuracy for protein label-free MS2based quantification. The main principle of diaPASEF is described in Figure 82. It corresponds to a duty cycle of 100%. When separating ions according to their ion mobility, those with the lower mobility, generally the ions with the higher m/z, are released first followed by ions with higher mobility and lower m/z. Therefore, in diaPASEF, the m/z isolation window of the quadrupole will start from high m/z values and slide down to lower m/z values in synchronization with the elution of the ions from the ion mobility cell to transmit the entire ion cloud as shown in Figure 82.c. The isolation windows for diaPASEF methods are therefore defined in two dimensions, ion mobility and m/z. These windows are designed to cover the majority of doubly and triply charged ions because these are more informative as they fragment more easily.

The isolation windows are also located in the most precursor-dense regions as illustrated in Figure 82.b, d and e. Once a window of m/z is selected by the quadrupole, precursor ions are sent to the collision cell in which the collision energy is applied according to the 1/K0 range. Higher energies will be applied for lower ion mobility coefficient and consequently higher m/z as those ions will be more difficult to fragment. The collision energy applied will slide towards lower energies in synchronisation with the ion's elution from the ion mobility cell. Finally, the ions are sent to the TOF to obtain their m/z and intensity information.

Different window schemes were investigated in the initial publication of diaPASEF on complex proteomes [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] . Based on those data, we decided to test their standard method which consists of 64 windows of 25m/z to cover most of the 2+ and 3+ precursor ions.

Those windows are covered in 16 TIMS cycles of 100ms. In other terms, four m/z windows are selected and fragmented in one TIMS elution. The windows overlap in the ion mobility dimension to reduce potential artefacts linked to reduced ion transmission at the edges of the diaPASEF windows. The acquisitions were realised with OtofControl version 6.0. At the time of this work, two software supported diaPASEF data, OpenSWATH thanks to the MobiDIK extension which was used in the initial publication of diaPASEF [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] and the commercial Spectronaut (Biognosys). As the lab has already a previous good experience with Spectronaut, we choose to use this software.

A. Initial evaluation of label-free quantification in diaPASEF

To evaluate the diaPASEF acquisition and the quality of the quantification achieved, we analysed the same range of UPS1 proteins spiked into a constant background of Arabidopsis thaliana proteins using the diaPASEF method of 64windows and a cycle time ~2s described in the initial publication [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] . Spectronaut (version 14.0) was used to process these data using a peptide-centric approach using a conventional 1% FDR. A spectral library was generated from an Arabidopsis thaliana sample fractionated into 25 bands by SDS-PAGE. To add the UPS1 proteins to the spectral library, two injections of the highest point of the range were also performed in ddaPASEF. The ddaPASEF method used to generate the spectral library should be as similar as possible to the diaPASEF method. This is mandatory for the collision energy and ion mobility settings to ensure that the information in the spectral library and the analyses performed in diaPASEF are comparable. Otherwise, the data processing software would not be able to analyse the data and to handle the ion mobility dimension correctly. Next, we filtered the results to keep the proteins with at least one q value below 0.005 for one replicate per condition and an intensity CV below 20%. This last part was done after adapting an R script created by Jessica Kurz, a former student in our laboratory. The 48 UPS proteins were quantified between 5 and 1.25fmol. The drop in the number of UPS proteins appears from 125amol to 25amol with respectively 39 and 25 UPS proteins quantified. On average, 3423 Arabidopsis proteins were quantified. This is about twice as much as in ddaPASEF. At the level of UPS peptides, the number of peptides quantified increases in correlation with the range and seems to stabilise between 1.25 and 5 fmol. The average number of Arabidopsis peptides is 17934 but with a high disparity between conditions.

Given that the data processing is not exactly comparable, it is difficult to make a comparison with the results obtained over the same range in ddaPASEF. Indeed ddaPASEF data were analysed using MaxQuant and parameters adapted for DDA data. Nevertheless, we can clearly see a gain in the number of proteins quantified for both UPS and Arabidopsis proteins in diaPASEF. Next, we plotted the calibration curves at the protein and peptide levels shown in Figure 80 to assess the accuracy and precision of the label-free quantification based on the MS2 spectra. As with the calibration curves obtained in ddaPASEF, we find good accuracy and linearity down to 125amol. It seems that the quantification at the level of peptides is slightly more accurate between the 125amol and 250amol points than the quantification at protein level. As a result, we are now able to quantify more proteins and peptides with good accuracy and precision thanks to the diaPASEF data acquisition workflow and its processing by a peptide-centric approach with Spectronaut software.

However, diaPASEF was still in its early stages at that time. The software interface was not user friendly and made it very difficult to modify the original methods provided by Bruker based on the diaPASEF publication. In the meantime, several improvements occurred and very recently we re-evaluated the diaPASEF workflow after several hardware, software and method improvements as described in the next section.

B. Evaluation of diaPASEF after hardware, software, and methods improvements

In the year between our two tests, the TimsTOF Pro has undergone major improvements. It has been equipped with a new ion mobility cell called SRIG (Stacked Ring Ion Guide) that has two notable advantages. The first is that it can be dismantled and cleaned, even if the dismantling alone takes about 6 hours. The other major advantage is its greater ion capacity. Indeed, Bruker estimates that with this cartridge, it is possible to inject up to 400ng of HeLa cell protein digest over a gradient of about 100min without saturating the mobility cell, compared to 200ng with the old cartridge.

It allows them to increase the number of proteins identified and quantified on long and short gradients by injecting more material. On the practical side, it also allows for greater flexibility in terms of peptides amount injected. However, our initial tests in ddaPASEF did not show any significant gain in our first tests even by injecting 400ng instead of 200ng. We suspected that this was because our optimised acquisition method used a longer ion accumulation time than Bruker's standard methods (166ms vs. 100ms). These parameters were optimised to detect more low-abundance proteins, but as we can now inject more material, we suspect that this method is no longer suitable, and that new tests need to be performed with the new cartridge. Tests are currently being carried out by Jeewan Babu Rijal, a PhD student in our laboratory, to repeat and better understand these results.

During the same period, Bruker also launched a new data acquisition software called TimsControl. This software is supposed to become in the future the main software for driving the TimsTOF Pro, with OtofControl remaining present but only for advanced settings and maintenance actions. TimsControl is more user-friendly than OtofControl and it is also in this software that Bruker has pushed the development of the interface for diaPASEF and prmPASEF. Although the creation of new diaPASEF methods is much easier compared to OtofControl, some bugs remained and some options such as generating methods with variable window sizes or two-window line schemes like the method we used in the previous section were still not possible. As a result, our previous diaPASEF method set up with OtofControl is not compatible with TimsControl. It should also be noted that TimsControl does not currently handle the denoising of the generated data. As a result, the data generated can be up to 10 times larger than the same data acquired with OtofControl, resulting in additional costs for data storage in addition to obtaining chromatographic traces, and in particular TICs, which are not comparable between the two acquisition software.

Following all these changes, we decided to start from scratch and re-evaluate diaPASEF. We used the same range of input material as before but doubled the amounts injected to take advantage of the new SRIG cartridge. Therefore, we injected 400 ng of Arabidopsis thaliana proteins plus the UPS1 protein range now from 50 amol to 10fmol. The data were acquired with TimsControl. As our previous diaPASEF method was not compatible with TimsControl and as it was not possible to reproduce due to the different architecture of the software, we used the diaPASEF method proposed by the manufacturer for long gradients and available on their website. The main difference compared to our previous method is relative to the windows design. In this method, the windows are displayed on one line only and their number is inferior leading to a shorter diaPASEF cycle time. The generated data were processed and analysed with Spectronaut (version 14.11) using a new spectral library prepared exactly like the previous one but acquired with a ddaPASEF method adapted to the new diaPASEF method. Spectronaut default parameters were used with a classical FDR of 1% and the obtained data were filtered to keep the proteins with at least one q-value below 0.01 for one replicate per condition and an intensity CV below 20%. The results obtained are shown in Figure 85. It should be noted that there appears to have been a problem at point 250amol. It cannot be linked to the sample preparation as the samples are the same than the range already injected in ddaPASEF and previously in diaPASEF, which had only been aliquoted before freezing. Moreover, it is probably not a problem of sample conservation as all samples were conserved in the same conditions. The number of UPS proteins quantified is also lower than in our first experience even if the filtering criteria are less stringent, all 48 UPS proteins are present in the newly generated spectral library and the amounts injected were twice as high as in the previous test. Another interesting point remains at the level of the number of points per peak. With the previous dataset we obtained between 6 and 7 points per peak whereas with the new one between 9 and 10. This difference is directly linked to the number of diaPASEF windows in the different methods which affects the diaPASEF cycle time. On one hand, a higher number of points per peak will increase the accuracy but on the other hand as the mass range covered remains equivalent between the two methods, that means that the size of the windows increased. With a larger window, a higher number of precursors are co-fragmented increasing the complexity of the MS2 spectra and complexifying their interpretation. On average 3580 Arabidopsis proteins were quantified in the new experiment compared to 3423 in the first experiment. This gain is disappointing considering that twice as much material was injected.

On the calibration curve shown in Figure 86, the quantification is linear down to 50 amol if we exclude the point at 250 amol. However, these results are not satisfactory because we injected twice as much material. However, these results are not satisfactory if we consider that, twice as much material was analysed. Nevertheless, they are consistent with the preliminary results we obtained in ddaPASEF using a higher accumulation time (166ms vs. 100ms). It would therefore seem that our initial hypothesis is probably wrong, since despite the use of a method using a reduced accumulation time, we still did not observe any gain from injecting more material. As these changes have occurred in the last 6 months of my thesis, I have not had time to investigate this further. Having said that, I hypothesised that our current acquisition methods were not suitable for the new configuration of our improved TimsTOF Pro or TimsTOF Pro 2-like. One parameter that we have already tried to optimise to take better advantage of the new cartridge is the detector voltage. Other parameters, which could perhaps be optimised, are the ion transmission and the applied collision energy.

For the time being, we are not yet able to make the most of the new SRIG cartridge.

Furthermore, the diaPASEF method published by Meier et al. allowed us to achieve similar results as the method provided by Bruker despite the fact that the injection quantity was doubled with the latter. Unfortunately, this first method was created to work with the OtofControl software and was not yet compatible at the time of our test with the new TimsControl software. Finally, TimsControl was not capable of denoising spectra at that time, which meant generating result files up to 10 times larger than with OtofControl. In this situation, I concluded that TimsControl was not at that time mature enough to replace OtofControl for diaPASEF acquisitions, as the compatible methods did not provide significantly better results. However, TimsControl has been improved since then and it is necessary to follow its evolution closely. A sign that supports my feeling is the extremely low number of studies already published using diaPASEF. Excluding the initial publication [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] and publications which re-use this first dataset [START_REF] Demichev | High Sensitivity Dia-PASEF Proteomics with DIA-NN and FragPipe[END_REF]379 , there is a very reduced number of published studies [START_REF] Aballo | Ultrafast and Reproducible Proteomics from Small Amounts of Heart Tissue Enabled by Azo and TimsTOF Pro[END_REF]380,381 using it even when including non-reviewed preprints 382 . Moreover, among those publications, most of them used the first published parameters, or the parameters are not detailed.
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To conclude, when the software will be mature enough, it will be necessary to optimise different parameters. A shorter cycle time will increase the number of points per peak and so the peaks resolution and accuracy. An adapted m/z and ion mobility range will allow improving the proteome coverage. Higher ranges will need a higher number of windows or larger windows. However, increasing the number of windows will increase the cycle time and using larger windows will increase the spectra complexity and their dynamic range. Another parameter highly correlated to the diaPASEF cycle time which can be optimised is the ion mobility cell accumulation time. All those parameters are interconnected consequently it will be necessary to find the optimum balance between those. The ICC could also be interesting to investigate. As a reminder, ICC allows to control the number of ions entering in the mass spectrometer, which is dependent on the RT but also on the diaPASEF windows. To our knowledge, this function was not used in the first diaPASEF publication. As in ddaPASEF, the goal of this parameter will be to find the good balance. Accumulate too many ions increases the risk to saturate the ion mobility cell and to reduce the analysis performances. If the number of ions is too low, the low intensity signals risk to be drowned in the noise. Finally, in connection to this parameter, it could be interesting to investigate also the collision energy values.

If more ions are entering the collision cell, the collision energy could have to be increased too to guaranty an optimum fragmentation of all precursors.

Part IV: Evaluation of nLC-IMS-MS/MS data processing solutions

The supplemental information dimension, reported as the reduced ion mobility coefficient K0, brought by the TimsTOF Pro changes many things regarding the raw data format. It is a challenge to overcome for data treatment software developers. However, it is worth the effort because it gives access to a completely new data dimension to reinforce the classical triad of the retention time (RT), the intensity and the masse over charge ratio (m/z). Consequently, during the first year of my PhD only a few data treatment workflows supported TimsTOF Pro data and only two were able to do label-free quantification on ddaPASEF data, MaxQuant [START_REF] Cox | MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein Quantification[END_REF][START_REF] Tyanova | The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics[END_REF] and Peaks (Bioinformatics Solutions Inc.). At that time, Bruker had not released diaPASEF.

The first workflow I used was for protein identification and validation. I used Mascot search engine (Matrix science) combined to Proline 20 for protein validation.

Proline is an open-source software suite developed by the national infrastructure in proteomics (ProFI) of which the LSMBO is a part. At the beginning of this thesis and during most of its duration, this workflow was compatible with TimsTOF Pro data but only for protein identification. However, it is very fast in comparison with MaxQuant and Peaks making him ideal for following the nanoElute-TimsTOF Pro coupling performances.

However, considering the subject of my PhD work, I was particularly interested in software aiming to treat label-free data for protein quantification. On one hand, Peaks is a commercial software allowing to do protein identification and label-free quantification. It also has the originality to do an additional de novo search. However, the number of accessible parameters is limited. On the other hand, there was MaxQuant, which is one of the most used software for bottom-up proteomic due to the impressive number of accessible parameters and its gratuity. Moreover, MaxQuant has quickly proposed improvements to use more efficiently the ion mobility data. For those reasons, different versions of MaxQuant were used to realise most of the TimsTOF Pro data treatment realised during this PhD.

Chapter 1: Evaluation and optimisation of the MaxQuant solution

MaxQuant is using the Andromeda 14 search engine and supported TimsTOF Pro data since MaxQuant version 1.6.2.6. However, it remained numerous problems linked to the default parameters of this version. For this reason, we really started to treat TimsTOF Pro data with the 1.6.2.10 version. At this moment, MaxQuant was not able to use the ion mobility data to reinforce its analysis. However, quickly during the first year of my PhD, MaxQuant released its 1.6.6.0 version. This version was the first one using ion mobility data. The major feature, which allowed that improvement, was and is always the Match Between Runs algorithm (MBR).

A. Evaluation of the benefits of 4D-match between runs (4D-MBR)

The MBR is an algorithm proposed in MaxQuant, which can be used when processing more than one analysis. The MBR slices the analysis data into retention time (RT) windows and aligns them according to peptide elution. Then in a first run, a precursor is detected at the MS spectra level, and it is identified thanks to MS/MS spectra. Nevertheless, in the second run, we did not get MS/MS spectra for that same precursor due to the stochasticity of DDA or poor-quality signal for example. In that case, the MBR will search if, in that second analysis, it would find a signal for the m/z of that precursor at the MS spectra level with a certain RT tolerance. If it finds one the peptide will be considered as identified "by matching" in opposition to the first run where the same peptide is identified "by MS/MS" and in both cases, the label-free quantification will be done by using MS1-XIC as there is MS spectra in both runs. This feature is interesting as it allows reducing the number of missing values for both identification and quantification based on data. However, there are discussions about it linked to the risk to introduce false positives even if it seems to remain reasonnable 366 .

The ion mobility data are of great interest here. With this additional information, the windows used to align assays are now defined using two dimensions: RT and ion mobility [START_REF] Prianichnikov | MaxQuant Software for Ion Mobility Enhanced Shotgun Proteomics[END_REF] versus one with the conventional MBR. The MBR transfers an identification from one analysis to another when the RT and ion mobility coefficient of the unidentified peptide are below the defined tolerance limits. Using two parameters instead of one limits the risk of extracting a false positive signal. The gain brought by the addition of a new dimension of separation in the TimsTOF Pro has two complementary natures. The first is purely material with the TIMS itself and the resulting PASEF acquisition mode. The second gain is purely related to the processing of the data by discovering how to use this new data dimension efficiently.

To evaluate the latter gain, we decided to start by processing the same dataset of three injections of 200ng of HeLa cell protein digests.

1) Gain in reproducibility

The same MaxQuant parameters were used in both versions. The MaxQuant ver. 1.6.2.10 uses classical MBR whereas the ver. 1.6.6.0 uses the 4D-MBR. The default parameters did not change between those two versions at the exception of 4D-MBR introducing the "ion mobility window" and the "match ion mobility window" parameters. Classical FDRs of 1% were used at the level of PSM and proteins.

We obtained similar numbers of proteins for each merged triplicate, with 5176 proteins identified with MaxQuant 1.6.2.10 and 5251 with MaxQuant 1.6.6.0. The slight improvement of the number of proteins can be explained by a slight diminution of false positives thanks to the 4D-MBR allowing a few more proteins to pass the 1% FDR filters. We evaluated the gain brought by the 4D-MBR by regarding the percent of protein identified shared among an injection triplicate as presented in Figure 88. Even without 4D-MBR, the reproducibility of protein identification in TimsTOF Pro is impressive with 89% of proteins shared by all three analyses. However, it is even more impressive with 4D-MBR where it reaches 97% with more than 5000 shared proteins. Next, we wanted to see if this significant gain was also seen in the label-free quantification of proteins as displayed in Figure 89. As with protein identification, we observed a significant gain in terms of the percentage of quantified proteins shared in an injection triplicate from 64% to 79%. Considering these first two results, there is a significant gain in the reproducibility of protein identity using 4D-MBR. Logically, we then wanted to assess whether there was also an improvement in the repeatability of protein intensities between replicates. To do this, we calculated the coefficient of variation (CV) of the intensities for each protein without missing values among the triplicates and displayed them in Figure 90. We noticed an increase in the number of proteins with CVs between 1% and 10% when using 4D-MBR. This means that the improvement in repeatability is relevant also at

Part IV: Evaluation of nLC-IMS-MS/MS data processing solutions Chapter 1: Evaluation and optimisation of the MaxQuant solution 170 the level of intensities' CVs. In conclusion, 4D-MBR improves the identification of proteins and the repeatability of their quantification. It will be of great help for future projects of label-free quantification on TimsTOF Pro data. However, these observations leave some questions unanswered, notably: Does this gain also apply to low abundant proteins?

2) Evaluation of identification performances

To evaluate identification performances on protein traces, we used a UPS1 protein range spiked into Saccharomyces cerevisiae background as illustrated in Figure 91. The aim of this experiment was to evaluate the gain brought by 4D-MBR even on protein traces for their identification and quantification based on MaxQuant LFQ values. We also used that occasion to evaluate the gain of the 4D-MBR alone by running the same dataset with MaxQuant 1.6.6.0 without MBR. Conventional FDRs of 1% were applied at PSM and protein levels. The Figure 92 shows the number of UPS1 proteins identified. The number of identified UPS proteins is very similar between MaxQuant 1.6.2.10 with MBR and MaxQuant 1.6.6.0 without 4D-MBR. The number of proteins at the highest point is 47 out of 48 UPS proteins in total. This number decreases with the range to 3-4 proteins for the lowest point at 25amol of UPS1. In comparison, the results obtained with MaxQuant 1.6.6.0 and 4D-MBR are impressive. For the two highest points, we identified all 48 proteins out of 48. If we compare the data processing with and without 4D-MBR, the number of proteins drops rapidly from 625amol for the treatment without 4D-MBR. However, even at 25amol, MaxQuant 1.6.6.0 with 4D-MBR was able to identify 25 UPS proteins compared to 4 without it. The improvement provided by 4D-MBR is significant in protein identification even for trace amounts of proteins allowing for stunning sensitivity. Based on these results, the next step was to evaluate on the same dataset whether this gain was also significant for label-free quantification of proteins, even for traces.

3) Evaluation of quantification performances

In this part, we worked on MaxQuant's Label-Free Quantification intensities (LFQ). They are obtained after the application of the MaxLFQ normalisation algorithm [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] . By default, MaxQuant uses a minimum ratio count of two to transform peptide intensities into protein intensities. Then, we applied the 3/3 and CV<20% filters as already presented in a previous part of this manuscript to evaluate the quality of the quantification. The Figure 93 shows those results.

First, when we compare with the identification results, we can observe a decrease in the number of proteins. The LFQ intensities and especially the minimum ratio count are the cause of this by acting as a filter. We observed that the number of quantified proteins is lowest with MaxQuant 1.6.6.0 without 4D-MBR. Without further filtering, at the highest point 41 out of 48 proteins was quantified compared to 42 and 45 for the other parameters. At the lowest point, no proteins were quantified. Processing the data with MaxQuant 1.6.2.10 and MBR gives slightly better results but remains in the same order of magnitude as MaxQuant 1.6.6.0 without 4D-MBR. In contrast, MaxQuant 1.6.6.0 with 4D-MBR was able to quantify more proteins with a maximum of 45 out of 48 UPS1 proteins. At the lowest point, it was still able to quantify 10 UPS1 proteins, which is impressive for spiked protein traces in a complex background. As with the identification, the breakpoint remains 625amol. It is below this limit that 4D-MBR shows the greatest utility. Then, we applied the 3/3 and CV < 20% filters. As we have seen earlier in this manuscript on other datasets, the 3/3 filter has less impact than the CV filter. As expected, the number of quantified proteins decreases drastically at the 625amol breakpoint and below for all data treatments. At the highest point, the 4D-MBR data processing still quantifies 37 UPS1 proteins but below 125amol, no protein can be quantified robustly, probably because the signal intensities must be too close to the background. However, it is interesting to note that 4D-MBR allows more proteins to be quantified from traces. It also allows them to be quantified in a more robust way, i.e. some proteins pass the quality filters, up to 125amol of spiked UPS1 protein compared to 250amol for the other conditions.

In conclusion, the use of ion mobility in data processing with 4D-MBR improves protein identification and quantification, especially for protein traces even in a complex background. This improvement is a first example of how ion mobility can improve proteomic data processing. The scientific community is likely to make further improvements with ion mobility data in the future.

B. Evaluation of MaxQuant overall settings

As explained earlier, the format and type of data generated by the TimsTOF instruments unique in many ways. Not only does the ion mobility dimension need to be considered, but also the resulting ddaPASEF acquisition mode. It was not until version 1.6.2.10 that MaxQuant offered effective default settings. However, during the various iterations of MaxQuant used in this thesis, we have seen changes in these parameters. We also evaluated some of them ourselves, both to better understand how the software works and possibly to find ways to improve the parameters we used for our future data processing.

To do this, we tested different data processing parameters on triplicate injections of 10ng and 200ng of commercial HeLa cell protein digest. These injections were performed shortly after the installation of the mass spectrometer in our laboratory. It should be noted that at that time, our acquisition methods needed to be improved and the number of proteins in these examples does not reflect what we can achieve now on the coupling after nearly 3 years of improvements.

We performed our tests based on a low (10ng) and a high (200ng) injected quantities analysed with adapted gradients to evaluate if the optimal parameters are the same in both ranges. As the advantage of the MBR was already demonstrated in the previous section, we did not evaluate again this parameter. The tests were realised with MaxQuant ver. 1.6.10.43 by changing one parameter at a time in comparison with MaxQuant's default parameters using 4D-MBR at some exception which will be explained just below. We evaluated the performances of the different data treatments firstly at the level of protein identification. When the number of proteins differed between one condition and the default parameters, we looked at the number of peptides identified. We realised those tests with 4D-MBR, but the number of proteins and peptides identified "by MS/MS" and "by matching" were evaluated separately.

Then we evaluated the changes at the quantification level based on LFQ intensities and after application of the 3/3 and CV<20% filters.

Thus, we evaluated more in details about twenty parameters of MaxQuant:

→ The IBAQ with no log fit is a parameter, which allows generating the IBAQ intensities. It is another way to do protein quantification. The IBAQ has been presented more in details in the Part I of this manuscript.

