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Développement de stratégies analytiques et bio-

informatiques en spectrométrie de masse pour la 

caractérisation des protéines thérapeutiques et de 

leurs impuretés 

Thèse soutenue par Corentin BEAUMAL 

Dirigée par Dr. Christine CARAPITO 

 

Introduction 
 

Les anticorps monoclonaux (mAbs) et leurs dérivés font partie des protéines thérapeutiques jouant un 

rôle majeur dans l’industrie pharmaceutique, avec la mise sur le marché de plus de 120 mAbs au cours 

des vingt dernières années, pour diverses applications1. Le développement de ces mAbs est un 

processus long et fastidieux et nécessite une attention particulière pour s’assurer de l’efficacité du 

produit obtenu ainsi que de l’absence de risque pour le patient. Par conséquent, le produit 

médicamenteux doit être finement caractérisé afin de vérifier qu’il répond aux exigences 

réglementaires, définies notamment par ses attributs critiques de qualité (CQA)2. 

La présence d’impuretés protéiques issues de la cellule hôte (Host Cell Proteins, HCP) dans le produit 

médicamenteux est susceptible d’altérer l’efficacité du mAb ou de générer une réponse immunogène 

chez le patient3. De ce fait, les HCP doivent être quantifiées et la quantité globale recommandée par les 

agences sanitaires doit être inférieure à 100 ng par mg de mAb4. Aujourd’hui, le suivi de ces impuretés 

est très majoritairement réalisé via des méthodes immuno-enzymatiques telles que la méthode ELISA. 

Cependant, l’absence d’information sur l’identité et la quantité de chaque HCP ainsi qu’une couverture 

incomplète au sein du produit final sont des lacunes importantes de cette approche. Ces limitations 

ont donné lieu à l’émergence de nouvelles stratégies alternatives. Parmi elles, la protéomique 

quantitative, basée sur le couplage entre la chromatographie liquide et la spectrométrie de masse en 

tandem (LC-MS/MS), occupe une place de choix. De fait, la MS permet la caractérisation des HCP 

détectables sans aucun biais. Grâce aux nombreux développements technologiques et bio-

informatiques en analyse protéomique, de multiples approches sont disponibles pour l’identification 

et la quantification des peptides/protéines (Figure 1). Le mode « Data Dependent Acquisition » (DDA) 

permet de donner une information quantitative globale sur l’ensemble des peptides détectés, mais 

présente une répétabilité et une gamme dynamique limitées. Depuis une dizaine d’années, le mode « 

Data Independent Acquisition » (DIA), basé sur la co-isolation et la co-fragmentation de l’ensemble des 

peptides présents dans des fenêtres d’isolation de largeurs prédéfinies sur toute la gamme de masse, 

s’est considérablement développée5. Avec une quantification basée sur la MS2, l’approche DIA 

démontre une spécificité, une répétabilité, une sensibilité et une précision de quantification 

importantes pour la caractérisation des HCP à l’état de traces. De plus, les avancées instrumentales 

récentes ont permis l’ajout de la mobilité ionique comme dimension de séparation supplémentaire, 

augmentant le nombre de protéines détectées grâce à la réduction du bruit de fond et l’accroissement 

de la gamme dynamique6. En complément de ces approches, une des clés pour améliorer 

l’identification des protéines réside dans le développement de nouveaux outils bio-informatiques, 

basés sur des algorithmes d’intelligence artificielle7.  
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Figure 1: Aperçu des méthodes de protéomique quantitative. (A) Les quantités peptidiques peuvent 

être déterminées par des approches globales comme la DDA, avec l’extraction des courants d’ions des 

spectres MS1 acquis tout au long du gradient chromatographique. (B) L’approche DIA consiste à co-isoler 

et co-fragmenter des peptides co-éluant et contenus dans une même large fenêtre d’isolation, permettant 

l’extraction de l’information de manière ciblée à partir des spectres MS2. 

Outre le suivi des impuretés de HCP présentes dans le produit médicamenteux, la caractérisation 

complète de la protéine thérapeutique revêt une importance fondamentale pour s’assurer de son 

efficacité. Pour cela, la spectrométrie de masse joue également un rôle crucial. Premièrement, l’analyse 

par MS en conditions natives, qui permet de conserver les interactions non-covalentes, donne accès à 

certaines informations structurales telles que l’homogénéité, la stœchiométrie ou bien la stabilité de 

la protéine thérapeutique8. Deuxièmement, l’utilisation de la cartographie peptidique en conditions 

dénaturantes permet l’analyse de la structure primaire de l’anticorps, qui a été préalablement digéré. 

En parallèle, les approches « top-down » (TD) et « middle-down » (MD) gagnent en popularité pour la 

caractérisation des modifications de l’anticorps et l’identification de protéoformes. Elles reposent sur 

l’analyse MS/MS des fragments générés à partir de l’anticorps entier (TD), ou partiellement digéré 

(MD)9 (Figure 2). Pour réaliser la fragmentation, de nombreuses techniques, basées sur des principes 

variés sont disponibles : dissociation par collision induite (CID) ou à haute énergie (HCD), dissociations 

activées par électrons (ExD) ou encore photodissociation par ultraviolet (UVPD). Des techniques 

additionnelles permettant de diminuer la complexité des spectres obtenus ont également été 

introduites, permettant d’augmenter la couverture de séquence, telles la réduction de charge par 

transfert de protons10 (PTCR) ou la considération des fragments internes11. Une fois combinées, ces 

différentes approches complémentaires permettent une caractérisation précise et détaillée de la 

séquence d’acide aminés, et donne la possibilité de localiser des modifications, comme les agents 

cytotoxiques conjugués au mAb pour améliorer son efficacité. Là encore, le traitement bio-

informatique des données reste une des clés pour l’obtention de couvertures de séquence plus 

importantes mais aussi pour assurer