→ We have modified the precursor tolerances for the first and main searches in MaxQuant. These parameters are by default set to 70ppm each in MaxQuant 1.6.10.43. However, as a matter of routine, we have reduced both to 20ppm. Indeed, these very open tolerances in the default settings were necessary on the very firsts TimsTOF Pro where the instability of a power supply increased the errors. As our TimsTOF Pro had already been modified at the time to correct this problem, we routinely used the value of 20ppm for both tolerances. The reference analysis of this series was therefore carried out with tolerances of 20ppm. In these tests, we evaluated the impact of opening the tolerance of the first search to 30ppm and reducing the tolerance of the main search to 10ppm.

→ We reduced the number of allowed missed cleavages from two by default to one.

→ We increased the minimum ratio count parameter from two to three. This parameter will be explained more in detail in the next section, which dedicated especially to this parameter. It is a quality filter applied on quantified peptides in order to generate protein LFQ intensities.

→ FastLFQ is an equivalent of the MaxLFQ algorithm, which is used to generate LFQ intensities. It is automatically used when more than 10 analyses are processed in parallel, in order to reduce the calculation time. Like the minimum count ratio and MaxLFQ, it will be discussed in more detail in the next section.

→ The Skip normalisation parameter is a sub-parameter of the LFQ normalisation allowing the minimum ratio count filter to be applied without performing the normalisation of peptide intensities.

→ At the time where this test was done, we evaluated the parameter Re-Quantify because we do not understood what was its function. If this parameter is used, a ratio is calculated for those isotopic patterns, which were not assembled into labelling pair or triplet. The peak shapes of the identified isotope pattern will be translated to the location in the m/z-RT plane where its missing partners are expected and intensities will be integrated over these regions. This is particularly helpful for quantifying proteins with very high ratios. This parameter is not present anymore in the last release of MaxQuant, the version 2.0.3.0.

→ We realised the quantification using unique + razor peptides and all the peptides in comparison with using only unique peptides in our reference search.

→ We unselected the parameter advanced ratio estimation which is active by default in MaxQuant 1.6.10.43. This parameter is defined in the publication of Tyanova et al. from 2016 19 as related to MS1-level label-based quantification. "To determine the protein ratios as the median of peptide-feature ratios, keep this option unchecked. Select this option to use a regression model to determine whether there is an intensity dependence of the ratios for a given protein group.

A statistically significant correlation between (logarithmic) ratios and intensities would indicate that the protein ratio is too large to be captured within the dynamic range of the less abundant features. In that case, a median of all peptide features would underestimate the features. If the option is checked, the software will automatically decide-on the basis of the goodness of fit-whether the median or the result of the regression is reported."

→ We reduced the TOF MS/MS match tolerance from 40ppm to 20ppm that is the tolerance applied to fragments.

→ For each kind of analyser, and in our case the TOF recalibration parameter is unselected by default into MaxQuant global parameters. We did not found more explanation in documentation regarding this precise parameter. Consequently, as MaxQuant performs a calibration of m/z and RT during its analytical pipeline, we hypothesised that this option could allow repeating the calibration step of the m/z.

→ At the time we realised that test, we did not understood the role of the Calculate peak properties option. This is why we decided to evaluate it in that test. Now we know that this parameter allows recovering more information at the level of peaks and isotope patterns. The use of this option unselected by default may lead to a substantial increase in computation time.

→ We added a filtering on the number of unique peptide which require at least one unique peptide for confirm a protein identification. By default, this parameter is set to zero into MaxQuant.

→ When the Second peptides parameters is activated, MaxQuant tried to identify co-fragmented peptides in all MS/MS spectra [START_REF] Cox | Andromeda: A Peptide Search Engine Integrated into the MaxQuant Environment[END_REF] . This parameter is activated by default and we inactivated it in our test.

→

The alignment ion mobility is the parameter defining the size of the ion mobility windows used to perform the 4D-MBR [START_REF] Prianichnikov | MaxQuant Software for Ion Mobility Enhanced Shotgun Proteomics[END_REF] as detailed in the previous section.

→ The parameter stabilise large LFQ ratio plays an important role in the strength of the LFQ normalisation applied on large ratio as we will illustrate it in the next section of this manuscript even if we do not found any details on how work this parameter.

→ The advanced site intensities option is selected by default in MaxQuant. It applies to the LFQ of modification sites. "To sum all peptide-feature intensities for a site, switch off this option. Check this option if only one representative peptide type with specific sequence and charge should be used in each sample, to obtain a more consistent quantification profile. If the user has selected this option, MaxQuant uses the combination of peptide sequence and charge that appears in the greatest number of samples. This strategy ensures that same feature types are used for quantification across all samples, leading to more consistent and precise relative quantification", as described in Tyanova et al. from 2016 [START_REF] Tyanova | The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics[END_REF] .

1) Evaluation on 10ng of HeLa cell digest

The same parameters were evaluated for their impact on both protein identification and quantification as detailed in Table 7 and Table 8.

Table 7: Number of proteins and peptides identified in 10ng of injected HeLa cell digest with different parameters in MaxQuant. The values in the orange boxes do not differ from those obtained with the default settings in bold.

As shown in Table 7, none of the evaluated parameters had a significant impact on the number of proteins and peptides identified obtained. However, those tests allowed us to understand better some of the parameters. Consequently, it appears as normal that parameters such as: the IBAQ, the LFQ min ratio count, the Fast LFQ, to skip the LFQ normalisation, the re-quantify parameter, the advanced ratio estimation, calculate peak properties parameter and the advanced site intensities parameter did not had any impact at the level of the identified protein numbers.

Then we evaluated the impact of those parameters at the level of label-free quantification as displayed in Table 8.

Table 8: Number of proteins quantified in 10ng of injected HeLa cell digest with different parameters in MaxQuant. The values in the orange boxes do not differ from those obtained with the default settings in bold.

The results were evaluated at the level of raw intensities except for the parameters affecting the LFQ normalisation. On the raw intensities, we observed no significant differences in comparison with the default parameters. On the LFQ intensities, in the lower part of the Table 8, only the increase of the minimum ratio count significantly decreases the number of quantified proteins. The impact of this specific parameter will be further developed in the next section of this chapter but this parameter works as a quality filter. Here again, it was expected that parameters such as: the Fast LFQ, to skip the LFQ normalisation, the re-quantify parameter, the advanced ratio estimation, calculate peak properties parameter and the advanced site intensities parameter did not had any impact at the level of the quantified protein numbers.

In conclusion, MaxQuant default parameters seem well suited to analyse small amount of material. However, the limited number of proteins could perhaps reduce the impact of some parameters. This is the reason why we conducted the same evaluation on a 200ng injection triplicate.

2) Evaluation on 200ng of HeLa cell digest

As explained above, the same parameters were also applied to data obtained from 200ng of injected protein in order to assess whether the data processing parameters should be adapted at this point.

Table 9: Number of proteins and peptides identified in 200ng of injected HeLa cell digest with different parameters in MaxQuant. The values in the orange boxes do not differ from those obtained with the default settings in bold.

As illustrated in Table 9, the trend remains the same as on 10ng with no significant impact of most parameters. However, when the TOF MS/MS tolerance is decreased from 40ppm (by default) to 20ppm, we observed a slight increase in the number of proteins and peptides identified "by MS/MS" but also "by matching". However, this increase remains at the margin as it corresponds to a gain of about 2% of the total number of proteins. In addition, the use of a larger tolerance is more practical. Indeed, this parameter depends mainly on the TOF calibration and should be usable for long injection runs where this calibration is more likely to fluctuate. Therefore, given the small gain obtained, we considered that it is not necessary to adapt this parameter. We then evaluated the changes in protein quantification as shown in Table 10.

Table 10: Number of proteins quantified in 200ng of injected HeLa cell digest with different parameters in MaxQuant. The values in the orange boxes do not differ from those obtained with the default settings in bold.

The trend remains the same than for 10ng injected. The increase of the "minimum ratio count" decreases the number of quantified proteins. Here again, decreasing the TOF MS/MS tolerance from 40ppm to 20ppm leads to a slight increase of the number of proteins quantified.

To conclude, even if we tested only a subset of all parameters available in MaxQuant, we did not manage to highlight parameters, which change drastically the results obtained on both injected quantities. It seems that the default parameters of the version 1.6.10.43 of MaxQuant are already well optimised to work efficiently on classical TimsTOF Pro data on both small and high quantities injected. This work allowed me to acquire a solid comprehension of the different MaxQuant's parameters and their impact on my datasets.

C. Benefits of MaxQuant LFQ normalisation

In the same vein as the previous section, I realised a lot of tests on MaxQuant LFQ normalisation and its impact on proteins quantification. I realised this work to understand better my data and the gain/risk balance associated to normalisation especially when misunderstood and incorrectly used.

MaxLFQ is the algorithm used to generate the peptide LFQ intensities in MaxQuant. A special version of this algorithm called FastLFQ can be used when the dataset is equal or exceeds 10 analyses to reduce the calculation time. Briefly, it works exactly as MaxLFQ but uses a meaningful subset of comparisons instead of all the possible pair-wise comparisons. During our tests, considering our high run number, MaxQuant used FastLFQ by default. Once MaxQuant has obtained peptides intensities from MS1-XIC, it will construct the function H(N) which will be minimised to determine the normalisation factor N of each peptide as described in Figure 94. More in details, in this figure is presented the construction of the H(N) function for the three peptides P, Q and R. This example is constructed based on six samples (A, B, C, D, E and F) fractionated in more than 22 fractions each. One of the main forces of the LFQ normalisation is that it can normalise a peptide intensity in a fractionated sample. In that case, the intensity of one peptide in a sample is the sum of the XIC of that peptide in each fraction weighted by a normalisation factor. To determine that normalisation factor, the function H(N) is constructed as the sum of the squared logarithmic ratio between each sample couples. Once this function is constructed, it is minimised to determine each normalisation factor and be able to calculate the LFQ intensities of each peptide. Then, to go up to the protein level, there are two ways to proceed. When MaxQuant uses raw intensities, it calculates the sum of all peptides of one protein in one sample taking into account some parameters such as the peptides used for quantification (all, unique or unique + razor) and the way to handle the modified peptides. When MaxQuant uses LFQ intensities, it proceeds in the same way but with a supplemental parameter: the minimum ratio count. The minimum ratio count works as described in Figure 95.

Figure 95: Minimum ratio count principle from Cox et al. [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] In A, there is one protein identified thanks to the peptides in purple. Those peptides possessed different charge and modification states as displayed in B. The software considers those peptides with a same sequence, but different charge states or modifications as independent peptides named here from P1 to P7. In C is displayed in which sample each peptide has been detected. MaxQuant sets the minimum ratio count to two by default. In figure D, we can see the matrix of the pair-wise ratio. A green ratio means that it passes the minimum ratio count cut-off whereas a red ratio indicates the opposite. That means that for each green ratio there is at least two shared peptides between the samples. This matrix allows writing the system of equation presented in E. If in one sample, there is no ratio passing the minimum ratio count cut-off, the protein intensity will be zero, as it is the case for the sample F. Finally, after the algorithm solved the system of equations, we obtain the protein intensities as illustrated in F. This is the theory but to understand correctly, there is nothing better than practice. For that reason, we choose to test different normalisation parameters in MaxQuant on an extreme dataset.

Therefore, we decided to work on the S-Trap dataset presented in Part II, chapter 1. In this example, the theoretical injected quantity was the same for all conditions but due to sample loss during the preparation correlated with the input material, we know that the experimental injected quantity was very different.

The first thing to highlight is that MaxQuant is presented as needing the following prerequisite: "A majority of protein exists that is not changing between the samples" [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] . However, in the same publication, they evaluate the MaxLFQ algorithm on a dataset with about one: third of the proteome was changing. They observed a global shift of all the ratios. However, they conclude that this is not a problem because the statistical tests used to perform differential protein analysis after protein/peptide quantification are insensitive to a global shift in all values. In our case, the totality of the proteins is different among the conditions.

We decided to evaluate different ways to normalise our data as described in Figure 96. First, we generated the "raw" intensities, without normalisation. Then, we performed a LFQ normalisation between all analyses. Thereafter, we performed a LFQ normalisation per condition using groups. Finally, we generated LFQ intensities without normalisation. For this last condition, we are using this denomination because it is the way it is called in MaxQuant while being confusing. To give a clearer explanation, the MaxLFQ algorithm is not used. Consequently, at the level of peptides, the "raw" intensity and the LFQ intensity are the same but in opposition to the data treatment called "raw intensity" in Figure 96, the minimum ratio count is still applied to go up to the protein level. To summarise, the "raw intensity" corresponds to a data treatment without normalisation and without minimum ratio count application. The LFQ intensity with no normalisation corresponds to a data treatment without normalisation but using the minimum ratio count. Finally, the two last treatments with normalisation but for one among all runs and the other among conditions using the minimum ratio count. The number of proteins quantified with the different treatments are displayed in Figure 97. Our usual 3/3 and CV < 20% filters were applied. We can see at the level of intensities without filtering the difference between the results obtained with MaxQuant intensity and MaxQuant LFQ. As a reminder, by default, MaxQuant set the "minimum ratio count" to two. The minimum ratio count works as a quality filter based on the number of peptides and their redundancy across the different samples of one analysis. This explains the difference between MaxQuant intensity and the other treatments that return less proteins quantified. The 3/3 filter is not drastically impacted by those parameters. We can note that the condition losing the less proteins is the MaxQuant intensity, which is relevant as there is no filtering linked to the minimum ratio count.

Finally, the impact of LFQ normalisation is very clear after the application of the CV< 20% filter. After filtering, the two conditions without normalisation are losing an important part of their proteins. It is especially visible for the 20µg condition with a 2fold factor loss. This dataset illustrates here why we need to normalise most of our datasets before performing differential analyses. The variability of the intensities inside a preparation triplicate remains high due to plenty of factors from the sample preparation to the data acquisition. This variability is a hindrance to the identification of differential proteins, and therefore we need normalisation.

The dataset we decided to use for those tests is quite special as all the protein intensities are affected. In a biological project, it would be the worst possible dataset to do differential analyses. My goal here was to explore the limits of the LFQ normalisation algorithm to better apprehend it and be able to do the good choices regarding its use in my future projects. For that, I wanted to evaluate the "strength" of the normalisation or until which level of difference the normalisation can work how it is supposed to.

To have a quick evaluation of it, I used the list of proteins after application of the 3/3 filter and I calculated the mean intensity of all proteins in all runs for one condition.

Then I calculated the ratio of one condition divided by the intensity obtained for the 20µg condition that is supposed to be the best as prepared from the highest quantity of starting material. The results are displayed in Figure 98. We excluded the LFQ intensity without normalisation in this figure, as it did not bring supplemental information in comparison to raw intensities. In orange, we can see the intensities ratio without normalisation. We observe a dramatic, but expected, collapse of the ratio until 90% of the intensity loss between the conditions 20µg and 1µg. Even with 10µg and 5µg, we already observe a drop around 30% of the mean intensity. The second interesting point is the important difference between the two normalised datasets. The only difference between those treatments is that the normalisation algorithm is applied on all analyses together or only condition by condition. The normalisation based on conditions is gentler than the same normalisation across all runs. That is logical as the differences between the samples are extremely reduced is in comparison with the normalisation between all analyses. Nevertheless, this normalisation is to discuss. The aim of normalisation, as used in proteomics experiments, is to reduce the variability introduced in the experiment by other factors than the sample itself. By normalising by group, we are taking the risk to create biases as we normalise in a different referential for each condition. However, this way to normalise could work better for not very different conditions, as it is the case most of the time in proteomic studies. With the strongest normalisation, we can increase the intensity of the 1µg condition by 70%, which is enormous.

However, this shift in intensity is not exploitable alone. As explained in MaxLFQ publication, even if they observed a shift in the intensities, it did not have an impact on the differential analysis. For that reason, I realised a differential analysis with the three data treatments. The results are shown in Table 11. The results are going in the same direction than the mean intensities ratio. The treatment identifying the smallest number of differential proteins is the LFQ normalisation across all analyses. In one hand, as we know that in our dataset the variability is introduced by the sample preparation, the normalisation algorithm is only doing its job. On the other hand, if it manages to remove so many differences between conditions, we can interrogate ourselves if applied on a different dataset with fewer differences it would not mask part of them.

By curiosity, I explored other parameters in MaxQuant, and I found a way to increase even more the intensity of the 1µg condition by deactivating the option of the large ratio stabilisation as represented in blue in Figure 98. I voluntarily added this treatment for shocking. Today, I do not have the statistical skills and experience to say if one normalisation is a good one or a bad one. Nevertheless, this work on a very special and extreme dataset was an excellent exercise for me to become even more aware of statistics. Statistics bring us extremely powerful tools and they have to be used extremely carefully. If not, we risk drawing wrong conclusions from our datasets, which could have dramatic impact on our studies. Finally, the best normalisation is datasetdependent and the only way to avoid critical mistakes is to keep an attentive eye on our raw data before the treatment because if our data are of too poor-quality, statistics will not be a miraculous solution.

Let me conclude this section with a small analogy. In the end, making statistics is like cooking. Adding herbs can improve an average dish, but if you add too many, you will lose the taste of the ingredients and if you burn your dish, a few herbs will never save you.

Chapter 2: Evaluation of alternative software for ddaPASEF and diaPASEF data processing

As explained in previous chapters, at the beginning of my PhD, only MaxQuant and Peaks were able to do label-free MS1-XIC quantification on TimsTOF Pro ddaPASEF data. However, an increasing number of software are now becoming available. In this chapter four software allowing to deal with ddaPASEF data have been investigated: MaxQuant [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] , SpectroMine (Biognosys), Peaks (Bioinformatics Solutions Inc.) and the combination of Mascot (Matrix science) with Proline [START_REF] Bouyssié | Proline: An Efficient and User-Friendly Software Suite for Large-Scale Proteomics[END_REF] which was available in the last weeks of that manuscript writing.

In this part, I also studied the Spectronaut software (Biognosys) to process diaPASEF data with a peptide-centric and spectral approach. Finally, in the last months of this PhD, the MaxDIA 18 functionality was integrated into MaxQuant version 2.0. MaxDIA enables MaxQuant to support DIA data, including diaPASEF and BoxCar data. Like Spectronaut, MaxDIA can process DIA data using either a peptide-centric or a spectral approach, known as discovery mode. Only the peptide-centric approach was tested in this work.

A. ddaPASEF data processing

Among the software I evaluated, the company Biognosys developed SpectroMine. It was supposed to give better results for protein identification than MaxQuant in a shorter time on ddaPASEF data. At its origin, SpectroMine was created to do protein quantification from TMT labelled samples. We decided to evaluate it when the labelfree MS1-XIC quantification feature was released.

Finally in the last months of my PhD, Proline 20 gains the ability to perform label-free quantification on TimsTOF Pro data thanks to a new data converter developed by David Bouyssié of the IPBS in Toulouse in the framework of ProFI. Indeed, the main limitation of using Proline on TimsTOF Pro's data was related to peak list format in relationship to the PASEF acquisition mode. In view of these latest developments, I treated again datasets previously used to perform comparison of data treatment solution including Proline.

1) Benchmarking of SpectroMine (Biognosys), Proline and MaxQuant on ddaPASEF data

SpectroMine is similar in its interface to Spectronaut, another software from Biognosys, which is dedicated to treat DIA data and is already well implanted into our lab. Both are using the same search engine, called Pulsar, and possess an impressive number of useful data visualisation and data export tools. As SpectroMine was supposed to give impressive results in identification, we decided first to compare it with MaxQuant, and Mascot (Matrix science) combined with Proline 20 for protein identification on a UPS1 range spiked in a constant background of Arabidopsis thaliana acquired in ddaPASEF mode. As expected, the number of Arabidopsis protein is constant over the whole range for each solution. The couple Mascot + Proline identified on average 2406 proteins, MaxQuant 2901 that is 17% higher and SpectroMine 3118 that is 7% higher than MaxQuant. This result is quite surprising as in opposition with MaxQuant, SpectroMine does not possessed an algorithm equivalent to the MBR. It is also important to precise that Proline equivalent the cross assignment is used only at the level of protein label-free quantification and not at the level of protein identification. However, the gap is widening exponentially at the PSMs level where SpectroMine is well ahead. On the vast majority of proteins i.e. the Arabidopsis protein background, SpectroMine obtains better results in comparison with the other solutions. However, what about protein traces in a complex background? The number of UPS1 proteins and PSMs identified were investigated and are displayed in Figure 100. In terms of proteins identified, the three workflows are equivalent at 5fmol. From 2.5fmol Mascot + Proline results start to decrease. From 250amol, the three workflows are not able to identify all UPS1 proteins anymore. Then, from 125amol SpectroMine starts to exhibit lower performances than MaxQuant. Finally, at 25amol, Mascot + Proline can identify 8 UPS1 proteins against 17 for SpectroMine and 28 for MaxQuant making MaxQuant the most promising software to work on protein traces.

However, at the level of PSMs the trends are not the same. SpectroMine is far ahead in comparison with others as for the Arabidopsis proteins. Mascot + Proline presents higher number of PSM than MaxQuant above 1.25fmol. Under 1.25fmol, MaxQuant recovered more PSM except at the lowest point were both MaxQuant and Proline returned equal numbers.

In conclusion, SpectroMine identifies more total proteins. It also identifies more PSMs on abundant and low abundant proteins than the other two workflows with parameters that are as equivalent as possible. At the UPS1 proteins level, SpectroMine and MaxQuant perform equally well and identify more proteins. At 125amol and below, MaxQuant performs better than SpectroMine at the protein level. The combination of Mascot and Proline performs not as good than MaxQuant and Spectromine for the identification of proteins and PSMs. However, this solution remains by far the fastest.

Based on these results, the next step was to evaluate the same data processing solution on the same dataset but for protein quantification.

b) Label-free XIC-MS1 quantification performances

We evaluated the number of proteins quantified from MaxQuant LFQs, MaxQuant raw intensities, i.e. without normalisation, and SpectroMine PG.Label-free Quant.

Recently, we have completed this comparison with Proline abundancy values. We used the MBR and its equivalent in Proline, the cross-assignment (CA). We then applied our 3/3 and CV < 20% filters. As for identifications, we first evaluated the results obtained on the constant background of Arabidopsis thaliana proteins as illustrated in Figure 101. Without filtering, Proline and SpectroMine can quantify slightly lower number of proteins, as they are able to identify. In contrast, MaxQuant's LFQ, which has an additional filter due to the minimum ratio count parameter of two, returns significantly fewer proteins quantified than identified. SpectroMine has the highest number of Arabidopsis proteins quantified with an average of 3071 proteins quantified compared to 2273 for Proline and 1644 for MaxQuant. We can also note that Proline and MaxQuant Raw intensities present the lowest standard deviation, followed by MaxQuant LFQ and SpectroMine.

After applying the 3/3 filter, SpectroMine, Proline and MaxQuant intensity remain well ahead of MaxQuant LFQ. The loss due to the 3/3 filter is in the same range of 200-300 proteins for each data treatment.

The CV filter drastically reduces SpectroMine's results to an average of 668 quantified proteins, a loss of 78% of the originally quantified proteins. MaxQuant LFQ allows the quantification of approximately 1092 proteins after application of the filters, i.e. a loss of only 34% of the proteins initially quantified. Finally, Proline enables the quantification of an average of 1363 proteins, i.e. a loss of 40%.

In the end, Proline was the most robust in quantifying proteins followed by MaxQuant and then SpectroMine. Although SpectroMine allows more proteins to be quantified before filtering, our results illustrate that most of the signals used are of lower quality compared to Proline and MaxQuant. The results obtained with MaxQuant LFQ and Proline tend to show similar behaviour when subjected to our filters. Therefore, it is legitimate to ask whether the difference between them is only related to the additional filter in MaxQuant with the minimum ratio count of two or whether other parameters are at play. That the reason why we have added in Figure 101.B the results obtained with MaxQuant raw intensities, i.e. without the application of the minimum ratio count threshold and the LFQ normalisation. The results obtained are very similar to those obtained with Proline with any level of filtering. On average, 1327 proteins are quantified after applying all filters. Therefore, we can say that the difference between the results obtained with MaxQuant processing based on LFQ intensities and Proline comes mainly from the minimum ratio count. In the end, Proline and MaxQuant with the treatment on raw intensities return equivalent numbers of protein quantified after application of the filters with an average of 1363 proteins against 1327.

Then, we evaluated the same parameters but on UPS1 proteins, as displayed in Figure 102, to evaluate the efficiency of each solution to quantify protein traces in a complex background. We observed the same trends as for the Arabidopsis thaliana protein background with a drastic decrease in SpectroMine performance when applying the CV filter. Even at the highest point, SpectroMine can only robustly quantify 13 UPS proteins, compared to 36 for MaxQuant LFQ, 41 for MaxQuant raw intensities and 45 for Proline.

Removing the minimum ratio count threshold in MaxQuant by using raw intensities instead of LFQ intensities increases the number of proteins quantified, making the results at each filter level very similar to those obtained with Proline, except for the points at 250amol and below where MaxQuant's raw intensities return slightly higher numbers than Proline.

We now know that SpectroMine quantifies much less protein than MaxQuant, mainly because of the CV filter. Indeed, in the version of SpectroMine used for these data treatments, no normalisation was yet implemented. Following on from these initial findings, we investigated whether the variability of the quantities determined by SpectroMine could affect the accuracy and precision of its quantification. Subsequently, the accuracy and precision of the quantification of Proline was also assessed. To do this, we plotted the calibration curve for UPS1 proteins as shown in the following Figure 103. Each of the curves is linear up to the point at 125amol. Surprisingly, the treatment of the raw MaxQuant intensities shows better linearity than that based on LFQ intensities. In addition, the points appear to be slightly more dispersed despite the LFQ normalisation, especially for the lowest spike points, i.e. the highest fold changes. Proline gives the best linearity followed closely by MaxQuant processing on the raw intensities. However, both SpectroMine and Proline show an underestimation of the protein amounts, which seems to increase as the amount of UPS protein added decreases. For Proline, we repeated the same analysis but without using the crossassignment, the tendency to underestimate the intensities of low abundant proteins remained although this effect was slightly less pronounced (Results not shown).

In conclusion, SpectroMine shows promising results for protein identification. It is also easy to use and has very useful graphical data visualisation tools. In terms of quantification, however, SpectroMine still seems to have room for improvement, especially in terms of reducing the CVs of intensities and improving the accuracy of quantification. One way to improve the software could be to add an algorithm equivalent to MBR, add an intensity normalisation step and use the ion mobility data more efficiently in signal extraction or normalisation. Based on our results, we decided to continue using MaxQuant to process our label-free quantification data during my thesis. Nevertheless, we kept an eye on the evolution of SpectroMine which still gives very promising results in identification and whose interface offers many more options for data visualisation. As a reminder, at the time of the initial comparison between SpectroMine and MaxQuant, Proline was not yet capable of performing label-free quantification on data from TimsTOF Pro.

For Proline, the quantification looks promising as it is one of the very first tests using the new TimsTOF Pro data converter. Proline gives satisfactory results for protein identification. For the quantified protein numbers, the first results are very encouraging and equivalent to the MaxQuant treatment on the raw intensities before and after applying the quality filters. However, we observed that like SpectroMine, Proline suffers from an underestimation of the quantity of proteins, particularly on low abundance proteins. Proline gives the best linearity and the lowest point spread of the three evaluated. In addition, Proline remains very fast compared to the other software, both for identification and quantification, making it a tool of choice, for example, for monitoring the daily performance of instruments. In the future, one way to improve the processing of Proline data will be to use information from the additional dimension of ion mobility, which is not yet exploited.

2) Benchmarking of four data treatment software supporting ddaPASEF data for XIC label-free quantification

We did a repeat comparison of MaxQuant and SpectroMine several months later with a different dataset and the addition of Peaks studio software. Recently, as in the previous section, I added the Mascot + Proline workflow for label-free quantification to this comparison. We worked on the dataset we generated for the benchmark of S- The parameters of all software were set as equivalent as possible with an FDR of 1% at the protein, peptide and PSM level. We compared the different software for protein identification, label-free quantification with and without the addition of our quality filters. The results are displayed in Figure 104. Each software possesses its own specificities, which is the reason why we made different data treatments with MaxQuant and Proline to have the nearest parameters possible to do the comparison between the software as fairly as possible.

First, we compared the results obtained with MaxQuant with the different parameter sets on the raw intensities and LFQ data. As expected, MBR slightly increases the number of identified and quantified proteins. In addition, LFQ normalisation has a significant impact on the protein intensity CVs allowing more than 2000 proteins to be quantified after the application of quality filters for the highest points.

SpectroMine, Peaks and Proline do not, to our knowledge, use a filter such as the minimum ratio count. SpectroMine does not have an MBR either. However, unlike SpectroMine v2.0 used in the previous section, SpectroMine v2.5 uses intra-and intercondition intensity normalisations. With regard to protein identification, SpectroMine still outperforms MaxQuant and Proline with and without MBR. However, it is slightly worse than Peaks, which has the original feature of adding a de novo search to the classical search using a protein database.

SpectroMine quantifies the largest number of proteins before the application of quality filters. It should be noted that the SpectroMine data processing and MaxQuant raw intensities show a similar number of proteins identified and quantified before the application of the quality filters as seen in the previous section. However, in the previous section, this was also the case for Proline and we can observe that this is less the case on this dataset.

After applying the filters, we can see a clear improvement in the SpectroMine results compared to what we obtained in the previous section on the UPS1/Arabidopsis range.

In this range, we lost 78% of the quantified proteins with SpectroMine 2.0 but here with version 2.5, on the highest point of the range, we lose only 55% after applying the filters. Furthermore, the distribution of quantified proteins after filtering is similar to that of MaxQuant's LFQs showing here the impact of intensity normalisation.

On this dataset, the highest numbers of protein quantified after application of the quality filters are obtained with MaxQuant's LFQ, but SpectroMine made clear progress and is now only slightly behind. Due to lack of time, we did not retreat the UPS1/Arabidopsis range with the 2.5 version of SpectroMine but it would be very interesting to do so to observe the change between the two versions on a same dataset and to see if the improvement of the intensities normalisation reduced the quantification underestimation we observed with the 2.0 version.

Peaks exhibits the best performances for protein identifications. It is probably helped by its MBR equivalent and the fact it is performing an additional de novo search. However, we can observed an important gap between the number of proteins identified and quantified without filtering. This gap is a similar trend with MaxQuant's LFQs linked to the minimum ratio count. However, it seems that their origins differ as the minimum ratio count is acting like a quality filter reducing the losses linked to the 3/3 and CV filters. Nevertheless, in Peaks after the application of the 3/3 and CV quality filters, we again observed a drastic decrease of the number of proteins quantified. Moreover, Peaks does not possess an intensity normalisation algorithm. It is clearly visible after application of the quality filters as Peaks results present the same trends than MaxQuant's raw intensities after filtering. With the limited information available, we have the impression that Peaks has difficulties extracting signals from the MS1 spectra to perform label-free quantification.

With regard to the addition of a de novo search step, it is interesting to note that, like Peaks, the most recent version of MaxQuant (2.0.3.0) is also starting to offer this type of functionality. We tried to analyse our dataset with this version of MaxQuant using the additional de novo search and without using it. We did not observe any change in the size of the result files, with the exception of the accumulatedMsmsScans.txt file, which contains new information related to the additional de novo search. However, from what we have seen, it appears that this feature is still under development.

Another point to note is that Proline also offer different tools to normalise its abundancies. We quickly evaluated the impact of some of those options as shown in Table 12. The "no normalisation" results are obtained on the data treatment we detailed until here which does not used any normalisation. Using the exact same data treatment, we applied a normalisation at the level of peptides (Peptide Best Ion Normalisation) and another one at the level of the proteins (Protein Sum Normalisation). Moreover, Proline is not proposing only normalisation tools; it also provides different ways to go up from the peptide level to the protein level. That is what we tried with the last parameter. We set Proline to report a protein abundancy as the mean of its three most intense peptides and we applied a normalisation at the level of the protein. What we can see here is that the stronger the normalisation applied in Proline, the closer the results are to those obtained with the MaxQuant LFQ intensities.

However, care must be taken with the normalisation chosen and especially with the choice of abundancy inference between the peptide level and the protein level, as shown in our test using the average of the Top 3. Indeed, even if this parameter set allows to significantly reduce the CV of Proline abundances, this parameter can also affect the accuracy of the quantification. To assess this, I used exactly the same parameter sets, including the normalisation parameters, to reprocess the UPS range in the Arabidopsis background already presented in the previous section to assess the accuracy of quantification with the different normalisations. The results shown in Figure 106 are edifying. For each treatment, we observe an underestimation of the protein amounts, especially for the low amounts, i.e. the higher fold changes, as already shown previously. The normalisation that has the least impact on the accuracy of quantification is the normalisation at the peptide level. Normalisation at the protein level has a slightly greater impact. Finally, it is the use of the Top 3 average for protein inference in addition to protein level normalisation that shows the most significant differences with the original data treatment, which uses the best ion for protein inference without applying normalisation. For each normalisation, we observed a more or less significant decrease in linearity. What we illustrate here is that by using normalisation in Proline, we are able to increase the number of quantified proteins somewhat in a robust manner. However, it is important to keep in mind that we need to find the right balance between reducing CVs and accuracy of quantification as illustrated by our condition playing with inference, which distorts quantification by further amplifying the phenomenon of underestimating protein amounts.

In conclusion, each software has its strengths and drawbacks. Peaks returns the best results for protein identification. SpectroMine gives the highest number of quantified proteins before filtering and shows interesting improvements after applying the quality filters compared to our previous tests on its version 2.0. Finally, MaxQuant using MBR and LFQ gives the highest number of quantified proteins after applying the quality filters. Proline here shows similar trends to MaxQuant allowing the quantification of slightly fewer proteins for each filter level. Some of these results will be used in a publication to be submitted to the Journal of Proteomics. We also used this dataset to make a first assessment of the impact of different levels of normalisation in Proline and the role of protein inference in reducing CVs of abundances and accuracy of quantification.

However, at the time of our initial test, all these software packages were only compatible with DDA data and MS1-XIC quantification has its own limitations. It is a stochastic approach to fragmenting only a subset of the ions entering the mass spectrometer. For this reason, new acquisition methods have been developed such as DIA and, for the TimsTOF Pro, diaPASEF. However, the processing of DIA data is completely different from that of DDA data due to their completely different approaches. For this reason, we evaluated the Spectronaut software, which, like SpectroMine, is developed by Biognosys but for processing DIA data. In the last few months of this thesis, version 2.0 of MaxQuant was released. The MaxDIA function has been added to process data from DIA acquisition, including BoxCar and diaPASEF.

B. diaPASEF data processing 1) Spectronaut (Biognosys)

Spectronaut was the first software able to treat diaPASEF data. As SpectroMine, it is using the Pulsar search engine. It offers two kinds of approaches to treat DIA data. A peptide-centric approach using spectral libraries generated from DDA analyses to query for the presence of peptides in the data and a spectrum-centric approach called DirectDIA that generates pseudo-MS2 spectra from DIA MS2 spectra. Those pseudo-MS2 spectra can then be submitted for a database search using classical search engines such as Pulsar.

Among the big advantages of the spectrum-centric approach is the gain of time brought by the fact that it is not needed to generate a specific spectral library. The data treatment is also not limited anymore by the spectral library size and content. However, the signal extraction from MS2-DIA spectra remains tedious due to the spectra multiplexing and the loss of the link between precursors and fragments. Nevertheless, the TimsTOF Pro has there a card to play, thanks to its speed and as it generates cleaner spectra thanks to the dilution of the noise occurring during the ion mobility separation. Those cleaner spectra could help in reducing the number of false positive spectra possibly coming from that noise. Moreover, Spectronaut is evolving quickly, and many improvements have been made since the last evaluation we have done in the lab and especially the work done by Nicolas Pythoud during his PhD.

To evaluate Spectronaut on diaPASEF data, we used a range of UPS1 proteins spiked in a constant background of 200ng of Arabidopsis thaliana proteins with the addition of iRT peptides (Biognosys). We generated a spectral library from an in-gel fractionated sample of Arabidopsis thaliana with the addition of iRT peptides and DDA analysis of the highest point of the range to get the UPS1 proteins in the spectral library. The spectral library was also generated thanks to Spectronaut. We made searches with peptide-centric and spectrum-centric approaches. We first looked to the results we obtained from Arabidopsis proteins displayed in Figure 107. Regarding Arabidopsis proteins, we were able to quantify an average of 3423 proteins with the peptide-centric approach and 3031 with the spectrum-centric approach.

Regarding peptides, a mean of 17934 peptides were obtained for the peptide-centric approach and a mean of 17321 peptides were obtained for the spectrum-centric approach. That means that a lower number of proteins are inferred from an equivalent number of peptides. We continued our investigation by looking at the level of the UPS1 proteins as displayed in Figure 108. With the peptide-centric approach, we were able to recover the 48 UPS1 proteins down to 1.25fmol. With the spectrum-centric approach, we recovered them down to 250amol. At the lowest point, with the peptide-centric approach 25 UPS1 proteins were quantified against 43 for the spectrum-centric approach. At the level of peptides, the spectrum-centric approach returns around 100 supplementary peptides for every point compared to the peptide-centric approach. Those results are surprisingly in contradiction with the results obtained on the Arabidopsis proteins. It tends to indicate that the spectrum-centric approach is more efficient on protein traces than the peptidecentric one. Then, we evaluated the precision of the quantification offered by both approaches. We generated the calibration curves as shown in Figure 109. The proteins calibration curves exhibit similar trends with a small underestimation of protein quantities at 250amol and below with an important stall at 25amol. The values dispersion appeared similar between the two approaches but with a higher density for the spectrum-centric approach due to the higher number of proteins quantified at the lower points. We recover the same trends at the peptides level.

To conclude, Spectronaut can treat diaPASEF data thanks to peptide-centric and spectrum-centric approaches. The peptide-centric approach allows recovering more proteins from the total sample whereas the spectrum-centric approach seems to be more efficient on low abundant proteins. Both approaches show a slight underestimation of protein quantities between 150 and 250amol with an important stall at 25amol. They also exhibit similar quantification dispersions. DiaPASEF methods are quite new, and we can hope further improvements in data acquisition and data treatment in the future. Still, it appears that on diaPASEF data both peptidecentric and spectrum-centric approaches can be considered as they offer similar performances.

To conclude this part on data treatment, I would like to open the discussion on future perspectives offered by ion mobility data and especially CCS data treatment. At the beginning of this work, there were discussions between researchers about how to exploit better the ion mobility dimension and especially the CCS values. At that time, first ways were evocated for lipidomics 383 thanks to the generation of CCS libraries and the development of machine learning on those data. Today, those developments are emerging in proteomics allowing the development extensive peptide's CCS databases which could be used to develop machine learning algorithms to predict peptide properties based on their sequences 384 . This could help for example for diaPASEF MS2 spectra interpretation thanks to spectrum-centric approaches. It could also be useful for databases which do not contain CCS information but from which the CCS values could be predicted to be used for targeted studies on mass spectrometers including an ion mobility dimension. In the long term, these algorithms could make it possible to improve the scores used for searches using databases, for example for biological questions needing large research space like for metaproteomics projects.

2) MaxDIA

The initial publication regarding MaxDIA 18 was released in July 2021 during the writing of this manuscript. Due to time constraints, only a preliminary evaluation of MaxDIA could be performed on the data of the first UPS-Arabidopsis range injected in diaPASEF with OtofControl and the published diaPASEF method. This same dataset was used for the evaluation of Spectronaut using the spectrum-centric and peptidecentric approach in the previous section. Like Spectronaut, MaxDIA offers a peptidecentric approach and a spectrum-centric approach called "discovery mode". This mode uses libraries generated in silico. A certain number of these libraries have been made available to a dozen reference organisms. Unfortunately, Arabidopsis thaliana is not yet part of this list. Therefore, we limited ourselves to testing the spectral library generation and MaxDIA analysis by peptide-centric approach.

We first generated the spectral library through a "classical" analysis of ddaPASEF data in MaxQuant using the same data as used for the generation of the spectral library in Spectronaut. We used two injections of the highest point of the UPS range and the injection of an Arabidopsis thaliana sample split into 25 bands after gel migration.

We performed the analysis of the diaPASEF data using the default MaxQuant parameters, except for the following parameters: LFQ intensities were generated, only one maximum missed cleavage was accepted. Only unique peptides were used for protein quantification. Peptides with modifications were not considered for quantification either, except for cysteine carbamidomethylation. The minimum number of unique peptides was set to one and the MBR was not used in this first test. Again, in order to make a first quick evaluation of MaxDIA, we applied our 3/3 and CV filters of intensities < 20% usually used on DDA data. Those results are similar of those obtained on the same sample but acquired in ddaPASEF before the application of the filters and treated in MaxQuant shown in Figure 102. A small difference should be noted, however. The ddaPASEF analyses had benefited from the MBR unlike the diaPASEF analyses presented here. On the raw intensities, even after applying the quality filters, we do not observe significant differences between the results obtained in ddaPASEF and diaPASEF. On the other hand, at the level of LFQs we observe a difference after the application of the CV filter with a gain in favour of diaPASEF for all spiked points except 25amol. We noticed a gain between 4 and 10 UPS proteins. If we compared those results to those obtained with Spectronaut using the peptide centric approach on the same dataset as displayed in Figure 108, we quantified the same number of UPS proteins on raw intensities before the 3/3 and CV filtering. For Arabidopsis proteins results presented in Figure 111, if we compare with the same range injected in ddaPASEF (Figure 101), before application of the quality filters, we observe a gain of about 400 proteins on the raw intensities and more than 650 proteins on the LFQ. After application of the filters, however, there is a minimal gain of 50 proteins on the raw intensities, whereas on the LFQs there is a gain of more than 750 proteins on the diaPASEFs. Comparing these results before the application of the filters with those obtained with Spectronaut (Figure 107.A), there is a difference of 537 proteins in favour of Spectronaut compared to the raw intensities and 1098 proteins compared to the LFQ. Finally, the last step of this test was to verify the accuracy and precision of the quantification allowed by MaxDIA on diaPASEF data. The results of this evaluation are presented in Figure 112. Firstly, as in DDA, the linearity of the quantification is lost for the lowest point of the range at 25amol. That said the loss of linearity that is not shown here is much less violent than on DDA data, especially on raw intensity. Again, counter-intuitively, we note a slightly better linearity on the raw intensities compared to the LFQ. We also note that the accuracy of the quantification is good on both raw intensities and LFQs. We note a slight overestimation of the protein quantities at the level of the least intense points, i.e. with the highest fold change on the raw intensities.

At this stage, we can confirm the gain brought by the diaPASEF acquisition in comparison with the ddaPASEF acquisition after processing all the data in the MaxQuant ecosystem. This confirms the results we already obtained with diaPASEF using Spectronaut, which in our tests allowed us to quantify more proteins than MaxDIA on the same dataset. However, it is important to note that the MaxDIA results presented here were a first attempt; the parameters were not optimised and did not use the MBR. A more in-depth comparison should now be carried out between MaxDIA and Spectronaut using parameters that are as equivalent as possible and using the same spectral library for both analyses. Indeed, it is important to differentiate the potential gain bring by the latter since for each of the analyses presented in this manuscript, it is the spectral library generated from the data treatment software that was used. Furthermore, it would also be interesting to take advantage of this comparison between Spectronaut and MaxDIA to add also DIA-NN, which, like MaxDIA, is free but is also open-source.

Part V: Application of methodological developments to answer biological questions

One of the objectives of this thesis was to develop the methodology of each step of the quantitative label-free analysis of proteins using bottom-up proteomic approaches. The medium-term objective is to use these developments in the framework of collaborative projects to provide increasingly precise and reliable answers to biological questions. During this thesis, I had the chance to participate in some of these projects. Two of them were based on the analysis of isolated protein complexes by coimmunoprecipitation (co-IP) to identify or confirm the identity of interacting proteins. The last one aimed at evaluating the impact of nanoparticles (NPs) of medical interest on certain human cell lines based on proteomic and transcriptomic studies.

Chapter 1: Study of protein-protein interactions by mass spectrometric analysis of immunoprecipitated complexes

This first chapter will focus on two projects for which co-IP analyses were carried out. These two projects were very different in their problematics and implementation.

Phenotype expression relies among other things on proteins, their nature, their number, their location, their modifications, their interactions, and their regulations. The complexity of protein network at the origin of metabolism is the consequence of the combination of different complexity strata originating from DNA level, RNA level and protein level. It is today well known that one coding gene is not equal to one mRNA that is not equal to one protein 385 . Moreover, a protein alone has limited interest in biology. It is their interactions leading to functions, which allow us to understand the mechanisms behind phenotypes. This is why the study of protein complexes, or the study of protein-protein interactions is particularly important.

There are several ways to study protein-protein interactions between endogenous proteins. Some techniques rely on fluorescence, such as fluorescence resonance energy transfer (FRET) or bimolecular fluorescence complementation (BiFC). These techniques allow the identification of interactions between a small number of interactants in a single experiment, making them low-throughput techniques. On the high-throughput side, yeast two-hybrid screens (Y2H) can now be applied to different cell types, not just yeast. It allows the identification of the interaction between two proteins through genetic engineering. These assays can be multiplexed to achieve high throughput [385][386][387][388] .

Other common high-throughput techniques are based on mass spectrometry analyses. MS-based workflows for interactome profiling can be categorised into targeted (AP-MS, proximity tagging) and untargeted (XL-MS, CoFrac-MS, TPP, full proteome covariation MS) acquisition strategies. 387 Co-IP belongs to affinity purification. This type of analysis uses an antibody to capture a target protein (or bait protein) and all the proteins that have a direct or indirect physical interaction with it named interactants (or prey proteins). Another approach used to study in vivo protein-protein interactions is proximity labelling which associates the target protein with an enzyme that will label each protein in the proximal environment of the bait such as BioID.

As each protein possessed its own physicochemical properties, historically it has been difficult to design a "unique" protocol allowing to catch them all 389 in a specific way. This has been made possible by protocols relying on immunoaffinity such as co-IP and therefore those protocols are plebiscites 390,391 . They rely on the capture of bait protein thanks to a specific antibody. That bait will drag its interactants with it and then extended washing steps are added to remove non-specific protein binding as illustrated in Figure 113. Immunoprecipitation protocols optimisations are time-consuming, tedious and their quality is critical to allow the isolation of protein complexes while preserving partner interactions that are transient and often labile. Their success is highly dependent on the specificity and efficiency of the antibodies, which can be affected by a change in configuration in response to post-translational modification or interactions with other proteins in vivo. In addition, the experimental conditions will influence the efficiency of the cell lysis and protein complex purification steps. Another key objective of any co-IP experiment is to minimise the risk of identifying non-specific interactors. This is the main reason why controls are crucial for their proteomic analysis. Those unspecific interactions can have different origins 391 : → Proteins in the sample can aggregate due to various environmental factor and sediment in parallel of the target.

→ Proteins can bind to the support matrix thanks to unspecific interactions.
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→ Insufficiently stringent washing conditions can lead to the remaining presence of abundant proteins.

→ Remaining crude antibody in case of indirect IP.

→ Classical human protein contaminants originated from the manipulator such as keratins contained in skin or hair, or proteins added during the sample preparation such as trypsin 211 .

When the experience is successful, it will generate a list of candidate proteins, which will need to be validated by the biologist thanks to various biochemical or molecular biology technics.

A. Mass spectrometry analysis of an immunoprecipitated protein complex involved in cholesterol accumulation in late endosomes/liposomes

This project was carried out in collaboration with Dr Philippe Boucher and his students Dr Magalie Lambert and Sara Awan a PhD student, (University of Strasbourg, UMR-S INSERM 1109). The analytical goal was to identify and quantify the interactome of two proteins known to play a role in cholesterol metabolism in mammals and involved in the development of atherosclerosis.

According to the WHO, in 2019, the two leading causes of death worldwide were ischemic heart disease and stroke, both of which can result from atherosclerosis. Ischemic heart disease alone accounts for 16% of deaths worldwide while stroke accounts for 11%. Furthermore, ischemic heart disease is the fastest growing cause of death in the last 20 years, with 2 million deaths in the 2000s compared to 8.9 million deaths in 2019. Atherosclerosis is therefore an important public health issue and a better understanding of the mechanisms involved could help to prevent it or develop ways to combat it.

1) Biological context: cholesterol and atherosclerosis

Atherosclerosis is an extremely complex disease and part of its mechanisms are still unknown. In the next part, a succinct description will be presented. However, it should be kept in mind that the following part is only a small glimpse of how the disease works to provide a good understanding of the project. This description is simplistic in the face of the complexity and multiple causes associated with this disease.

The link between total cholesterol levels and the incidence of cardiovascular disease is known since the 1950's. Atheroma can form when the inner cell layer of an artery, the endothelium, is damaged. LDL particles can then seep in and accumulate between it and the second layer of the artery. Lipoproteins are vesicles formed by a monolayer of phospholipids containing cholesterol and apolipoproteins. Inside these vesicles are hydrophobic molecules such as triglycerides, esterified cholesterol, and hydrophobic vitamins. The function of LDL is to deliver cholesterol to the cells, while the function of the high-density lipoprotein (HDL) or the "good cholesterol" is to deliver this cholesterol to the liver for elimination.

A quantity of HDL in the blood, that is higher than the quantity of LDL, therefore has a protective effect against atherosclerosis by preventing the accumulation of cholesterol in arteries 395 .

When the LDLs accumulate under the endothelium, the body will react by sending effector cells of the innate immune system, monocytes that polarise into macrophage to clean up causing inflammation. However, when the quantity of LDL is too high, these immune cells will literally kill themselves at work, releasing cytokines, signal proteins, which will attract other monocytes. This creates a vicious circle causing a mixture of lipids and cellular debris that accumulate in the artery wall forming a cell foam typical structure. This accumulation will cause damage to the endothelium allowing the adhesion of blood platelets normally involved in blood coagulation. This attachment generates the release of growth factor favouring the development of smooth muscle cells, which will multiply between the two layers of the artery. These cells will secrete collagen and elastin fibres as well as calcium, which will crystallise. Normally, these calcium crystals are eliminated by the good cholesterol or high-density lipoprotein (HDL) but in the case of an atherosclerotic plaque, the collagen/elastin fibres and other debris prevent the HDL from accessing the calcium crystals, leading to their accumulation and therefore a stiffening of the artery. From time to time, the damaged endothelium may rupture that will cause a coagulation phenomenon and may lead to the formation of a blood clot.

This combination of phenomena can cause various types of damage. These include angina pectoris, myocardial infarction, stroke, the ischaemia i.e., interruption of the blood supply in oxygen, which can lead for example to gangrene or organ failure. An atheromatous plaque can create an aneurysm, i.e., a localized dilation of the wall of an artery leading to the formation of a pocket. The rupture of an aneurysm will cause the release of clots into the bloodstream that will block smaller arteries. This is what is called an embolism and can be fatal. An aneurysm can also cause a decrease in blood affecting the kidneys. This triggers the activation of the renal-angiotensin-aldosterone system, which compensates for this decrease by increasing the blood volume, thus triggering hypertension, which is itself a risk factor for atherosclerosis.
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2) Project goal and analytical strategy developed

As illustrated in the previous section, cholesterol plays a major role in the development of atherosclerosis. Whereas exogenous cholesterol uptake and endogenous cholesterol biosynthesis have been studied in detail, precise mechanisms of how cholesterol is transported inside the cells are poorly understood. This study focused on the alteration of cholesterol trafficking and especially its exit from lysosomes. We were particularly interested in the Wnt signalling pathway. Indeed, it has been recently reported that it is involved in atherosclerosis 396 . In mice, it also has been shown that the loss of function of Wnt co-receptor LRP6 causes artery disease 397 . In Human, mutations of that same protein affect the LDL clearance and internalization that leads to cardiovascular disease associated with hyperlipidaemia, diabetes, osteoporosis, and hypertension 398 . Finally, still recently, it has been shown that Wnt signalling promote resolution of atherosclerosis in mice and human although the implied mechanisms remain unknown 399 .

In the metabolic point of view, cholesterol uptake begins when LDL-derived cholesteryl esters are endocytosed into late endosomes/lysosomes (LELs) where they are hydrolysed into free cholesterol and fatty acids. Cholesterol export from LELs is thought to require two lysosomal proteins the membrane-bound Niemann-Pick C1 (NPC1) and the soluble Niemann-Pick C2 (NPC2) [400][401][402] . NPC1 transferred it to other cellular compartments such as plasma membrane where it plays an important role in membrane fluidity or in the endoplasmic reticulum where the regulation of cholesterol synthesis occurs. It has been shown that mutations of those two proteins, NPC1 and NPC2, lead to a cholesterol accumulation in the LEL which can leads to atherosclerosis 403 . However, another study suggests that the cholesterol transfer from NPC2 to NPC1 is not direct and that other component are implied 401 . However, whether other proteins regulate NPC1/NPC2 functions is still unknown.

Surprisingly, our collaborators found that Wnt5a specifically co-immunoprecipitates with NPC1 and NPC2. In this context, the role of the proteomic study was to assess whether the proteins NPC1, NPC2 and Wnt5a, which appear to be involved in the same metabolic way, interact and to identify new protein partners of these complexes, proteins that may have a role in the cholesterol accumulation or signalling pathway. To answer this question, our collaborators prepared co-IPs targeted the NPC1 and NPC2 proteins. The initial goal was to perform a differential analysis of the IPs and their respective controls.

Unfortunately, we were confronted with a certain number of difficulties. Firstly, the IPs were difficult to prepare due to various problems such as the antibody selectivity, problems in cells transfection, different batches of cells among others. Then, the preparation of the IPs replicates was interrupted by the first confinement linked to the COVID. As a result, the different replicates were prepared several months apart from different cell cultures. Finally, the gels were unfortunately damaged during their transport, causing a strong degradation of two out of the five initially prepared. The five gels received were nevertheless cut as best as possible and the proteins were reduced, alkylated, and digested with trypsin before being analysed in DDA mass spectrometry on a nanoElute-TimsTOF Pro coupling.

3) Study results and discussion

Label-free quantification and differential analysis were tried without success due to the poor reproducibility of the samples. Consequently, we performed only a qualitative study.The results obtained shown in Table 13 will be valorised in a publication currently in revision in the journal Circulation research, which can be found at the end of this section. We were able to identify significant numbers of NPC1, NPC2 and Wnt5a peptides in the two co-IPs.

Table 13: Molecular weight and average total number of identified PSMs for three biological replicates for the two target proteins NPC1 and NPC2 and the protein of interest Wnt5a.

However, those results are to put in perspective with the controls whose results are presented in Figure 114. It is important to note the significant presence of NPC1 and Wnt5a in the IP NPC1 compared to the IP control NPC1. In contrast, the presence of NPC1 in the IP NPC2 does not appear to be significant, whereas it is for NPC2 and Wnt5a compared to the IP control NPC2. Furthermore, the total number of proteins identified in the IPs and Part V: Application of methodological developments to answer biological questions Chapter 1: Study of protein-protein interactions by mass spectrometric analysis of immunoprecipitated complexes 214 controls remains very high with approximately 2000 proteins identified in the IPs and 1500 in the controls. This is important to consider as it shows the presence of a significant number of non-specific proteins. Therefore, the protocols for these two IPs could probably be optimised, for example by adding more washing steps to reduce the number of non-specific proteins recovered in order to perform a quantitative study.

The data generated by mass spectrometry analysis suggest that Wnt5a forms a complex with NPC1 and NPC2. Those results reinforced the conclusion of the other experiences based on immunostaining and immunofluorescence, immunoblotting, lipids and sterol analysis among others presented in the publication and presenting Wnt5a as an interactant of NPC1 and NPC2 as shown in Figure 115. To conclude, this study allowed revealing a new function of the Wnt5a protein that plays an essential role in cholesterol homeostasis in vivo. The proteomic analysis carried out in this project provided qualitative information allowing the validation of known interactants and giving leads for the search of potential partners of these protein complexes.
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B. Analysis in mass spectrometry of an immunoprecipitated protein complex involved in protein translation

This project was conducted in collaboration with Dr Marc Graille and Can Wang his PhD student from the Structural Cell Biology Laboratory in Palaiseau in France (Ecole Polytechnique, CNRS, UMR7654). Its goal was to confirm, thanks to co-IPs analysis in mass spectrometry, the interaction between the protein THUMP domain-containing protein 2 (THUMPD2) and the protein Multifunctional methyltransferase subunit TRM112-like protein (TRMT112) and to exclude their potential interaction with a third protein. As TRMT112 is known to be involved in ribosome biosynthesis in mammals and considering the similar methyltransferase activity of THUMPD2, this experience is a first try to explore the possibility that THUMPD2 is also implicated in this metabolic pathway.

1) The ribosome and protein translation

The ribosome is an assembly of two subunits composed of ribosomal RNA (rRNA) and proteins. In eukaryotes, the ribosome is composed of a large 60S subunit and a small 40S subunit defined by their sedimentation rate measured in svedbergs (S) 405,406 . This large subunit is itself composed of three rRNAs of 5S, 28S and 5.8S and proteins while the small subunit is composed of a single 18S rRNA and proteins. These rRNAs involved in the translation of messenger RNA (mRNA) into proteins, these same mRNAs being themselves the result of DNA transcription. It is during the translation step that the genetic code composed of four nucleobases (ATCG for DNA and AUCG for RNA) distributed in codons, consecutive sequences of 3 nucleobases, is translated in classically 20 distinct amino acids and 3 stop-codons. Ribosomes are found free in the cytoplasm of cells or at the surface of the rough endoplasmic reticulum giving it its characteristic appearance. Other ribosomes with a more prokaryotic structure are also found in the plastids (mitochondria and chloroplast) where they are responsible for the translation of mRNA from mitochondrial and chloroplast DNA. The translation of mRNAs into proteins is divided into three phases: initiation, elongation, and termination.

Briefly, during the initiation, the 40S subunit combines with initiation factors and a transport RNA (tRNA) corresponding to methionine anticodon. They will go through and scan the mRNA from the 5' to the 3' extremity. The tRNA will interact with a start codon AUG corresponding to the methionine amino acid. This interaction is promoted when the AUG codon is near a Kozak consensus sequence. Then, the 60S subunit is recruited to form the ribosome.

Then the second step starts, the elongation. The elongation is a cyclic step where tRNA corresponding to the codon read by the ribosome is recruited. The 60S subunit catalyses the formation of an amide liaison also called a peptide bond between the amine function and the carboxylic function of the two first amino acids localised in the site A and P of the ribosome. At this step, the amino acid chain is in the site A. Then the ribosome slides through the mRNA and the tRNA bringing the amino acid chain is now in site P. The deacylated tRNA is now in site E where it is released. In parallel, a new tRNA corresponding to the codon read in the site A is recruited and the cycle restart.
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When the ribosome arrived at a stop codon, the termination step begins. Different proteins called termination factors are recruited. They are implicated in the dissociation and the recycling of the ribosome as well as in the release of the amino acid chain generated.

The ribosome has a central role in all living organisms. However, all the mechanisms involved in its biogenesis, recycling, and regulation, and especially in the verification of its quality to prevent the generation of abnormal proteins, remain only partially understood, particularly in eukaryotes. What is well characterized, however, is that methylations, catalysed by methyltransferases, are one of the most commonly observed modifications of cellular components known to be involved in these mechanisms 407- 409 . Indeed, many rRNAs, tRNAs, ribosomal proteins and translation factors are methylated 410,411 . Furthermore, in yeast, several rRNA methyltransferases are known to be involved in ribosome synthesis as well as in translation fidelity [411][412][413] . In the frame of this collaboration, our team has been studying these methyltransferases for a long time and previous studies on yeast were conducted by Dr Nicolas Pythoud 414 . In this project, we were interested in humans and especially the methyltransferase THUMPD2. The THUMPD2 is a methyltransferase known to be involved in tRNA methylation.

2) Project goal and analytical strategy developed

The objective of this study was to identify the interactors of the THUMPD2 methyltransferase in human cells. The recombinant protein could be extracted using its FLAG-TAG and magnetic beads carrying anti-FLAG antibodies. The control was generated using a plasmid encoding only FLAG-TAG alone. The samples and controls were prepared in five preparation replicates. When we received the samples, the bait proteins were still attached to the magnetic beads. We therefore decided to proceed in the similar way than for the SP3 protocol to limit the number of sample preparation steps and thus avoid losing material.

The beads were washed with ammonium bicarbonate (ABC) and then directly insolution digested with trypsin/Lys-C. We decided to discard the reduction and alkylation step usually performed to avoid degrading the antibodies and so, limit their tryptic digestion. Indeed, the signals of the antibody's peptides, which is present in high amount, could hide low abundancy proteins. The beads and peptides were separated using a magnetic rack. Finally, the samples were analysed on a nanoAcquity-Q-Exactive HF-X coupling. The protein identification and quantification were realised in Proline studio using classical FDR of 1%.

Cross-assignment was not used. As a reminder, cross-assignment is used to assign an identification, and then to be able to proceed with quantification, of an MS1 signal that was not assigned to a peptide in one analysis because the MS2 signal was absent or of poor quality. In another analysis, processed in parallel, an MS2 signal allowed the identification of this peptide and therefore the identification can be transferred to the first run without a good MS2 signal. This feature is very important as it allows us to decrease the proportion of missing values in a dataset based on experimental data. Indeed, statistical proteomic analyses are not possible when missing values are present. However, cross-assignment does not have many criteria to check the quality of the transferred identification. The signal is transferred if the m/z and RT (and 1/k0

Part V: Application of methodological developments to answer biological questions Chapter 1: Study of protein-protein interactions by mass spectrometric analysis of immunoprecipitated complexes 217 on some instruments) meet a certain threshold. The identifications are then filtered using the FDR. The quality of the extracted signals is still subject to debate, although its use is now well accepted. However, the IP data is quite special because if an IP has worked correctly, we are supposed to have the proteins of our complex present in the IP and absent in the control in opposition of more classical sample were the protein background is mostly the same. If we apply cross-assignment to this type of data, we risk assigning an incorrect signal in the control, which could distort the statistical analysis. For this reason, we decided not to use cross-assignment in this project and to use only imputation to handle missing values.

Then the differential analysis was performed thanks to ProStaR 415,416 (version 1.22.6).

Proteins were filtered to keep only the ones with at least four out of five values in one condition. A VSN normalisation was applied followed by the det quantile imputation of both POV (Partially Observed Value) and MEC (Missing in the Entire Condition).

The statistical analysis was performed thanks to a Limma test comparing the IPs samples to the control samples.

3) Study results and discussion

The results of the differential analysis are described in Figure 116. With the application of an FDR around 1%, four proteins were detected to be differentially expressed between the two conditions. Two are localised near the p-value threshold and are probably linked to non-specific interactions and two are extremely differentially expressed. The total number of identified proteins was on average 625 in The fact we did not realise a reduction and alkylation step prior to the digestion did not have a critical negative impact on the digestion as the number of peptides with one missed cleavage represented on average 20% of the total number of peptides, which is in the classical range for proteomics projects.

In the end, only two proteins came out to be extremely differentially expressed between co-IP and control samples, namely THUMPD2 our bait and TRMT112 with p-values of respectively 1.75e -13 and 1.14e -11 . In view of these results, it seems to be confirmed that these two methyltransferases are true interactors. Moreover, our collaborator confirmed that those results are in line with their own results and seem to indicate strongly that there is no third protein involved in this protein complex. TRMT112 acts as an activator of rRNA, tRNA and protein methyltransferases. It is also involved in the pre-rRNA processing steps leading to small-subunit rRNA production [417][418][419][420][421] . Thanks to those results, our collaborators will be able to push forward their investigations around the methyltransferases THUMPD2 and TRMT112 in human to explore more precisely their respective roles in ribosome biogenesis.

C. General conclusion about the mass spectrometric analysis of immunoprecipitated complexes

To conclude, we have shown here two examples of proteomic studies based on coimmunoprecipitation samples. The initial goal of both studies was: identifying, quantifying, and conducting a differential analysis of the IP samples versus control samples. However, this kind of studies remains challenging especially at the level of the co-IP preparation. Even if the context was exceptional due to the COVID crisis, we were confronted in the first project to various difficulties leading to low quality results despite our efforts. Among them, we can cite problems of antibody selectivity, problems in cells transfection, the use of different batches of cells and problems of elimination of the proteins interacting in a non-specific way with the beads and antibodies. We also had problems in reproducibility due to the time between the different IP replicates preparation and the degradation of the gels during the transport. Consequently, protein quantification and differential analysis of quality was not achieved in this project. Despite everything, we were able to provide valuable insights based on the identified interactants, which reinforced our collaborators results.

On the other hand, the second project illustrates what can bring label-free proteomic analysis. Here, the results were of excellent quality due to a good repeatability between biological replicates of one condition and the reduced number of proteins dragged by non-specific interactions as illustrated in the volcano plot (Figure 116). The difference in p-value and fold change is drastic for the bait and only one other protein shows a similar trend. Moreover, our collaborator obtained results that were very consistent with our own ones, which was overall very encouraging.

To conclude, co-IP associated with mass spectrometry is a powerful tool. However, being able to obtain results of quality remains tedious as experimental conditions to isolate protein complexes need to be optimized for each bait. The bead digestion we used to prepare the THUMPD2 co-IP allowed us to prepare the sample more quickly by eliminating the protein concentration step in the SDS-PAGE gel. We also decided to remove the reduction and alkylation steps to avoid the presence of high amounts of antibody peptides in the sample without observing a high proportion of missed cleaved peptides, which could increase the sample dynamic range and hide low abundant proteins. Considering the success of this experience, this way to proceed could be used in the future for other projects.

Chapter 2: Evaluation of the impact of medically relevant nanoparticles (NPs) on the proteome of three immune cell types

This collaboration was carried out with Dr Alexandre Detappe and his PhD student Vincent Mittelheisser (ICANS, Strasbourg, France). This last project that I will present in this manuscript was undoubtedly the most difficult one that I had to carry out during this thesis. The aim of this project was to evaluate the evolution of the proteome of human immune cells after their contact with nanoparticles (NPs) of medical interest.

The first difficulty of this project was the small amounts of starting material that I could obtain to work with (≤ 2µg of proteins) because the number of cells our collaborators could extract by fluorescence activated cell sorting (FACS) from a blood bag was limited and even largely overestimated. The number of biological replicates was also a limiting factor as we got only three biological replicates per condition. Then, during the study, the high number of samples to process has added a second limiting factor.

A. Nanoparticles and their interest in medicine

Nanoparticles are defined by their size, which must be between 1 and 100 nm in all three dimensions according to the ISO (International Standard Organisation) TS 80004-2:2015 standard. They are usually composed of different layers with different compositions depending on the desired properties. The nanometric size, the high surface/volume ratio of NPs, their chemical complexity and their nature can give those magnetic properties, mechanical resistance, chemical reactivity, and thermal conductivity among others, which allow numerous applications in very varied fields. We can cite the fields of textiles, cosmetics, food, medical imaging, drug vectorisation, environment, electronics, chemistry, and construction, among others. But they can also be extremely interesting for nanomedicine and especially in oncology 422,423 :

→ They can drive active substances such as drugs to a specific location such as a tumour in the body to develop targeted treatments.

→ They can also be used in a targeted manner for medical imaging and especially IRM thanks to their superparamagnetic properties.

→ They can be used as therapeutics especially as a radiosensitising agent for targeted cancer treatment. For example, these nanoparticles will be composed in part of atoms with a high atomic number (Z). In combination with radiotherapy, they will allow a more extensive irradiation of the tumour to destroy it. In the 2000s, clinical studies were carried out on humans using metallic nanoparticles.

However, as for any therapeutic substance, it is necessary to evaluate its impact and notably its possible toxicity for the organism to define its benefit/risk balance. This subject is especially sensible for NPs as they are known to be potentially toxic since the end the 1990s. In France in 2006, the AFSSET (French Agency for Environmental and Occupational Health Safety) released a report about nanomaterial including nanoparticles and their effects on Human health.

Nanoparticles can enter the body through the lungs, the skin, the intestinal wall and by direct injection in the case of their use in medicine. Environmental nanoparticles are known to affect the cardiac, the respiratory and the reproductive 424 systems. Among the mechanisms of toxicity put forward, we can cite toxicity by direct interaction with the DNA or the cellular organelles involved in the cell cycle. NPs can also affect the redox balance leading to the formation of free radicals causing lesions to the DNA or altering its repair mechanisms. Finally, cytotoxicity can be linked to chronic inflammation because of the production of reactive oxygen species (ROS) after internalisation of the NPs in the cells. However, all NPs do not exhibit the same toxicity and some parameters are known to play a role in this such as their size, area, shape, structure that impact their reactive surface but also their numbers, solubility, composition and if they form ROS among others.

In this context, we studied several immune cell types, more precisely human lymphocytes, after their exposure to different nanoparticles of medical interest to characterise and quantify whether this exposure led to a significant modification of the proteome of those cell types. These cell types are of primary interest as they are part of the immune system and are involved in the fight against cancer. The fact that the NPs could affect negatively these cells would be a problem as it weakens the natural defences of the human body to fight back. On the other hand, it is also possible that NPs affect positively the immune system, as this last would recognise them as strangers to the organism and generate a stronger immune reaction, which would also fight against the cancer. In parallel to our work, the same samples were analysed to evaluate the impact of the NPs at the level of the transcriptome by the team of Dr Raphael Carapito (UMR-S INSERM 1109, Strasbourg).

B. Project goal and analytical strategy

Three phases composed this project. The first one consisted in preliminary study on one cell type with eight NPs and one control, each prepared in biological triplicates.

The second was an evaluation of the SP3 sample preparation on this kind of samples to evaluate the possibility to upscale the number of samples that can be processed in a single series. The last step was the final study with the analysis of three different isolated cell types brought into contact with nine NPs plus a control without NP, in biological triplicates. This last part alone represented 90 samples.

C. Preliminary study: stacking gel approach

This preliminary study was realised on Lymphocyte Natural Killer (NK) cells isolated by FACS from three donor's blood. Our collaborators incubated those cells with eight different NPs, then washed them with PBS 1X and pelleted them before bringing them to us. The control consisted in NK cells that had not been incubated with any NP. The samples contained 650,000 cells after FACS. The cells were suspended in 2% SDS, 62.5mM Tris-HCl pH = 6.8 buffer and sonicated in a water bath. It was impossible to use a probe sonication due to the reduced volume of samples (< 100µL). Then, the amount of proteins was evaluated using the DC protein assay from BioRad (Hercules, CAL, USA).

Regarding the protein assay results and the very low total protein amounts available, we had no choice but to work from 2µg of proteins as the normalized starting material for each sample. Indeed, for some conditions this was the maximum amount of proteins we had. The proteins were reduced, alkylated, and loaded on home-made stacking gels. We choose to use this protocol as we did not have sufficient experience with SP3 at that time. The gels were cut, the gel pieces washed and then proteins were in-gel digested with trypsin and peptides were extracted. The samples were analysed with a nanoAcquity (Waters) and a Q-Exactive HF-X (Thermo Fisher Scientific). The data treatment was realised using Mascot and Proline 20 for both the identification and quantification parts using classical FDR of 1% filters. The quantification was done without using the cross assignment (CA). We already explained in a previous part the risk associated with this kind of algorithm regarding the false attribution of signals. In the case of this project, we first tried to use CA, but we recovered aberrant p-value distribution as illustrated in Figure 118.A and Figure 119.A.

This differential analysis was realised in ProStaR 415,416 . After extended investigation, we noticed that this aberrant distribution was only observed on low differential conditions (all conditions except CNT, see Figure 118.D and Figure 119.D) and that it was related to the use of two parameters: the CA and the det quantile imputation of partially observed values (POV). For that reason, we did not used the CA and we used the slsa (Structured Least Square Adaptative) imputation instead of the det quantile imputation for the POV to recover a normal p-value distribution as illustrated in Figure 118 and Figure 119. The det quantile imputation will impute a same value to all the POV and/or MEC (Missing on an Entire Condition) in a dataset. This value is dependant of the entire sample. On the other hand, the slsa imputation is a regression-based imputation method, which accounts for a possible hierarchical design. It uses its nearest peptides to determine the value to impute to one specific POV. Consequently, each missing value will have its own value in opposition with the det quantile imputation. In a way, we can say that the det quantile approach is more deterministic whereas the slsa in more stochastic.

After the optimisation of the data treatment, the same parameters were applied for the entire study. For this first experiment, we obtained the Figure 120 and Table 14. In Figure 120, the volcano Plots obtained from the statistical tests realised on one condition which appears to present only slight differences and one that is highly differential compared to the control, are presented. In general, as displayed in Figure 121, most of the conditions appear to be only slightly differential at the exception of the CNT condition for an FDR around 1%. These first results including the lists of the differential proteins were submitted to our collaborator. Regarding those encouraging results, they proposed to redo an experiment with 9 NPs and one control, some already tested ones and some new, and this time on three different cell types from three donors. This represented in total 90 samples. With this cohort size in perspective, using the upper described stacking gel protocol, it would have represented 15 days of full time works only for the sample preparation. For this reason and regarding the development realised during my PhD, we decided to benchmark those samples with manual SP3 with the hope to cut the sample preparation duration needed in half.

D. Evaluation of SP3 relevancy for a large cohort of samples

As those samples were very precious considering their origin and the low protein amounts, we realised tests using the remaining samples from the first experiment. We made the test on one replicate of three conditions: the control, the Si-Gd condition that did not exhibit many differences in comparison to the control in the first experiment and the CNT condition, which was very different from the control. It is worth to notice that the CNT nanoparticles present a black colour whereas the other nanoparticles were not visible by eye. After the manual SP3 sample preparation, we obtained the samples as shown in Figure 121. Thanks to the CNT nanoparticles coloration, we observed that the SP3 protocol did obviously not allow removing them during the washing steps. As none of the nanoparticles used in this experiment were magnetic, we can emit the hypothesis that the nanoparticles bound to the proteins or to intact chromatin and were retained by the SP3 beads during the washing steps. It is already known in literature that proteins can bind to NPs and form a corona which comfort our hypothesis 425 . To remove them, a SPE clean-up step was added prior to nanoLC-MS/MS analysis while knowing that this additional step may contribute to sample loss. After the SPE step on the Bravo AssayMap robot, all the samples got a limpid colour without any traces of NPs, even in the CNT sample. After evaporation and suspension, the samples were injected in the same conditions than previously. The comparison of the numbers of proteins identified between the two sample preparation methods are displayed in Table 15.

Table 15: Numbers of proteins identified on a control and two conditions prepared in stacking gel and in manual SP3 followed by automated SPE clean up.

We observed a decrease of in average 316 proteins, 1506 peptides and 2091 PSMs identified. This difference can be linked to different factors: i) the additional freeze/thaw cycle, ii) peptide losses and especially the hydrophobic peptides due to the additional SPE step as illustrated by the chromatograms displayed in Figure 122. iii) the nLC-MS/MS coupling was not in the exact same state as those experiences took place at different times. Regarding those results and the drastic gain of time brought by SP3, even with the addition of the SPE step, we decided to prepare the next sample batch in manual SP3 with a final SPE step. 

E. Final cohort's study results and discussion

The last part of this project was conducted on nine NPs and one control, representing 90 samples. The NK and T lymphocytes samples corresponded to the cell pellet obtained from 650,000 cells after FACS sorting, whereas for the B lymphocytes our collaborator were able to recover only 300,000 cells after FACS. As for the first Part V: Application of methodological developments to answer biological questions Chapter 2: Evaluation of the impact of medically relevant nanoparticles (NPs) on the proteome of three immune cell types 228 samples, the protein concentration was determined using the DC protein assay and the results are displayed in Table 16.

Table 16: Total amount of proteins (µg) in each sample

It is to note that for an important part of the samples the amount of proteins was so low that we were below the kit recommended minimal concentration of proteins (0.2µg/µL). Consequently, we were out of the linearity limit of the protein assay and had no other choice than using a polynomial regression to obtain results. Based on the protein assay, 2µg of input material was used for NK and T cells. For the B cells, 1µg was used for most of the samples. For some samples, we obtained results below 1µg. Consequently, we decided to use the entire sample to do the experiment and depending on the results obtained in LC-MS/MS, we decided if the results were usable or not for the differential analysis. Fortunately, on those samples we did not observe significant differences at the level of intensities or in the number of proteins, peptides or PSMs identified and quantified. As we are using normalisation to compensate light variation of intensities originated from the sample preparation in our data treatment, we decided to keep all samples. Moreover, as we were under the low limit of the kit and regarding the precision of the protein assay kit, we cannot exclude that those values were underestimated. The same theoretical quantities of 300ng were injected for all conditions. The obtained results are displayed in Table 17.

Table 17: Numbers of differential proteins for the different conditions and cell lines in comparison with the control at an FDR around 1%. Results obtained from 300ng of proteins injected.

For T and B cells, we got problems on certain samples with chromatograms presenting intense "potatoid" peaks corresponding to peptides. For that reason, we were not able to obtain enough replicates for the Gold and NH3-CNT conditions on T cells to perform a proper differential analysis.

That problem occurred often on samples of the donor n°3, a little on samples of the donor n°2 and never on the samples of the donor n°1. We know that SP3 can be disturbed by remaining intact chromatin. Consequently, we could suspect a problem linked to a high amount of intact chromatin in those samples. Indeed, it is known that the nuclear DNA content varies with cell size across human cell types 426 . T and B lymphocytes present the same morphology in microscopy and so similar DNA content 426 .

Furthermore, we can observe that the samples from donor n°3 that caused the most problems are also very often the samples for which we had the lowest protein content compared to the same condition in the other two donors (see Table 15).

Part V: Application of methodological developments to answer biological questions Chapter 2: Evaluation of the impact of medically relevant nanoparticles (NPs) on the proteome of three immune cell types 230 This may just be normal inter-individual variability, but it is interesting to note. It is well known that certain diseases can induce a higher DNA content in lymphocytes, such as cancers and in particular leukaemia, but to our knowledge the donors were healthy.

Another hypothesis could be related to an unknown compound, which contaminated the samples of donors n°2 and n°3. This contamination could affect the protein assay or the protein binding on the SP3 beads. Therefore, this contamination would have to come from a step in the protocol where the samples from the three donors were not prepared in parallel since the samples from donor n°1 are not affected.

In any case, the problem is probably due to the steps preceding the enzymatic digestion. Indeed, we checked the percentage of missed cleaved peptides among the different injections and we observed regular values among the chromatograms that show strange profiles and the others with on average respectively 12% and 18% of peptides including missed cleavages. If the amount of proteins was overestimated in the assay or if the binding step was not efficient, the amount of proteins in the digestion step must have been lower than expected, leading to an increase in the experimental trypsin:protein ratio which could have improved digestion and reduced the proportion of peptides with missed cuts.

Today, we still do not have a satisfactory answer to this question but if this difficulty is related to intact chromatin, we have already presented different ways to improve the preparation of SP3 samples in the state of the art section and in the chapter of autoSP3 results, with for example the improvement of the sonication step or the use of nucleases.

To conclude on the results of this study, independently of the cell type, we observed a high impact of oxCNT and NH3-CNT NPs on the cell proteome. The modifications potentially induced by the other nanoparticles appear to be weak in relation to our data. However, these results need to be confirmed and extended by our collaborators. They will also be compared with the results obtained on the same samples but at the transcriptome level soon.

To conclude this applicative part, the optimisations developed during my PhD have been used for collaborative projects. We performed SP3 sample preparation on immune cells incubated with up to nine different NPs and one control. Our two collaborative projects based on IPs allowed me to understand the difficulties of this kind of projects. On one hand, I experienced a project where we encountered many difficulties whereas in the second hand everything went smoothly.

GENERAL CONCLUSION

The subject of my doctorate was methodological developments in proteomic analysis: towards high-throughput analysis on reduced quantities of material and new quantification strategies. Over the last three years, I have had the opportunity to work in parallel on the three main axes that we have chosen to develop from my thesis topic and to apply some of these developments to collaborative projects.

Firstly, the sample preparation. Indeed, thanks to the increasingly advanced development of analytical instruments and in particular mass spectrometers, sample preparation has become a limiting stage. These limitations occurred at several levels. First, the amount of material available varies enormously depending on the project. I had the opportunity to demonstrate the impact that less material could have on the depth and repeatability of the analyses by using the preparation methods already implemented in our laboratory, the stacking-gel, and the tube-gel. I tried to improve the performance of the tube-gel and we were able to observe a slight gain. However, it was not significant enough to justify investing so much time in further testing. In addition, gel digestion approaches have another limitation, the time required for sample preparation. Although the Tube-gel has already been a gain, reducing the sample preparation time from 4-5 days to 2-3 days. However, commercial solutions now offer relief from the need to carry out the entire sample preparation process in a single day.

These include S-Trap (Protifi), iST (PreOmics) among others. The iST had already been investigated in the laboratory with varying degrees of success on different types of samples. Therefore, we decided to investigate the S-Trap technology. In addition, the S-Trap can overcome another limitation of sample preparation. The extraction of tricky proteins such as membrane proteins, which play important roles in biology due to their localisation, represents a separate analytical challenge. One of the most popular and efficient methods for the extraction of these proteins is the use of extraction buffers containing detergents and SDS. The problem is that SDS is not compatible with mass spectrometry analysis and must be removed before nLC-MS/MS analysis. All the protocols we evaluated were selected in part for their propensity to remove SDS during the protocol. The great advantage of the S-Trap goes beyond simply being SDS compatible. Indeed, it needs a high amount of SDS to work (5%) and was consequently designed to remove it afterwards via washes. We evaluated this preparation for a range of input protein quantities. The S-Trap has been shown to be a good solution for protein amounts greater than or equal to 10µg but presents several problems for lower amounts. There is a loss of depth of analysis, a strong increase in the variability of results both qualitatively and quantitatively. In addition, some contaminants appear when working with very small quantities such as PEG or many keratins and other human contaminants.

Therefore, we decided to evaluate a third sample preparation solution, the SP3 based on the use of magnetic beads. The SP3 combines the advantage of being performed in a single tube, in a reduced time that can last one day. It is compatible with SDS even at high percentages and has a high potential for automation. We adapted published protocols to evaluate SP3 on a range of input proteins with the lowest point at 500ng of protein, i.e., a quantity that can be directly injected at once on many nLC-MS/MS couplings. The results obtained were very impressive on small quantities. However, those experiments also illustrated that the parameters and notably the working volumes used for very small quantities are not optimal for large quantities.

To complete this part, I undertook to implement an automated sample preparation protocol in SP3 or autoSP3 on a sample preparation robot acquired by our laboratory. I confronted to numerous problems related to automation. These included problems with pipetting, speed of agitation, and homogenisation of solutions, among others leading to performance and reproducibility problems. Although this work is not yet complete even if many improvements have already been implemented. Once this protocol will be fully operational, it will allow the laboratory to prepare up to 96 samples in parallel, in one day, by using SDS and adapted to small quantities of proteins. This will allow carrying out more ambitious projects in terms of number of samples at high throughput, which will lead also to a gain for data processing, allowing the number of replicas to be increased for statistical analysis. In addition, the automation of the sample preparation stage will also free up time for researchers to focus on other limiting points or to work on a larger number of projects.

This part of my project allowed me to develop a great expertise in the preparation of different types of samples for mass spectrometry analysis. Indeed, working on small quantities requires optimization and extreme rigor, to be able to perform quantitative analyses. This also allowed me to acquire a great deal of experience in understanding numerous protein preparation approaches and in carrying them out with a pipette in hand in the laboratory. I also had the opportunity to deepen my knowledge in terms of automation. I became aware of the difficulty of adapting a protocol on a robot. I was also able to start learning how to modify protocols from the constructor interface but also directly by understanding and modifying small java scripts. This part of my subject required a lot of perseverance, patience, and investment. Many experiments ended in failures and even if each failure brings its stone to the edifice, it is something that can be demotivating but that I could learn to manage better. I hope to have the opportunity to continue learning more about automation in general and scripting in Java in the future.

The second part of my thesis focused on the implementation of a new and very innovative coupling in the laboratory. I was involved in its installation and was responsible for it for three years. I developed a deep expertise in all kinds of repairs and in nano-plumbing thanks to the redoubtable nanoElute. I can carry out all the common maintenance and repairs of this system and even some fewer common ones.

Regarding the mass spectrometer, I can perform a thorough cleaning as well as assess, locate, and solve common problems. That said, it should be noted that these problems have been relatively rare during my thesis, as the TimsTOF Pro has been a model of robustness during these three years. On the other hand, it was not always the case of the various software allowing the management of the coupling, which also knew a great number of evolutions allowing me to discover a whole catalogue of troublesome bugs but also allowing making regularly accessible new functions. This has allowed me to develop great flexibility and adaptability. Overall, I had the opportunity to familiarise myself with the whole environment of an nLC-IMS-MS/MS coupling, which goes far beyond the expertise of a simple user. I have of course acquired experience in nLC systems, ion mobility and TIMS as well as in mass spectrometry. I also mastered innovative acquisition strategies linked to these new technologies with PASEF. I had the opportunity to develop specific methods for both nLC and MS, taking advantage of the strengths of the TimsTOF Pro, through both DDA and DIA approaches, despite the lack of maturity of the software, which was a real obstacle for the last one. The coupling has evolved enormously over the last three years, both through changes that I would describe as hardware relative to the instruments and in the software. This was both a great opportunity and a great challenge. Indeed, to see many of its landmarks change from one day to the next and to have to adapt as quickly as possible to take advantage of the improvements and to make them available and useful for all users requires a lot of organisation and energy. Beyond that, dealing with the coupling also requires developing planning and communication skills so that the coupling is never idle. Finally, I had the opportunity to accompany and train a certain number of users so that they could discover the specificities of this coupling and become autonomous to launch their analyses. Beyond this coupling, I have also been trained on other instruments, which has allowed me to be comfortable with instruments of different geometries from various suppliers.

Even though being responsible for this coupling was a big source of pressure, I loved this experience. I like looking after the machines, maintaining them, figuring out how to solve a problem and sometimes testing original solutions. I also liked having the opportunity to test many parameters to understand better the functioning of the instrument and thus be more comfortable to have eventually ideas of innovative things to test. This is ironically a point that also frustrated me because time is not incompressible, and we don't always have the means to test everything we would like to test especially in the context of a thesis where there are so many other things to learn in parallel. Being able to be responsible for instruments or even to work on their development beyond simply developing methods is something that interests me and that I could consider for my future career.

The third part of my thesis focused on the analysis of the generated proteomics data and especially, the TimsTOF Pro data that was very particular compared to most of the couplings used for bottom-up proteomics because of the additional information dimension associated with ion mobility. I had the opportunity to use, evaluate and follow the evolution of different software dedicated to label-free protein identification and quantification. I was able to compare some of them for the analysis of data acquired in DDA. I was also able to process DIA data. Data processing has always been a difficult exercise for me because it is still something abstract in the sense that I find it difficult to visualise exactly what is going on. Therefore, I spent a lot of time doing various tests to understand how the software works and to be able to understand exactly what the parameters associated with the additional data dimension of the TimsTOF Pro could bring to the data processing. In addition, I also had the opportunity to get back to writing R scripts for processing and visualizing the data. Unfortunately, because of the number of things to learn and do during my thesis, I did not manage to allocate as much time as I would have liked, and my mastery of this tool remains superficial. That said, I am aware of its power and the freedom it offers to find the underlying cause of the data, and this is something I want to explore further in the future. Another point that I have taken the time to explore is the statistical processing of data. I was lucky enough to discover and use the ProStaR software which has the advantage of providing its users with many statistical tools and visualisations adapted for the statistical processing of proteomic data. That said, statistics is a whole world to discover, and I am still a newcomer in this field, which I would like to learn more about in the future.

Finally, the last axis of my thesis focused on the application of the developments made during my thesis on collaborative projects applied to biological problems. I had the opportunity to collaborate with several groups of scientists whose work I could discover. This allowed me to discover very diverse and specific research themes. It also gave me the opportunity to work on samples very different from the models used during my thesis. With these projects, I also experienced the pressure of not having a second chance due to the difficulty of obtaining certain samples, some of which represented a real analytical challenge. I have enjoyed these projects and look forward to seeing what our collaborators can learn from our results.

I would like to digress to talk about the related activities that I was able to carry out in parallel with my thesis. I was able to participate in various conferences and present my work both orally and through posters. Unfortunately, the Covid was a limiting factor, and I did not have the opportunity to exchange as much as I would have liked with the proteomics community. I also had the opportunity to communicate and specially to popularise my research through my participation in the "Ma thèse en 180 secondes" competition. I was selected among the finalists of the Alsace region. Unfortunately, the public presentation was also cancelled because of Covid. Fortunately, my performance and those of all my comrades could still be filmed and broadcast. They are still available on Youtube (https://www.youtube.com/watch?v=a1kkNe_dO3M). This exercise, as well as all the training I received on this occasion about popularising science and speaking in front of a large audience, was an exhilarating and incredibly enriching experience. I also had the opportunity to meet researchers from all fields, both in the so-called hard sciences and in the politic, economic, and social sciences, and to open to subjects that I would never have suspected existed otherwise. I think on a very personal basis that scientific popularisation, pedagogy, and communication are skills that are not sufficiently valued today within the scientific community. In my humble opinion, this contributes to the cold and arrogant image that the public may have of researchers, with serious consequences that may even put lives at risk, as illustrated by the anti-vaccine movement that is dramatically active in France. I would like to continue to be involved in this type of initiative in the future. I sincerely hope that the crisis we have all been through together will create vocations and that we will learn from it for the future of research and its dissemination to the public.

Finally, the last activity related to my thesis that I had the opportunity to carry out was my participation in the council of the doctoral school of Chemical Sciences of the University of Strasbourg as a representative of the doctoral students. I held this position from January 2019 until September 2021. I participated in about ten meetings per year and had the chance to attend the doctoral school competition two years in a row. Once again, being able to attend this competition was a great opportunity for my scientific culture, especially as I originally studied biology and not chemistry before my thesis. I was able to discover a huge number of research fields ranging from synthetic chemistry to chemoinformatic, including other areas of analytical chemistry with subjects from both academia and industry. This allowed me to see behind the scenes and to get a deeper insight into the structure of doctoral research. I was able to see the many organisational, economic, and political constraints to which thesis supervisors and all the people involved in the process are subject. It also allowed me to meet many researchers and to have the opportunity to exchange and find solutions with them. The board of the doctoral school has always been very benevolent and attentive to the opinions and points of view of the doctoral students, allowing for healthy and constructive exchanges with the aim of improving the doctoral curriculum. In this respect, Covid was once again an exceptional challenge, and I am glad to have been able to be part of the board at that time. I hope that I was able to make a small contribution, but I certainly learned a lot from it.

To conclude, the thesis is not an easy challenge to take up both scientifically and humanly and like many PhD students, I almost gave up more than once. However, today I am coming to the end of the writing of this manuscript and looking back on the work I have done over the last three years, I think I can be proud of myself. It is very far from perfect, and I think that is normal since a thesis and even more, so research is first about learning. I have learned a lot in these three years and, as they say in French, only those who do nothing make no mistakes. I think it is a shame that failures are not valued more in the scientific literature because I think we waste a lot of time repeating the mistakes that others have made before us. What I am sure of is that I gave it my best shot. Now I just must look to the future. I do not know yet where my steps will lead me but what is certain is that the thesis is only a stage and that I intend to continue to move forward.

All the samples were dried under vacuum and then peptides solubilisation was performed with a volume mixture of H2O/ACN/FA (98/2/0.1) before injection of estimated 600µg of peptides on a nanoAcquity-Q-Exactive Plus coupling using the LC and MS parameters described in Figure 123 and Table 18. All the samples were dried under vacuum and then peptides were h a volume mixture of H2O/ACN/FA (98/2/0.1) to reach a final concentration of 100ng/µL. 2µL were injected on a nanoElute -TimsTOF Pro coupling using a 80min gradient described in Figure 124 and the optimised MS method described in Table 19. HeLa cell pellet was suspended in 1% SDS, 100mM Ammonium bicarbonate (ABC) and then lysed using probe sonication. The protein concentration was estimated with the DC kit of Biorad (Hercules, CAL, USA). The samples were aliquoted and used fresh. All following experiments were performed in triplicate with starting material amounts of 10-5-2.5-1-0.5µg. Our protocol was based on the SP3 described by Hughes et al [START_REF] Hughes | Single-Pot, Solid-Phase-Enhanced Sample Preparation for Proteomics Experiments[END_REF] but with reducing working volumes.

The differences with the reference protocol are detailed here, the sample volume was adjusted to 10µL, 5µL of DTT 36mM was added and the samples were incubated 30min at 37°C. Then 5µL of IAM 160mM were added and the samples were incubated 30min at room temperature in dark. Beads were rinsed 3 times with water before use. 5µL of beads were added to the sample to reach a 1:10 protein:beads ratio with a minimum of 0.5µg/µL of beads concentration during the binding step to guaranty a good efficiency. 25µL of ACN were added and samples were incubated 15min at room temperature under smooth agitation. Beads were washed 2 times with 200µL of 80% EtOH using the magnetic rack to remove the liquid. A third wash was realised with 180µL of ACN. Beads were resuspended in 40µL of ABC 100mM and sonicated 5 min in a water bath. 10µL of trypsin/Lys-C were added to reach a final ratio of 1:10 (enzyme:protein) and the samples were digested overnight at 37°C, 600rpm. Samples were acidified to reach 1% of FA and centrifuged 10min at 3500rpm. Then the plate was incubated 10minutes on the magnet and the peptides were transferred in the injection plate. The sample concentration was adjusted with 2% ACN, 0.1% FA solution to reach a final concentration of 100ng/µL. 2µL were injected on a nanoElute -TimsTOF Pro coupling using a 100min gradient described in Figure 125 and the optimised MS method described in Table 19. The tests were performed by using the automated protocol furnished by Agilent and based on the published autoSP3 protocol by Müller et al. [START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] using solution coloured with Coomasie blue and visual control. The parameters described in Figure 49 have been used unless otherwise stated or detailed in the results part for the modification directly implemented in the software. One condition always corresponds to one line on the sample plate. Briefly, proteins were reduced and alkylated with 12mM DDT and 40mM IAM final concentrations. The beads concentration was adjusted to reach a 1:10 unless otherwise stated considering a minimum working concentration of 0.5µg/µL of beads during the binding step. After the autoSP3 protocol, the samples were dried under vacuum and then peptide solubilisation was performed with a volume mixture of H2O/ACN/FA (98/2/0.1) to reach a final concentration of 100ng/µL. 2µL were injected on a nanoElute -TimsTOF Pro. A gradient of 100min was used for HeLa samples as shown in Figure 125 and a 60min gradient 2-35% B for the plasma samples.

The MS method used is the optimised method described in Table 19. The plasma was diluted the same lysis buffer and the protein range was realised with the same kit that in the previous section.

Data analysis:

All the results presented in that part were treated using Mascot and Proline Plasma proteins (10µg, 100µg) and HeLa cells proteins (20µg) were prepared in parallel in quadruplicate using the autoSP3 protocol presented in Figure 49. The gradient used for plasma analysis is presented in Figure 128 and the gradient used for the HeLa samples is shown in Figure 125. The MS method used was the optimised method presented in Table 19. Plasma (1µL, 0.1µL and 0.01µL) of and a range of 1-2.5-5-10-20µg of HeLa cell proteins were prepared in parallel in 12 replicates using the classic autoSP3 protocols presented in Figure 49 at one exception. The digestion was performed overnight. The gradient used for plasma analysis is presented in Figure 128 and the gradient used for the HeLa samples is shown in Figure 125. The MS method used was the optimised method presented in Table 19.

D. Evaluation of the impact of protein input amount and bead ratios

The experimental design is described in Figure 57. The protocol used is the classic autoSP3 protocols presented in Figure 49 but the digestion was performed overnight.

An automated SPE was realised after the auto SP3 using the assayMap head on a Bravo robot and using the parameters described in Figure 129 and the standard 5µL RP-C18 cartridges (Agilent). 

E. Evaluation of the efficiency of two lysis buffers in combination with autoSP3

In this experiment two lysis buffers were used 1% SDS, in 100mM ABC and 2% SDS, 62.5mM Tris-HCl pH = 6.8. The sample of HeLa cell proteins were prepared in three replicates using the classic autoSP3 protocols presented in Figure 49 but the digestion was performed overnight. A centrifugation step and an incubation of 10min on a magnet was added prior to manual transfer of the peptides in injection plate. The samples were not vacuum dried. We only adjusted the sample volume to a final concentration of 100ng/µL of peptides in 2% ACN/0.1% FA.

Part II: Development of quantitative proteomic analysis methods based on an innovative coupling including a mobility step for trapped ions Chapter 1: Optimisation of the nLC-IMS-MS/MS coupling for ddaPASEF

Protein quantification was performed with MQ in this chapter The MBR was only used for the UPS/Arabidopsis range data. The default parameters were used except for the number of missed cleavages set to one, the minimum number of unique peptides set to one. The quantification was realised using only the unique peptides without modifications except for the carbidomethylation of cysteine residues and using the LFQ normalisation.

A. Optimisation of the liquid chromatography on a nanoElute system 20µg of a commercial HeLa cell protein digest was suspended in H2O/ACN/FA (98/2/0.1) to reach a final concentration of 100ng/µL. This solution will be referred as the HeLa Pierce standard in the next part of this manuscript. The optimisation of the analytical flow rate was realised on the 100min gradient presented in Figure 125 using flow rates of 400nL/min and 300nL/min. The evaluation of the advantage and drawbacks of using a Trap column was determined by multiple injections over time of 10ng and 200ng of HeLa proteins using respectively gradient of 30min described in Figure 130 and 100min described in Figure 125. For the evaluation of the nLC system robustness and the reliability of the injection in 96 well plate, the HeLa digest was aliquoted in a vial and a complete 96-well plate and 10ng were injected from the vial and each well during around 6 days. The gradient used is described in Figure 130 and the MS parameters used are the optimised parameters described in Table 19. 19. All the test realised are not shown in this manuscript, but the optimised MS method created is shown in Table 19 and was used in numerous project since.

Table 19: MS parameters that have been investigated to improve the TimsTOF Pro's MS method between the initial standard method and after optimisation of the method.

2) Evaluation of label-free quantification by extraction of ion current (XIC) from ddaPASEF acquisition on a calibrated range and evaluation of the Ion Charge Control (ICC)

The experimental design is described in Figure 131. The samples were prepared by Nicolas Pythoud using a liquid digestion using trypsin (1:100) followed by a manual SPE step. Multiple replicates were prepared and stocked at -80°C. The LC method used for this project is described in Figure 132 and we used the optimised MS method described in Table 19.

Figure 132: 80min linear gradient used on a nanoElute-TimsTOF Pro coupling

The evaluation of the ICC used the exact same samples and parameters, but the ICC parameter was set to 150 million incoming ions.

Chapter 2: Optimisation of the nLC-IMS-MS/MS coupling for diaPASEF

Results generated in this part were treated using Spectronaut with default parameters except for the missed cleavages set to one. The search mass range set to 100-1700 m/z for the spectral library generation.

A. Initial evaluation of label-free quantification in diaPASEF

Two sample replicates were prepared to generate a spectral library. It was generated from 40µg of Arabidopsis thaliana proteins. There were fractionated in 25 bands thanks to a separation gel. DTT and bromophenol blue was added to reach final concentration of respectively 50mM and 0.05% in each aliquot. After denaturing the proteins at 100°C for 5 min, they were concentrated into a single band via a 4% acrylamide SDS-PAGE gel prepared one day in advance. After a protein fixation step in an EtOH/H2O/acetic acid mixture (50/47/3), the proteins were stained with Coomassie blue. Each strip was finally cut into equal pieces. After four washes with 150 μL of ACN/NH4HCO3 (25 mM) volume mixture (75:25), the pieces were dehydrated with 50 μL of ACN. The proteins were then reduced with 10 mM DTT for 30 min at 60°C and then alkylated with 55 mM IAM for 20 min in the dark at room temperature.

After four further washes with 50 μL of ACN/NH4HCO3 (25 mM) volume mixture (75/25), the pieces were dehydrated with 50 μL of ACN prior to enzymatic digestion performed overnight at 37°C with modified porcine trypsin (Promega) via a 1:50 trypsin/protein ratio. Peptides were then extracted with 40 μL of ACN/H2O/FA volume mixture (60/40/0.1) for 1h, followed by 50 μL of ACN for 1h at room temperature. All the samples were dried under vacuum and then peptide solubilisation was performed with a volume mixture of H2O/ACN/FA (98/2/0.1). The iRT peptides from Biognosys were added in each sample. The UPS/Arabidopsis range was the same as injected in DDA. New aliquots were thawed. The highest point of the range was injected in DDA to add the UPS proteins in the spectral library.

The same LC gradient was used to inject both the spectral library and the range. It is described in Figure 132. The MS method used to generate the spectral library data must be as similar as possible from the diaPASEF method. It is mandatory to use the same ion mobility range and the same collision energy. Consequently, we used the exact same parameters for the ddaPASEF method used to generate the spectral library. The diaPASEF method used in this part is one of the method published by Meier et al [START_REF] Meier | DiaPASEF: Parallel Accumulation-Serial Fragmentation Combined with Data-Independent Acquisition[END_REF] and is described in Table 20.

Table 20: Comparison of diaPASEF methods used 

B. Evaluation of diaPASEF after hardware, software and methods improvements

This second evaluation of diaPASEF acquisition was realised using the same samples than in the previous diaPASEF evaluation for both the range and the spectral library. The acquisitions were realised using the Bruker's parameters described in Table 20.

The ddaPASEF method used to generate data for the spectral library used the same parameters. The design of the isolation windows of this diaPASEF method are described in Figure 134. HeLa Pierce digest (200ng) were injected three time on the instrument using the gradient in Figure 125 and the standard MS parameters shown in Table 19. The data were treated as explained in the results part. The samples were prepared in tube-gel as described in Muller et al. publication 4 . The LC parameters used are described in Figure 124 and the MS parameters used are the standard parameters described in Table 19.

The data treatment was realised as described in the results part.

B. Evaluation of MaxQuant overall settings

HeLa Pierce digest (200ng) were injected three time on the instrument using the gradient in Figure 125 and the standard MS parameters shown in Table 19. The data were treated as explained in the results part.

Chapter 2: Evaluation of alternative software for ddaPASEF and diaPASEF data processing

The data treatment realised are detailed in the results part.

Part V: Application of methodological developments to answer biological questions

Chapter 1: Study of protein-protein interactions by mass spectrometric analysis of immunoprecipitated complexes

A. Mass spectrometry analysis of an immunoprecipitated protein complex involved in cholesterol accumulation in late endosomes/liposomes

The details of the sample preparation, data acquisition and treatment are available in the material and method part of the publication under review presented in the results part.

B. Analysis in mass spectrometry of an immunoprecipitated protein complex involved in protein translation

When we received them, the samples still contained the beads used to prepare the IPs in a 50mM HEPES buffer pH = 7.5, 100mM KCl, 2mM EDTA. The samples were sonicated and transferred to 1.5mL Eppendorf tubes suitable for the magnetic rack used. The initial tubes were washed with 100µL of ABC (50mM) and this wash was pooled to the beads already transferred in new tubes. The beads were placed on a magnetic rack and the supernatant was removed. The beads were washed three times with 200µL of 50mM ABC and then suspended in 100µL of ABC (50mM). 2µg of Try/Lys-C was added and the samples were digested for 4h at 37°C, 300rpm. Then 2µg of Try/Lys-C was added again and the samples were incubated overnight at 37°C, 300rpm. The next day, the supernatants were collected after incubating the samples on the magnetic rack. The beads were washed with 100µL of water and added to the peptides. Digestion was stopped by the addition of FA (final concentration = 2%). The samples were again transferred to a new tube after incubation on the magnetic rack to remove any residual beads. The samples were then evaporated to dryness and suspended in 10µL of H2O/ACN/FA (98/2/0.1). After a first evaluation of the chromatogram intensity, they were diluted with a factor 1/16 and 1µL of each sample was injected on a nanoAcquity-Q Exactive HF-X coupling. The intensity was too high consequently we diluted it from a factor 12. The analysis were realised using the parameters described in Figure 135 and Table 21.

Figure 135: Gradient 79min used for the analysis of the THUMPD2 IP on a nanoAcquity-Q Exactive HF-X coupling Table 21: MS parameters used on a nanoAcquity-Q Exactive HF-X coupling

The data treatment was realised using Mascot and Proline. The database was composed of the SwissProt Human database with classical MS contaminants and decoys. A maximum of one missed cleavage was allowed, precursor tolerance was set to 5ppm and fragment tolerance to 0.05Da. The carbamidomethylation of cysteine residue was set as fixed modification. The acetylation N-term and oxidation of methionine residue was set as variable modification. The quantification in Proline was realised using only specific peptides without modification. The differential analysis was realised in Prostar. The filtering was set to at least four values in one condition. A VSN normalisation between conditions was used. The POV and the MEC were imputed using det quantile imputation. The hypothesis testing was realised using Limma test. The p-value were calibrated using Benjamini-Hochberg calibration and a filtering was applied to reach an FDR of around 1%.

Chapter 2: Evaluation of the impact of medically relevant nanoparticles (NPs) on the proteome of three immune cell types

A. Preliminary study, stacking gel approach

The following samples presented in Table 22 were sent by the collaborator.

Table 22: Sample description for the preliminary study on the impact of nanoparticles on NK cells Sample preparation: Cells were suspended in 2% SDS, 62.5mM Tris-HCl pH = 6.8 buffer and then lysed using a water bath sonicator cooled with ice. The protein concentration was estimated with the DC kit of Biorad (Hercules, CAL, USA). 2µg of protein from each sample were migrated into eight different gels leaving a blank well between each sample and with random distribution of samples on the gels.

For the stacking gel, DTT and bromophenol blue was added to reach final concentration of respectively 50mM and 0.05% in each aliquot. After denaturing the proteins at 100°C for 5 min, they were concentrated into a single band via a 4% acrylamide SDS-PAGE gel prepared one day in advance. After a protein fixation step in an EtOH/H2O/acetic acid mixture (50/47/3), the proteins were stained with Coomassie blue. Each strip was finally cut into equal pieces. After four washes with 150 μL of ACN/NH4HCO3 (25mM) volume mixture (75:25), the pieces were dehydrated with 50 μL of ACN. The proteins were then reduced with 10 mM DTT for 30 min at 60°C and then alkylated with 55 mM IAM for 20 min in the dark at room temperature.

After four further washes with 50μL of ACN/NH4HCO3 (25mM) volume mixture (75/25), the pieces were dehydrated with 50μL of ACN prior to enzymatic digestion performed overnight at 37°C with trypsin/Lys-C (1:25). Peptides were then extracted with 40μL of ACN/H2O/FA volume mixture (60/40/0.1), followed by 50μL of ACN each for 1h at room temperature under smooth agitation. Peptides were kept frozen at -80°C until injection.

LC-MS analysis:

The peptides were dried and recovered in H2O/ACN/FA (98/2/0.1) and 1/6th of the sample was injected onto a nanoAcquity-Q Exactive HF-X coupling in a random order using the gradient described in Figure 136 and the MS parameters described in Table 23.

Figure 136: Gradient 79min used on a nanoAcquity-Qexactive HF-X coupling Table 23: MS parameters used on a nanoAcquity-Qexactive HF-X coupling Data analysis: Data searches were performed with Mascot using a database containing human protein entries from the SwissProt database and classical MS contaminant proteins. We used a precursor tolerance of 5 ppm and 0.05 Da for fragments. The carbamidomethylation of cysteine was set as fixed modification whereas the acetylation of protein N-terminal extremity and the oxidation of methionine was set as variable modification.

Proline was used for the validation of protein identification using an FDR of 1% at the level of proteins and PSMs. It was also used and quantification.

Prostar (v 1.22.6) was used for the differential analysis. The filtering keeps only proteins with at least two values for one condition. The abundancy was normalised using a quantile centering normalisation overall the analysis. The imputation of the POV was realised using slsa imputation whereas the imputation of the MEC was realised using det quantile imputation. The hypothesis testing used a Limma test for one condition in comparison to the control. Finally, the P-value calibration was realised using Benjamini-Hochberg calibration. Results were filtered to obtain an FDR around 1%.

B. Evaluation of SP3 relevancy for a large cohort of sample

The remaining samples from the previous experiment was stored at -80°C. The samples 1-CNT, 1-Cont and 3-Si-Gd were prepared from 2µg of proteins using the SP3 protocol. An additional automated SPE step on the Bravo robot using the AssayMap head was performed using the protocol provided by the manufacturer. The peptides were dried and recovered in H2O/ACN/FA (98/2/0.1) and 1/6th of the sample was injected onto a nanoAcquity-Qexactive HF-X coupling in the same conditions than previously like shown in Figure 136 and Table 23.

C. Final cohort's study results and discussion

Table 24: Details of the samples of the upscaled study on the impact of nanoparticles on immune cells

The samples were prepared using the manual SP3 protocol as described in the previous part. The protocol was performed from 2µg of proteins for the NK and T lymphocytes and from 1µg for the B-lymphocytes. An automated SPE step on the Bravo robot using the AssayMap head was performed using the protocol provided by the manufacturer as shown in Figure 129. The peptides were dried and recovered in H2O/ACN/FA (98/2/0.1) and 1/6th of the sample was injected onto a nanoAcquity-Q Exactive HF-X coupling in the same conditions than previously like shown in Figure 136 and Table 24.

The data treatment used is also the same as described in the previous part. 
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 3 Figure 3: Nombre moyen de protéines identifiées et quantifiées à partir de 200ng théorique de protéines injectées avec et sans l'application des filtres 3/3 et CV < 20% sur un extrait total de cellules humaines HeLa.
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Figure 7 :

 7 Figure 7: Injections de 200ng théorique de protéines. A. Nombre de protéines UPS identifiées avec et sans match between runs (MBR). B. Nombre de protéines d'Arabidopsis identifiées avec et sans MBR. C. Nombre de protéines UPS quantifiées avec et sans filtres de qualité. D. Nombre de protéines Arabidopsis quantifiées avec et sans filtres de qualité.
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 9 Figure 9: Nombre de protéines UPS1 (A) et de peptides (B) quantifiés à partir de 200ng théorique de protéines injectés. Nombre de protéines d'Arabidopsis thaliana (C) et de peptides (D) quantifiés.
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 12 Figure 12: Nombre de protéines de cellules HeLa quantifiées à partir de 200ng injectées sur la base des intensités brutes ou des intensités normalisées (LFQ) en appliquant la normalisation à toutes les analyses, par condition ou sans normalisation mais utilisant un « minimum ratio count » de 2.
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 14 Figure 14: Courbes de calibration obtenue à partir de l'injection de 200ng de protéines issues d'une gamme UPS1 dopée dans un fond constant de protéines d'Arabidopsis thaliana traitées avec MaxQuant, SpectroMine et Proline.

Figure 15 :

 15 Figure 15: Identification et quantification sans marquage de protéines de cellules HeLa après injection de 200ng. Le traitement des données a été réalisé avec différents logiciels et en appliquant différents filtres de qualité.
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 16 Figure 16: Nombre de protéines (en A et C) et de peptides (en B et D) UPS1 quantifiés avec une approche centrée sur les peptides pour A et B et une approche centrée sur les spectres pour C et D obtenus à partir de 200ng de protéines injectées.
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 17 Figure 17: Volcano Plot de l'analyse différentielle IP vs contrôle, FDR = 1,36%, seuil de p-value = 1e-04 .
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 18 Figure 18: Illustrations of the life cycle of a batrachian. Photos from the royalty-free Pixabay image bank by Bill Kasmann, Marc Pascual, Aguasas and Gérard G.
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 19 Figure 19: General scheme of protein in-solution digestion protocol.
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 21 Figure 21: General scheme of protein in-gel, tube-gel digestion protocol.
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 22 Figure 22: General scheme of protein on-filter, FASP digestion protocol.
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 23 Figure 23: General scheme of protein on-filter, iST digestion protocol.
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 26 Figure 26: An illustration of traditional and nanoproteomics domains from Yi et al. 178 .The nanoproteomics is defined for dealing with samples containing <1μg total protein in starting material.
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 27 Figure 27: Biemann nomenclature for peptide fragmentation. The ions a, b and c carry the positive charge at the N-terminus and ions x, y and z carry it at the C-terminus.
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 28 Figure 28: General principle of DDA and DIA.
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 29 Figure 29 : Summary of ion mobility spectrometry devices with their specificities and vendors. From Dodds and Baker 213
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 30 Figure 30: FAIMS general principle. The grey arrows represent the gas flow direction. Adapted from Bonneil et al. 219 .
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 31 Figure 31: a) TIMS components. b) Diagram of the voltage applied during the three steps of one ion packet separation. c) Illustration of the ions position in the TIMS tunnel. Figure from Michelmann et al. 222 .
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 32 Figure 32 : Number of proteins entries manually reviewed contained in the UniProtKB/Swiss-Prot database. (Adapted from https://web.expasy.org/docs/relnotes/relstat.html)
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 33 Figure 33 : Summary of common quantitative mass spectrometry workflows. Boxes in blue and yellow represent two experimental conditions. Horizontal lines indicate when samples are combined. Dashed lines indicate points at which experimental variation and thus quantification errors can occur. From Bantscheff et al. 264 .
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 36 Figure 36: Number of publications per year referenced in PubMed obtained from the keywords "Data independent acquisition proteomic" the 17/09/2021.

  Scanning SWATH strategy 322 developed more recently by Messner et al. for restricted chromatographic gradients uses the same principle. It reduces the cycle time compared to conventional DIA methods because the successive acquisition window is replaced by a continuous scan with the first quadrupole.
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 37 Figure 37: Example of overlapping window design in the ion mobility dimension in a diaPASEF method. The ion precursor density is shown by a colour gradient. From Meier et al. 16 supplemental data.
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 38 Figure 38: Experimental design of the tube-gel, volume reduced tube-gel and stacking gel comparison based on an input protein range of Saccharomyces cerevisiae.
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 39 Figure 39: A. Mean numbers of proteins identified with their standard deviation. B. Mean numbers of proteins quantified based on Label-free quantification (LFQ) with their standard deviation. C. Numbers of proteins quantified after application of the 3/3 filter. D. Numbers of proteins quantified after application of the 3/3 and CV<20% filters. Results obtained from 600ng of yeast proteins injected on a Q Exactive Plus.
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 40 Figure 40: Experimental design of the S-Trap benchmark based on an input protein range of human HeLa cell lysate.
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 141 Figure 41: Mean numbers of proteins identified, quantified with and without the application of the 3/3 and CV < 20% filters. Results obtained from 200ng of HeLa cell proteins digest injected.
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 42 Figure 42: Experimental design of the S-Trap digestion optimisations based on variable enzyme, temperature, and duration combination.
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 43 Figure 43: Results obtained from 200ng of HeLa cell protein digest injected. A. Mean numbers of proteins identified and quantified with and without 3/3 and CV < 20% filtering. B. Stacked histogram of the percent of missed cleaved peptides until three missed cleavages and in green, the curve of the mean numbers of peptides with nonspecific cleavages.
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 4445 Figure 44: Experimental design of the SP3 sample preparation evaluation based on an input protein range of human HeLa cell lysate.
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 46 Figure 46: Venn diagram of SP3 preparation replicates for each point of a HeLa cell protein range. A. Proteins identified B. Proteins quantified.
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 47 Figure 47: Comparison of performances obtained with S-Trap and SP3 on a HeLa protein range from 200ng of proteins injected. A. Mean numbers of proteins identified with their standard deviation. B. Mean numbers of proteins quantified (LFQ) with their standard deviation. C. Number of proteins LFQ after application of the 3/3 filter. D. Number of proteins LFQ after application of the 3/3 ad CV < 20% filter.
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 4812049 Figure 48: AssayMAP Bravo deck configuration for Automated SP3.
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 51 Figure 51: In A. the numbers of proteins and in B. the numbers of PSMs identified in non-depleted, non-fractionated plasma with two different amounts of starting material (n=4). The red lines represent the means. Results obtained from 200ng of proteins injected.

Figure 53 :

 53 Figure 53: A. Plate plan B. Photo of the waste plate and C. Photo of the peptide recovery plate at the end of the AutoSP3 protocol.

128 Figure 54 :

 12854 Figure 54: In A. the numbers of proteins and in B. the numbers of PSMs identified from 20µg of HeLa cells total proteins extracts prepared in AutoSP3 (n=4). Results obtained from 200ng of proteins injected.

Figure 55 :

 55 Figure 55: In yellow, numbers of proteins identified on a HeLa cells total proteins range (n=12), in red, mean numbers of proteins identified. Results obtained from 200ng of proteins injected.

Figure 56 :

 56 Figure 56: In orange, number of PSMs identified on a HeLa cell protein range (n=12), in red, mean numbers of PSMs identified. Results obtained from 200ng of proteins injected.

Figure 57 :

 57 Figure 57: Plate design for the analysis of a HeLa cell lysate protein range prepared in six replicates and with different beads ratio.

Figure 59 :

 59 Figure 59: Bead concentration gradient after deposition due to inefficient mixing of beads before pipetting.

Figure 60 :

 60 Figure 60: Bead's height in the wells after the binding step mixing.

Figure 61 :

 61 Figure 61: Evaluation of the impact of a reduced beads quantity ratio on the number of proteins obtained with 10µg and 20µg of protein inputs. Results obtained from 200ng of proteins injected.

Figure 62 :

 62 Figure 62: Comparison of autoSP3 results on HeLa cell pellet lysed with two different lysis buffers. Results obtained from 200ng of proteins injected.

Figure 63 :

 63 Figure 63: Number of human proteins identified, quantified, and robustly quantified after application of quality filters with two different analytical flows. Results obtained from 200ng of proteins injected.

Figure 64 :

 64 Figure 64: Illustration of the solvent pathway in the nanoElute during the sample loading from the sample loop to the Trap column
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 65 Figure 65: Illustration of the solvent way in the nanoElute when running a gradient with and without using the Trap column

Figure 66 :

 66 Figure 66: Total Ion Chromatogram (TIC) obtained on 10ng of HeLa cell total proteins digest with the same 30 minutes gradient with a Trap column in green and without in red.

Figure 67 :

 67 Figure 67: In green, injections realised in glass vials, in blue injections realised in polypropylene 96 well plates A. Number of proteins identified from 10ng of the same sample of HeLa total proteins digest. B. Number of proteins quantified (MaxQuant's LFQ).
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 68 Figure 68: Photos of the extraction of the ion mobility cartridge from a TimsTOF Pro.
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 697071 Figure 69: Principle of the Parallel accumulation in the dual TIMS cell inside a TimsTOF Pro mass spectrometer. Modified from Meier et al, 2015, J Proteome Res.

Figure 72 :

 72 Figure 72: Heatmap of the sum of all the ion precursors detected during an entire gradient. The monocharged ions circled in red are excluded from fragmentation thanks to the method exclusion polygon.
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 73 Figure 73: Evaluation of different parameters of ddaPASEF from 200 ng of HeLa cell protein digest analysis. A. Summary of modified parameters. B. Number of proteins identified and quantified in the first experiment. C. Number of proteins identified and quantified in the second experiment.
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 74 Figure 74: Scheme of the collision energy as set in OtofControl and TimsControl.
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 75 Figure 75: Details of the collision parameters evaluated in OtofControl

Figure 76 :

 76 Figure 76: Evaluation of the impact of different MS method parameters on the number of proteins identified and quantified from 10ng of HeLa cell protein digest.
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 77 Figure 77: Experimental design of the UPS1 range spiked in Arabidopsis thaliana protein background.
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 78 Figure 78: A. Number of UPS proteins identified. B. Number of Arabidopsis proteins identified. C. Number of UPS proteins quantified with and without quality filtering. D. Number of Arabidopsis proteins quantified with and without quality filtering. Results obtained from 200ng of proteins injected.

Figure 79 :

 79 Figure 79: Calibration curve of theoretical (black curve) and experimental fold changes of the UPS1 range.
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 80 Figure 80: Number of UPS proteins quantified with and without quality filtering without ICC in A. and with ICC in B. Number of Arabidopsis thaliana proteins quantified with and without quality filtering without ICC without ICC in C. and with ICC in D. Results obtained from 200ng of proteins injected.

Figure 81 :

 81 Figure 81: Calibration curve of theoretical and experimental fold changes of the UPS1 range A. without ICC B. with ICC settled to 130 million of ions.

Figure 82 :

 82 Figure 82: Principle of diaPASEF. From Meier et al 16 .

Figure 83 :

 83 Figure 83: Number of UPS1 proteins (A) and peptides (B) quantified. Number of Arabidopsis thaliana proteins (C) and peptides (D) quantified. Results obtained from 200ng of proteins injected.

Figure 84 :

 84 Figure 84: Calibration curves of theoretical and experimental fold changes of the UPS1 range at the level of proteins in A and peptides in B.

Figure 85 :

 85 Figure 85: A. Number of UPS1 proteins quantified. B. Number of Arabidopsis thaliana proteins quantified. Results obtained from 400ng of proteins injected.
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Figure 86 :

 86 Figure 86: Calibration curve of theoretical and experimental fold changes of the UPS1 range at the level of proteins.

Figure 87 :

 87 Figure 87: Match Between Runs principle on TimsTOF Pro data. Modified from Tyanova et al 19 .

Figure 88 :

 88 Figure 88: Venn diagram of identified HeLa cell proteins for an injection triplicates with MaxQuant versions 1.6.2.10 and 1.6.6.0. Results obtained from 200ng of proteins injected.
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 89 Figure 89: Venn diagram of label-free quantified HeLa cell proteins based on MaxQuant intensities for an injection triplicates with MaxQuant versions 1.6.2.10 and 1.6.6.0. Results obtained from 200ng of proteins injected.

Figure 90 :

 90 Figure 90: Distribution of the numbers of proteins per intensities' CV interval obtained with MaxQuant versions 1.6.2.10 and 1.6.6.0 after the application of a 3/3 filter.

Figure 91 :

 91 Figure 91: Experimental design of the UPS1 protein range spiked in Saccharomyces cerevisiae constant background injected on TimsTOF Pro. The data treatment was realised with MaxQuant 1.6.2.10 and 1.6.6.0 using 4D-MBR.

Figure 92 :

 92 Figure 92: Number of UPS1 protein identified from a range spiked in a constant background of yeast with MaxQuant using different versions and set of parameters. Results obtained from 200ng of proteins injected.

Figure 93 :

 93 Figure 93: Number of UPS1 proteins quantified based on LFQ intensities in a range spiked in a constant background of yeast. Different versions of MaxQuant were used with and without MBR to generate the results. Then a filtering was applied as followed: A. Number of LFQ without filtering. B. Number of LFQ after 3/3 filtering. C. Number of LFQ after 3/3 and CV < 20% filtering. Results obtained from 200ng of proteins injected.

Figure 94 :

 94 Figure 94: MaxLFQ principle. Construction of the H(N) function to be minimised to determine the peptides normalisation factors. Modified from Cox et al.13

Figure 96 :

 96 Figure 96: Experimental design, the results of the orange highlighted conditions are presented in Figure 97.

Figure 97 :

 97 Figure 97: Number of proteins quantified based on protein intensities or based on protein LFQ intensities without LFQ normalisation, with LFQ normalisation across all runs or with LFQ normalisation across a condition. Results obtained from 200ng of proteins injected.

Figure 98 :

 98 Figure 98: Evaluation of the effect of LFQ normalisation on intensities

  a) Protein identification performances Firstly, Mascot and SpectroMine are proprietary software in opposition to MaxQuant and Proline. Moreover, among all those solutions, only Proline is open source. The combination Mascot + Proline took around 1h to analyse the dataset against around half a day for both SpectroMine and MaxQuant, which perform the quantification step by default. One argument in favour of SpectroMine was initially that it was far faster than MaxQuant. However, MaxQuant drastically reduced its computational time since the version 1.6.10.43, making now both software equivalent in term of computational time.For this comparison, we used Mascot version 2.6.2, Proline version 2.0, MaxQuant version 1.6.10.43 and SpectroMine version 2.0. The parameters of all software have been settled as equivalent as possible with an FDR of 1% at the level of proteins, peptides and PSMs. We first compared the number of Arabidopsis proteins and PSMs obtained in the range as shown in Figure99.

Figure 99 :

 99 Figure 99: Arabidopsis thaliana results obtained on a UPS1 range spiked in a constant background of 200ng. A. Number of proteins identified. B. Number of PSMs identified.

Figure 100 :

 100 Figure 100: UPS1 results obtained on a UPS1 range spiked in a constant background of Arabidopsis thaliana proteins. Results obtained from 200ng of proteins injected. A. Number of proteins identified. B. Number of PSMs identified.

Figure 101 :

 101 Figure 101: Number of Arabidopsis protein quantified without filtering, after application of the 3/3 filter and after application of the 3/3 and CV < 20% filters generated with different software solutions or parameters. In A. using MaxQuant with a min ratio count set to two with the LFQ normalisation, in B. using MaxQuant without the application of a min ratio count cut-off and no LFQ normalisation, in C. using Proline and in D. using SpectroMine. Results obtained from 200ng of proteins injected.
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 102 Figure 102: Number of UPS1 protein quantified without filtering, after application of the 3/3 filter and after application of the 3/3 and CV < 20% filters generated with different software solutions or parameters. In A. using MaxQuant with a min ratio count set to two with the LFQ normalisation, in B. using MaxQuant without the application of a min ratio count cut-off and no LFQ normalisation, in C. using Proline and in D. using SpectroMine. Results obtained from 200ng of proteins injected.

Figure 103 :

 103 Figure 103: Calibration curve obtained from a UPS1 range spiked in a constant background of Arabidopsis thaliana proteins treated with MaxQuant from LFQ and Raw intensities, SpectroMine and Proline.

Figure 104 :

 104 Figure 104: Protein identification and label-free quantification with and without filtering obtained from an input range of HeLa cell proteins processed with different data treatment workflows. Results obtained from 200ng of proteins injected.

  Part IV: Evaluation of nLC-IMS-MS/MS data processing solutions Chapter 2: Evaluation of alternative software for ddaPASEF and diaPASEF data processing 198The parameters showed here are only a subset of the different possible parameters combination into Proline. We tried here to reduce the CV on our dataset. The different parameters tested all reached their goal with the lower CV obtained with the mean of the Top 3 peptides and protein level normalisation. These results illustrate the possibility to increase Proline performances presented in Figure104. In the Figure105, we show the results obtained with MaxQuant and Proline with the different normalisation after application of the 3/3 and CV< 20% filters on the number of protein quantified.
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 105 Figure 105: Number of protein quantified with Proline in Orange and MaxQuant in Blue using different level of normalisation after application of the 3/3 filter and the CV< 20% on the S-Trap evaluation dataset where 200ng were injected.

Figure 106 :

 106 Figure 106: Comparison of the quantification accuracy and linearity on a UPS range spiked in a constant background of 200ng of Arabidopsis protein injected. In black, the theoretical curve. In orange, Proline quantification using default parameters. In yellow, Proline quantification using peptide level normalisation. In green, Proline quantification results using protein level normalisation and in Blue, Proline quantification results.
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 107 Figure 107: Number of Arabidopsis thaliana proteins (in A. and C.) and peptides (in B. and D.) quantified with a peptide-centric approach for A. and B. and a spectrumcentric approach for C. and D. with Spectronaut. Results obtained from 200ng of proteins injected.

Figure 108 :

 108 Figure 108: Number of UPS1 proteins (in A. and C.) and peptides (in B. and D.) quantified with a peptide-centric approach for A. and B. and a spectrum-centric approach for C. and D. with Spectronaut. Results obtained from 200ng of proteins injected.
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 109 Figure 109: Calibration curves of UPS1 proteins (in A. and C.) and peptides (in B. and D.) generated with a peptide-centric approach for A. and B. and a spectrum-centric approach for C. and D. with Spectronaut.
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 110 Figure 110: Number of UPS protein, spiked in a constant background of 200ng of Arabidopsis thaliana proteins, quantified using MaxDIA raw intensities in A. and LFQ intensities in B. with and without the application of the 3/3 and CV<20% quality filters.

Figure 111 :

 111 Figure 111: Number of Arabidopsis protein, in a UPS range spiked in a constant background of 200ng of Arabidopsis thaliana proteins, quantified using MaxDIA raw intensities in A. and LFQ intensities in B. with and without the application of the 3/3 and CV<20% quality filters.
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 112 Figure 112: Calibration curve obtained from a UPS1 range spiked in a constant background of Arabidopsis thaliana proteins acquired in diaPASEF and treated with MaxDIA using raw intensities in A. and LFQ in B.

Figure 113 :

 113 Figure 113: General principle of Co-immunoprecipitation. From Kerbler et al. 392

Figure 114 :

 114 Figure 114: Histogram of the total number of identified PSMs for three biological replicates for the two target proteins NPC1 and NPC2 and the protein of interest Wnt5a in the IP and their controls.

Figure 115 :

 115 Figure 115: Wnt5a signalling pathway. Wnt5a promotes cholesterol egress from late endosomes to ER through inhibition of p-mTORC1. In LELs, upon binding to NPC2 and cholesterol, Wnt5a might facilitate cholesterol transfer to NPC1 and to the ER membrane. This suppresses SREBP-2 activity, limits cholesterol accumulation in VSMCs, and protect against atherosclerosis. From the under review publication of Awan et al. 404

Figure 116 :

 116 Figure 116: Volcano Plot of the IP vs control differential analysis, FDR = 1.36%, p-value cut-off = 1e -04 .

  Part V: Application of methodological developments to answer biological questions Chapter 1: Study of protein-protein interactions by mass spectrometric analysis of immunoprecipitated complexes 218 the control and 740 in the co-IP samples. The number of proteins quantified was on average 350 for the control and 300 for the co-IP samples. Those low numbers of proteins indicate a good stringency of the washing steps during the co-IP sample preparation. The number of proteins and peptides quantified were reproducible inside each condition as illustrated in Figure117.
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 117 Figure 117: Venn diagram of the five replicates of the control and IP samples A. Proteins quantified. B. Peptides quantified.

Figure 118 :

 118 Figure 118: p-value calibration plots obtained from the Tb vs control condition using Benjamini-Hochberg p-value calibration for A., B. and C. In A., we used CA and det quantile imputation for the POV. In B., we do not used CA and we used only det quantile imputation for the POV. In C., we do not used CA and we used only slsa imputation for the POV. The D. plot was obtained from the CNT vs control condition and illustrates what kind of plot can be obtained when many proteins are differentially expressed.

Figure 119 :

 119 Figure 119: p-value histograms obtained from the Tb vs control condition using Benjamini-Hochberg p-value calibration for A., B. and C. In A., we used CA and det quantile imputation for the POV. In B., we do not used CA and we used det quantile imputation for the POV. In C., we do not used CA and we used slsa imputation for the POV. The D. plot was obtained from the CNT vs control condition and illustrates what kind of plots can be obtained when many proteins are differentially expressed.

Figure 120 :

 120 Figure 120: Examples of volcano Plots obtained with in A. not very differential conditions (Cont vs Dend) and in opposition in B. very differential conditions (Cont vs CNT).

Figure 121 :

 121 Figure 121: Photo of the samples after the digestion step of the manual SP3 protocol. The magnetic beads are stacked on the tube wall by the magnet and indicated by the arrows.

Figure 122 :

 122 Figure 122: Examples of the control sample's total ion chromatogram prepared in stacking gel (top) and manual SP3 combined with autoSPE (bottom).
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 123 Figure 123: Gradient 79min used for the analysis of the THUMPD2 IP on a nanoAcquity-Q Exactive + coupling

Figure 124 :

 124 Figure 124: 80min gradient used on a nanoElute-TimsTOF Pro coupling

EXPERIMENTAL SECTION Chapter 2 :

 2 Figure 125: 100min gradient used on a nanoElute-TimsTOF Pro coupling

  [START_REF] Bouyssié | Proline: An Efficient and User-Friendly Software Suite for Large-Scale Proteomics[END_REF] . We were able to use them in tandem thanks to the tool MSangel developed by David Bouyssié and Julie Poisat of the IPBS in Toulouse in the framework of ProFI (https://www.profiproteomics.fr/proline/#downloads). We used a database containing SwissProt human database and classical MS contaminant proteins in addition with their decoys. Mascot's search parameters are shown in Figure126. Proline's validation parameters are shown in Figure127.
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 126 Figure 126: Mascot parameters used to treat TimsTOF Pro data
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 128 Figure 128: 62min gradient used on a nanoElute-TimsTOF Pro coupling

Figure 129 :

 129 Figure 129: Standard SPE settings used on the Bravo excepting the number of columns, which depends of the replicate number in the experience

Figure 130 :

 130 Figure 130: 30min gradient used on a nanoElute-TimsTOF Pro coupling

Figure 131 :

 131 Figure 131: Experimental design of the UPS1 range spiked in Arabidopsis thaliana protein background.

Figure 133 :

 133 Figure 133: Parameters of the isolation windows of the diaPASEF methods used in OtofControl and published by Meier et al 16 .

Figure 134 :Chapter 1 :

 1341 Figure 134: Parameters of the isolation widows of Bruker's long gradient diaPASEF methods used in TimsControl.
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	Abbreviation			
	1D SDS-PAGE	One-Dimensional Sodium Dodecyl Sulfate-PolyAcrylamide Gel
		Electrophoresis		
	2D SDS-PAGE	Two-Dimensional Sodium Dodecyl Sulfate-PolyAcrylamide Gel
		Electrophoresis		
	1/K0	Inverse of reduced ion mobility coefficient	
	2D PAGE	Two-Dimensional PolyAcrylamide Gel Electrophoresis
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		Spectrometer			
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	AGC	Automatic Gain Control		
	AQUA	Absolute QUAntification		
	AutoSP3	Automated	Single-Pot,	Solid-Phase-enhanced	Sample-
		Preparation			
	BiFC	Bimolecular Fluorescence Complementation	
	BRNN	bi-directional recurrent neural network	
	CCS	Collision-Cross Section		
	CE	Collision Energy		
	CE-MS	Capillary Electrophoresis-Mass Spectrometry	
	CHAPS	3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
	CID	Collision-Induced Dissociation	
	CIF	(CMMB)-based Isopropanol gradient peptide Fractionation
	CoFRAC-MS	Co-FRACtionation Mass Spectrometry	
	Co-IP	Co-Immunoprecipitation		
	COSMIC	Catalogue of Somatic Mutations in Cancer	
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	CSI	Captive Spray Insert		
	CV	Coefficient of Variation		
	Da	Dalton			
	DDA	Data-Dependent Acquisition		
	DDBJ	DNA Data Bank of Japan		
	DDIA	Data Dependent Independent Acquisition	
	DIA	Data-Independent Acquisition	
	DIMS	Differential Ion Mobility Spectrometry	
	DMA	Differential Mobility Analyser	
	DMS	Differential Mobility Spectrometry	
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	DTIMS	Drift Tube Ion Mobility Spectrometry	
	DTT	Dithiothreitol			
	EBI	Europe Bioinformatic Institute	
	ESI	ElectroSpray Ionisation		
	EMBL	European Molecular Biology Laboratory	
	emPAI	Exponentially modified Protein Abundance Index	
	ERLIC	Electrostatic	Repulsion	Hydrophilic	Interaction
		Chromatography		
	ETD	Electron Transfer Dissociation	

  PTMs), du fractionnement pour augmenter la couverture d'un protéome ou encore du marquage isotopique dans le but de quantifier plus précisément des protéines. Un grand nombre de protocoles de digestion sont apparus depuis 2014. On peut désormais les classifier en quatre catégories : les digestions en solution, les digestions en gel d'acrylamide, les digestions sur filtre et les digestions sur billes, chacune de ces méthodologies possédant ses propres forces et faiblesses.→La digestion liquide est rapide mais elle est limitée à des tampons de lyse et d'extraction directement compatibles avec le maintien de l'activité enzymatique et avec l'analyse en MS. Or, ces tampons ne sont pas les plus efficaces. Elle peut être facilement automatisée. → La digestion en gel est longue mais elle permet d'utiliser des détergents normalement non compatibles avec l'analyse en MS, afin d'aider aux étapes de lyse et d'extraction des protéines, notamment des protéines difficiles telles que les protéines membranaires. Certains de ces protocoles peuvent également permettre de fractionner les échantillons mais ils sont difficilement automatisables du fait des risques de perdre des morceaux de gel collant aux cônes. est la plus simple et rapide à mettre en oeuvre avec des acquisitions en mode « data dependent acquisition » (DDA). Elle permet d'analyser un grand nombre de peptides, de les séquencer individuellement et séquentiellement en fonction de leur abondance, mais souffre d'un manque de reproductibilité lié à la stochasticité de l'acquisition des données. La quantification est réalisée à partir de l'extraction des signaux MS.

	→ Les approches ciblées, comme la « Selective Reaction Monitoring » (SRM)
	ou la « Parallel Reaction Monitoring » (PRM), sont très lourdes à mettre en
	oeuvre car il s'agit de prédéterminer les peptides signatures les plus pertinents à
	cibler et d'optimiser l'ensemble des paramètres chromatographiques et
	d'acquisition MS pour leur détection optimale. Une fois la méthode
	d'acquisition optimisée, ces méthodes permettent de quantifier très
	précisément, voire de manière absolue, un nombre limité de peptides grâce à
	des signaux MS/MS.

Préparation des échantillons :

Cette étape va regrouper la lyse cellulaire, l'extraction des protéines et leur digestion enzymatique ainsi qu'un certain nombre d'étapes facultatives telles que des enrichissements pour étudier certaines modifications post-traductionnelles (→ La digestion sur filtre tend à être beaucoup plus rapide notamment avec l'arrivé de kits commerciaux permettant de réduire l'étape de digestion à quelques heures par rapport à une nuit pour les protocoles plus anciens. Ils sont également compatibles avec de nombreux détergents. Ces protocoles ont également l'avantage d'être automatisables et sont déjà automatisés sur un certain nombre de plateformes de préparation d'échantillons.

→ La digestion sur billes regroupe les mêmes avantages que les digestions sur filtre avec une efficacité plus élevée sur les petites quantités de matériel et un coût moindre. Des protocoles automatisés ont d'ores et déjà été publiés

[START_REF] Zecha | Reagents, Assays and Merits of Proteomics for SARS-CoV-2 Research and Testing[END_REF][START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] 

.

Il est à noter que toutes les étapes de préparation d'échantillon tendent à s'automatiser et pas uniquement l'étape de digestion. Cela a pour but d'être en mesure d'analyser plus rapidement des cohortes d'échantillons variés, de grande taille avec une meilleure répétabilité permettant d'aborder de nouvelles problématiques tout en améliorant la finesse et la robustesse des analyses.

Analyse LC-MS/MS :

La seconde étape du processus analytique consiste en l'analyse des peptides sur un couplage composé d'une chromatographie liquide et d'un spectromètre de masse (LC-MS). Les peptides issus de la digestion d'un échantillon sont retenus sur la phase stationnaire puis ils sont élués séquentiellement en fonction de leur degré d'hydrophobicité grâce à un gradient croissant de solvant organique. Cela permet de réduire la diversité et la quantité de peptides arrivant en même temps dans la source du spectromètre de masse, dans le but de limiter la compétition à l'ionisation, de réduire la gamme dynamique et ainsi d'augmenter la profondeur d'analyse de l'échantillon pour augmenter la couverture du protéome.

Les peptides sont ensuite analysés dans le spectromètre de masse. Il existe trois grands types d'approches :

→ L'approche globale qui → Finalement, le mode d'acquisition « Data Independent Acquisition » (DIA) a été introduit plus récemment et promet de combiner le meilleur des deux mondes en permettant de quantifier de façon très précise un grand nombre de protéines grâce aux signaux MS/MS. La mise en oeuvre de ces méthodes est d'un niveau de difficulté inférieur aux approches ciblées mais reste pour le moment supérieur à celle des approches globales classiques en DDA, en particulier du fait d'une étape de traitement des données particulièrement complexe et d'outils bio-informatiques dédiés encore en plein développement.

  ). L'ajout de cette nouvelle dimension de données ouvre de nouvelles portes à la protéomique « Bottom-up » avec par exemple le développement de nouveaux modes d'acquisitions complémentant les approches classiques tels que le PASEF avec ses différentes déclinaisons : ddaPASEF, diaPASEF et prmPASEF. Cela dit, cette nouvelle dimension et le format de données que génèrent ces nouvelles approches complexifient les étapes de traitement de données. Celle-ci vont nécessiter de nombreux développements d'algorithmes et logiciels dans les années à venir afin de tirer le maximum d'informations utiles de ces nouvelles données. de données qui doivent être de qualité et adaptées à la problématique biologique. La banque de séquences protéiques est digérée in silico pour simuler les conditions expérimentales. Les peptides sont identifiés par comparaison des masses théoriques, calculées, à partir de la banque digérée in silico et des données expérimentales obtenues lors de l'analyse de l'échantillon en spectrométrie de masse. Les protéines sont retrouvées par inférence à partir des peptides précédemment identifiés. Les résultats sont validés grâce à des procédés statistiques permettant de limiter le nombre de faux-positifs grâce à l'approche cible-leurre. La quantification sur ce type de données peut être réalisée par différentes approches telles que le comptage de spectres ou l'extraction de courants d'ions. Tandis que pour les données de type DIA, deux approches principales sont utilisées, l'approche peptides-centrée et l'approche spectres-centrée. L'approche centrée sur les peptides utilise des bibliothèques spectrales, préalablement générées, pour effectuer la correspondance spectre-peptide. L'approche centrée sur les spectres ne nécessite pas de générer une librairie spectrale. Elle utilise directement les spectres MS2 multiplexés que des algorithmes vont déconvoluer pour générer des pseudo-spectres MS2. Ces derniers seront soumis à une recherche classique via l'interrogation d'une banque de données digérée in silico.

	→ L'évaluation et l'optimisation d'outils bio-informatiques pour traiter les
	données en 4 dimensions (4D) générées grâce à ce nouveau couplage innovant
	dans le but d'identifier et de quantifier les protéines.

Au-delà de l'IMS, le traitement des données reste extrêmement différent selon le type d'acquisitions utilisé et donc le type de données générées utilisant différentes approches et logiciels. Pour des données de DDA, l'identification des peptides dont découle l'identification des protéines, se base sur l'utilisation de moteurs de recherche et de banques La spécificité du sujet de cette thèse repose sur le fait qu'elle vise à repousser les limites de la protéomique actuelle pour laquelle l'un des grands facteurs limitants reste la quantité d'échantillon accessible. Ce défi doit être levé dans un contexte où la protéomique prétend pouvoir analyser le contenu protéique de cellules uniques, au même titre que la transcriptomique qui comme les autres techniques basées sur les acides nucléiques bénéficie de stratégies d'amplification, en opposition avec les approches basées sur les acides aminés. En parallèle, la quête d'accroitre la couverture du protéome détectable est toujours omniprésente, de même que la mise au point d'approches algorithmiques sophistiquées qui permettront d'extraire un maximum d'informations utiles des données acquises. Dans ce contexte, ces travaux de thèse se sont articulés autour de quatre axes : → L'évaluation de protocoles de préparation d'échantillons compatibles avec le sodium dodecyl sulfate (SDS) afin de permettre une extraction efficace des protéines et ainsi être à même de les analyser de façon robuste, rapide, à hautdébit via une automatisation et ceci sur de faibles quantités de matériel de départ.

→ L'implémentation et le développement de nouvelles stratégies de quantification sans marquage sur un couplage de dernière génération (un nouveau Quadrupole-Temps de Vol (Q-TOF), TimsTOF Pro de Bruker) intégrant une étape de séparation supplémentaire par mobilité ionique (nLC-IMS-MS/MS) opéré en modes d'acquisition ddaPASEF et diaPASEF.

  [START_REF] Hughes | Ultrasensitive Proteome Analysis Using Paramagnetic Bead Technology[END_REF] 

  Le protocole S-Trap présente plusieurs avantages : il permet l'utilisation du SDS, de réaliser la préparation complète d'un échantillon en une journée et il peut être automatisé. Cependant, cette solution reste coûteuse et n'est pas suffisamment efficace pour des quantités inférieures ou égales à 5µg. C'est la raison pour laquelle un troisième protocole de préparation d'échantillon, la SP3, de plus en plus détaillé dans la littérature, a été évalué.

La SP3 (Single-Pot, Solid-Phase-enhanced, Sample-preparation) possède les mêmes avantages que la S-Trap en plus d'être beaucoup plus abordable. Le protocole SP3 a été évalué sur une gamme de quantités d'extraits protéiques totaux de cellules HeLa de 500ng à 10µg. Le nombre de protéines obtenu à partir de 200ng de peptides injectés était d'environ 5000 pour l'identification et supérieur à 3300 pour la quantification pour les conditions de 500ng à 2.5µg de matériel de départ et avec une déviation standard réduite. Ces résultats, très impressionnants sur de petites quantités, sont équivalents à ceux obtenus classiquement à partir de 20µg ou plus avec d'autres protocoles de préparation d'échantillon comme avec la S-Trap ou avec un digeste commercial de protéines de cellules HeLa. Une comparaison de ces résultats avec ceux obtenus en S-Trap a été réalisée et les résultats sont présentés en Figure

4

.

  ).L'implémentation de la SP3 automatisée (ou autoSP3) au sein de notre laboratoire est encore inachevée à ce jour mais de nombreux travaux ont déjà été menés. Nous avons travaillé sur un robot AssayMap Bravo d'Agilent avec une première version d'interface fonctionnelle développé par la société pour la SP3 en se basant sur les travaux de Müller et al.[START_REF] Müller | Automated Sample Preparation with SP 3 for Low-input Clinical Proteomics[END_REF] . Nos travaux ont consisté à tester cette première interface et à améliorer le protocole initial pour le rendre fonctionnel et robuste sur deux types d'échantillons complexes : des protéines de cellules HeLa et du plasma humain possédant une grande gamme dynamique et sur des quantités allant de 1µg à 100µg de protéines.

Un nombre important d'ajustements des opérations de pipetages ont été nécessaires notamment au niveau de la distance de dépôt du liquide dans les puits, la distance de contact des cônes, le type et la vitesse d'agitation de la plaque, la distance d'aspiration du liquide dans les puits, le "Tip touch" dans la plaque de déchets. Afin d'améliorer le RÉSUMÉ EN FRANCAIS Partie II : Evaluation et optimisation des étapes de préparation des échantillons pour l'analyse protéomique « Bottom-up » à haut débit sur de petites quantités de matériel
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  Bruker a également lancé un nouveau logiciel pour piloter le TimsTOF Pro, appelé TimsControl. Ce logiciel est très récent et même si la création de nouvelles méthodes diaPASEF est grandement facilitée par rapport à OtofControl, certains bogues subsistent. De plus, certaines options telles que le « denoising » des spectres, la génération de méthodes avec des tailles de fenêtres variables ou la génération de schémas de fenêtres d'isolation sur deux « lignes » permettant un recouvrement dans la dimension de la mobilité ionique n'était pas encore accessibles. En conséquence, la méthode diaPASEF que nous avions utilisée précédemment dans OtofControl n'est pas compatible avec TimsControl. De ce fait, nous avons utilisé la méthode standard fournis par Bruker pour la réalisation d'analyses en diaPASEF sur des gradients longs avec la nouvelle cellule de mobilité ionique.Compte tenu de tous ces changements, nous avons décidé de repartir de zéro et de réévaluer complètement le mode diaPASEF. Nous avons utilisé la même gamme que précédemment mais en doublant les quantités injectées pour tirer parti de la plus

Au cours de l'année qui s'est écoulée entre nos deux tests, le TimsTOF Pro a subi d'importantes modifications. Il a été équipé d'une nouvelle cellule de mobilité ionique de plus grande capacité (cartouche SRIG). Le fabricant estime qu'avec cette cartouche, il est possible d'injecter jusqu'à 400ng de digest de protéines de cellules HeLa sur un gradient d'environ 100min sans saturer la cellule de mobilité. Au cours de la même période, grande capacité de cette nouvelle cartouche. Le nombre de protéines UPS quantifiées obtenu dans cette configuration est plus faible que lors de notre première expérience pour des quantités équivalentes d'UPS. En moyenne, 3580 protéines d'Arabidopsis ont été quantifiées dans la nouvelle expérience soit un peu plus que les 3423 de la première expérience. Sur la courbe de calibration, la quantification reste linéaire jusqu'à 50amol ce qui est plus bas que sur les courbes de calibrations réalisées précédemment ou la linéarité était perdu en dessous de 125amol.

Ces résultats sont cohérents avec les résultats préliminaires que nous avions obtenus en ddaPASEF avec la nouvelle cellule de mobilité en injectant jusqu'à 400ng de protéines. En effet, en DDA comme en DIA, nous n'avons pas observé de gain important suite à l'implémentation de la nouvelle cellule de mobilité ionique et l'augmentation des quantités injectés, contrairement à ce qui était attendu. Nous avons donc émis l'hypothèse que nos méthodes d'acquisition n'étaient pas adaptées à la nouvelle configuration de notre TimsTOF Pro amélioré ou TimsTOF Pro 2-like. Pour cette raison, nous ne sommes pas encore en mesure de tirer le meilleur parti de la nouvelle cartouche SRIG.

une partie des paramètres accessibles dans MaxQuant, nous n'avons pas identifié de paramètres qui changent significativement les résultats obtenus sur nos deux jeux de données. Il semble donc que les paramètres par défaut de MaxQuant soient déjà suffisamment optimisés sur les versions récentes pour travailler efficacement avec des données classiques issues de TimsTOF Pro, que ce soient pour de petites ou de grandes quantités injectées.

  Nombre de protéines UPS1 identifiées à partir d'une gamme dopée dans un fond constant de protéines de levure en injectant 200ng théorique de protéines puis en traitant les données avec MaxQuant en utilisant différentes versions et jeux de paramètres.Ce n'est qu'à partir de la version 1.6.2.10 que MaxQuant a proposé des paramètres par défaut optimisés sur les données du TimsTOF Pro. Cependant, au cours des différentes itérations de MaxQuant utilisées dans cette thèse, nous avons constaté des changements dans ces paramètres. J'ai également évalué certains d'entre eux, à la fois pour mieux comprendre le fonctionnement du logiciel et pour éventuellement trouver des moyens d'améliorer les paramètres que nous utilisons pour le traitement des données. Ces tests ont été réalisés sur des injections en triplicats de 10ng et 200ng de digest de protéines de cellules HeLa. Les tests ont été réalisés en modifiant un paramètre à chaque fois par rapport aux paramètres par défaut de MaxQuant. Aucun paramètre de la vingtaine évalués n'a eu d'impact significatif sur le nombre de protéines et de peptides identifiés et quantifiés pour les deux quantités de digests de HeLa injectées. En conclusion, même si nous n'avons testé qu'nous avons généré des intensités LFQ sans normalisation mais en appliquant le minimum ratio count. Ces résultats sont présentés en Figure12.

	pour réaliser une quantification sans marquage : Peaks (Bioinformatics Solutions Inc.)
	et MaxQuant 11-14 . Durant ces 3 dernières années, la communauté bioinformatique s'est
	fortement intéressée à cette nouvelle dimension de données ce qui a conduit à des
	évolutions régulières des outils existants et au développement de nouveaux
	algorithmes et logiciels dédiés 12,15-18 .
	MaxQuant 19 en opposition à Peaks, est un logiciel gratuit et très largement déployé
	dans le monde de la protéomique. S'agissant du premier logiciel que nous avons utilisé,
	c'est de fait celui que nous avons le plus exploré. MaxQuant a rapidement commencé à
	utiliser les informations de la mobilité ionique pour améliorer son traitement de
	données 12 en utilisant par exemple cette donnée additionnelle dans son algorithme de
	« Match between runs » (MBR) dont j'ai pu évaluer les bénéfices. Ces résultats ont été
	valorisés par une présentation orale et un poster lors du congrès national des Sociétés Françaises de Spectrométrie de Masse et d'Analyses Protéomiques, SMAP 2019 à Strasbourg. Pour évaluer ce gain, nous avons commencé par traiter des données obtenues à partir de réplicas d'analyses d'extraits protéiques totaux de cellules humaines HeLa. La reproductibilité de l'identification des protéines du TimsTOF Pro a été extrêmement impressionnante avec le 4D-MBR lui permettant d'atteindre 97% de reproductibilité avec plus de 5000 protéines partagées. Nous avons également noté une amélioration du nombre de protéines avec un CV compris entre 1% et 10%. Le 4D-MBR améliore la répétabilité des identités et des intensités des protéines. Cependant, des questions demeurent et notamment : ce gain s'applique-t-il également aux protéines de faible abondance ? Pour l'évaluer, nous avons utilisé les données d'une gamme de protéines UPS1 dopées dans un fond de 200ng de lysat total de Saccharomyces cerevisiae. Les résultats obtenus sont présentés en Figure 11. Nous avons observé une amélioration importante des résultats grâce au 4D-MBR utilisé dans la version 1.6.6.0 de MaxQuant pour l'identification et la quantification des protéines, même sur des protéines présentes à l'état de traces. MaxQuant permet donc une sensibilité impressionnante sur les données de TimsTOF Pro, améliorée par le 4D-MBR, notamment pour des protéines présentes à des quantités inférieures ou égales à 625amol dans un fond complexe. Figure 11: De nombreux tests ont également été réalisés sur la normalisation des intensités dans
	MaxQuant via la LFQ et le minimum ratio count pour évaluer leur impact sur la Traitement des données ddaPASEF : quantification des protéines. Nous avons travaillé sur le jeu de données de la gamme Le gain apporté par l'ajout d'une nouvelle dimension de séparation dans le TimsTOF S-Trap basée sur différentes quantités de protéines de départ. Ce jeu de données est Pro a deux natures complémentaires. La première est purement « hardware » avec le très particulier car toutes les intensités des protéines changent entre les différentes dual-TIMS lui-même et le mode d'acquisition PASEF qui en découle. Cela permet de conditions. Le but de nos tests était d'explorer les limites de l'algorithme de diminuer la complexité des spectres, d'améliorer la vitesse d'acquisition, d'augmenter normalisation LFQ sur un jeu de données extrême afin de mieux l'appréhender et le « duty cycle » ainsi que le rapport signal/bruit. Le second gain est lui purement « software » et est lié au traitement des données de la nouvelle dimension de données. pouvoir ainsi faire les bons choix quant à son utilisation dans de futurs projets.
	Celle-ci a été rendue accessible grâce à la détermination de la CCS, c'est-à-dire une Nous avons évalué différentes manières de normaliser nos données dans MaxQuant. valeur normalisée de la mobilité des ions. Du fait des importantes innovations Tout d'abord, nous avons généré les intensités "brutes", sans normalisation. Ensuite, technologiques du TimsTOF Pro entrainant un format de données spécifique, seuls nous avons effectué une normalisation LFQ entre toutes les analyses. Puis, nous avons deux logiciels étaient capables au début de cette thèse de traiter les données générées effectué une normalisation LFQ par condition en utilisant différents groupes. Enfin,

Les deux approches montrent une légère sous-estimation des quantités de protéines entre 150 et 250amol avec une chute importante à 25amol. Les deux approches présentent une dispersion des intensités similaire. Les méthodes diaPASEF sont très récentes, et nous pouvons donc espérer de nouvelles améliorations dans le futur à la fois au niveau de l'acquisition et du traitement de ces données. Néanmoins, le logiciel Spectronaut semble être adapté pour

  le traitement de ce type de données via des approches peptides-centrée et spectrescentrée qui présentent dans notre test des performances similaires. Par ailleurs, Spectronaut est doté comme SpectroMine de nombreux outils de visualisation et d'exploration des données particulièrement attrayant et adaptés.

	Partie	V	:	Application	des	développements
	Au même titre que Proline, un autre logiciel a été rendu compatible très récemment
	avec les données du TimsTOF Pro pour le traitement de donnée diaPASEF. De ce fait,
	nous avons réalisé une première évaluation de MaxDIA 18 implémenté au sein de
	MaxQuant 2.0 sur le même jeu de donnée que celui utilisé pour l'évaluation de
	Spectronaut. Bien qu'une comparaison plus complète de ces deux logiciels soit
	nécessaire pour aller plus loin, nous avons pu constater des performances similaires
	bien que MaxDIA nous ait permis de quantifier un peu moins de protéines que
	Spectronaut dans ces tout premiers essais sans optimisation des paramètres.

méthodologiques de la thèse à des projets collaboratifs

  

	Finalement, les développements méthodologiques réalisés au cours de cette thèse ont
	été mis en application dans le cadre de trois collaborations. Les deux premières avaient
	pour objectif l'analyse de complexes protéiques immunoprécipités (co-IP) dans le but
	d'identifier et de quantifier des protéines interactantes.
	La première étude a été réalisée avec l'équipe du Pr Philippe Boucher (CNRS,
	Unistra, UMR 7021, Strasbourg, France). Elle porte sur l'analyse
	d'immunoprécipitations de deux protéines cibles d'un complexe impliqué dans
	l'accumulation du cholestérol dans les endosomes tardifs/liposomes et son lien avec le
	développement de l'athérosclérose chez la souris. Les résultats obtenus sont venus
	renforcer les résultats biologiques des collaborateurs et une publication est
	actuellement en révision dans Circulation Research.

Table 3 :

 3 Description of the chromatographic systems used in this manuscript.

Table 4 :

 4 MS systems used in this PhD work.

	MS system	Q-Exactive Plus	Q-Exactive HF-X	TimsTOF Pro
	Brand	Thermo Fisher Scientific	Thermo Fisher Scientific	Bruker Daltonics
	Analyser	Q-Orbitrap	Q-Orbitrap	Q-TOF
	MS resolution	140 000 at 200 m/z	240 000 at 200 m/z	40 000 at 622 m/z
	Mass precision	5 ppm	5 ppm	10 ppm
	Acquisition speed	12 Hz	40 Hz	> 100Hz
	Fragmentation	HCD	HCD	CID
	Ion mobility	-	-	TIMS
	Ion mobility resolution	-	-	60 at 622 m/z
	Year of installation	2014	2017	2019

  226,227 This databank is one of the largest available to date but suffers from variable quality annotations and redundancy. It was created by the National Center for Biotechnology Information (NCBI). It includes protein sequences from a subset of the Protein Databank (PDB)228 , Protein Information Resource (PIR)229 , Protein Research Foundation (PRF), RefSeq 230 , SwissProt[231][232][233] , as well as protein sequences derived from the translation of nucleotide sequence libraries found in DDBJ 234 , European Molecular Biology Laboratory (EMBL) and GenBank 235 .

  17,014 from viruses, 19,653 from archaea, 335,066 from bacteria and 193,521 from eukaryotes.  NeXtProt 236,237 NeXtProt was created by the SIB in 2010 and is limited to the human proteome. It draws data from the Bgee 238 , COSMIC 239,240 , Ensembl, ENZYME, GlyConnect, gnomAD 241 , GO, HPA, IntAct 242 , InterPro 243 , MassIVE 244,245 , MeSH, PeptideAtlas, PROSITE, PubMed, SRMAtlas, UniProt-GOA and UniProtKB/Swiss-Prot databases. In addition to protein sequence information, NeXtProt offers sequence variants, expression, localisation, PTMs, isoforms and experimental information from proteomic experiments. Version 2.35.0 released on 15/02/2021 contained 20379 proteins, 42368 isoforms and 191837 PTMs, among others.

Table 5 :

 5 Summary table of the different search engines for the identification of proteins by bottom-up approach from 1994 to 2015. Modified from Verheggen et al.250 .

Table 6 :

 6 Summary table of the evolution of DIA approaches. Adapted from Zhang et al. 324 and Ludwig et al. 321 .

		Year	Isolation windows	Instrument type	Reference
	Shotgun CID	2003	Full range	Q-TOF	Purvine et al. 304
	DIA	2004	10 m/z	Ion trap	Venable et al. 305
	MS E	2006	Full range	Q-TOF	Silva et al. 287
	PAcIFIC	2009	2.5 m/z	Q-Orbitrap	Panchaud et al. 306
	AIF	2010	-	Q-Orbitrap	Geiger et al. 307
	XDIA	2010	20 m/z	Q-Orbitrap	Carvalho et al. 308
	FT-ARM	2012	100 m/z	Q-Orbitrap Q-FTICR	Weisbrod et al. 309
	SWATH	2012	25 m/z	Q-TOF	Gillet et al. 310
	HDMS E	2012	Full range	TWIMS-Q-TOF Q-TWIMS-TOF	Geromanos et al. 311
	MSX	2013	4 m/z	Q-Orbitrap	Egertson et al. 312
	pSMART	2014	5 -20 m/z	Q-Orbitrap	Prakash et al. 313
	UDMS E	2014	Full range	TWIMS-Q-TOF Q-TWIMS-TOF	Distler et al. 314
	SWATH (variable windows)	2015	8-85 m/z variable	Q-TOF	Zhang et al. 315
	HRM	2015	24 -220 m/z variable	Q-Orbitrap	Bruderer et al. 316
	WiSIM-DIA	2016	12 m/z	Q-Orbitrap	Martin et al. 317
	SONAR	2018	24 m/z	Q-TOF	Moseley et al. 318
	BoxCar DIA	2018	-	Q-Orbitrap	Meier et al. 319
	DIA-FAIMS	2020	13.7 m/z	FAIMS-Q-Orbitrap	Bekker-Jensen et al. 320
	diaPASEF	2020	25 m/z and ~0.17 1/K0	TIMS-Q-TOF	Meier et al. 16
	DDIA	2020	12 m/z	Q-Orbitrap	Guan et al. 321
	Scanning SWATH	2021	5 m/z	Q-TOF	Messner et al. 322
	PulseDIA	2021	variable	Q-Orbitrap	Cai et al. 323

  FT-ARM (Fourier Transform-All Reaction Monitoring) strategy presented in 2012 by Weisbrod et al was used with fixed size windows of 12 m/z and 100 m/z. The SWATH (Sequential Windowed Acquisition of All Theoretical fragment ion spectra) strategy marketed by Sciex was also presented in 2012 by Gillet et al 309 . and uses windows of 25m/z. Prakash et al. and Martin et al. proposed respectively the pSMART313 and WiSIM 317 (Wide Selected-Ion Monitoring) approaches in 2014 and 2016. In these approaches, high-resolution MS1 spectra are acquired and then MS2 spectra are generated after isolation of precursors in restricted mass windows. The MS1 spectra are used for quantification and the MS2 spectra for identification.

  Firstly, we can talk about work of Brunner et al 177 . In this work, a miniaturised sample preparation was developed and combined to very low-flow liquid chromatography coupled with a new dedicated nLC-IMS-MS/MS. Bruker launched this new mass spectrometer in June 2021. It is a new iteration of the TimsTOF Pro dedicated to single cell analyses, the TimsTOF trueSCP (true Single-Cell Proteomics). At the same time, others scientific work supported by the French company Cellenion was prepublished 179,182 . They presented an automated solution for single cell sample preparation called CellenOne. Others interesting approaches are currently in development for example by other MS constructor such as Sciex to replace sample preparation and nLC by using a new technology called Acoustic Droplet Ejection-Open-Port Interface-Mass Spectrometer (ADE-OPI-MS) 183 .

Table 11 :

 11 Number of differential proteins over the total number of proteins with different normalisations

Table 12 :

 12 Evaluation of the impact of different abundancy normalisation workflows in Proline.

  The discovery of low-density lipoprotein (LDL) dates from 1955 and the elucidation of LDL receptor role in 1974 393 by Michael S. Brown and Joseph L. Goldstein won them the medicine Nobel Prize of 1985.Atherosclerosis is an inflammatory disease of the arteriosclerosis family, which is characterised by narrowing, hardening and loss of elasticity of the arteries. Some genetic and environmental risk factors are known, such as high blood levels of "bad cholesterol" or LDL, hypertension, diabetes, obesity, age, sex, or smoking. This disease is caused by the formation of atheromatous plaque or atheroma in medium to large arteries 394 .
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Table 14 :

 14 

Numbers of differential proteins for the different conditions in comparison with the control for an FDR around 1%. Results obtained from 330ng of proteins injected.
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EXPERIMENTAL SECTION

Part II: Optimisation of pre-analytical sample preparation steps for high throughput proteomics analysis on small amounts of material

Chapter 1: Evaluation of different digestion methods

All the data generated in this part was treated using recent versions of MaxQuant. The use of MBR is mentioned in the respective results parts. The default parameters were used except for the number of missed cleavages set to one, the minimum number of unique peptides set to one. The quantification was realised using only the unique peptides without modifications except for the carbidomethylation of cysteine residues and using the LFQ normalisation.

A. Set-up of a volume reduced tube-gel protocol

Yeast cell pellet was suspended in 2% SDS, 62.5mM Tris-HCl pH = 6.8, 10% glycerol buffer and then lysed using probe sonication. The protein concentration was estimated with the DC kit of Biorad (Hercules, CAL, USA). The following experiments were performed in triplicate with starting protein amounts of 50-20-10-5-2.5-1µg. The tube-gels were prepared following the protocol described by Muller et al [START_REF] Muller | Benchmarking Sample Preparation / Digestion Protocols Reveals Tube-Gel Being a Fast and Repeatable Method for Quantitative Proteomics[END_REF] . Enzymatic digestion was performed overnight at 37°C using modified porcine trypsin (Promega) with a trypsin:protein ratio equal to 1:50. Peptides were extracted with 160 μL of a volume mixture of ACN/H2O/FA (60/40/0.1) for 1h and then 160 μL of ACN and FA 0.1% for 1h at room temperature. The reduced tube-gel experiment was performed as the standard tube-gel but by dividing all the volumes for the tube-gel preparation by a factor 2.

For the stacking gel, DTT and bromophenol blue was added to reach final concentration of respectively 50mM and 0.05% in each aliquot. After denaturing the proteins at 100°C for 5 min, they were concentrated into a single band via a 4% acrylamide SDS-PAGE gel prepared one day in advance. After a protein fixation step in an EtOH/H2O/acetic acid mixture (50/47/3), the proteins were stained with Coomassie blue. Each strip was finally cut into equal pieces. After four washes with 150 μL of ACN/NH4HCO3 (25 mM) volume mixture (75/25), the pieces were dehydrated with 50 μL of ACN. The proteins were then reduced with 10 mM DTT for 30 min at 60°C and then alkylated with 55 mM IAM for 20 min in the dark at room temperature. After four further washes with 50 μL of ACN/NH4HCO3 (25 mM) volume mixture (75/25), the pieces were dehydrated with 50 μL of ACN prior to enzymatic digestion performed overnight at 37°C with modified porcine trypsin (Promega) via a 1:50 trypsin/protein ratio. Peptides were then extracted with 40 μL of ACN/H2O/FA volume mixture (60/40/0.1) for 1h, followed by 50 μL of ACN for 1h at room temperature. A publication on the analysis of the impact of nanoparticles of medical interest on the proteome of immune cells is also being written with our collaborators. 
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Summary

This thesis focuses on the study of proteins from samples containing less than one microgram. It concentrates on the evaluation of new sample preparation protocols and the automation of one of them, the SP3. Acquisition methods in ddaPASEF and diaPASEF were evaluated using an innovative mass spectrometer with an ion mobility separation dimension. Bioinformatics tools dedicated to quantitative proteomics allowing to process these data with an atypical format were evaluated. Finally, different analytical strategies were developed to study protein-protein interactions, to better understand the mechanisms of cholesterol accumulation and its role in atherosclerosis as well as to study ribosome biogenesis and mRNA regulation. Finally, a last project allowed us to evaluate the impact of nanoparticles of medical interest on human immune cells.

Keywords : Quantitative proteomics, nanoproteomics, nLC-IMS-MS/MS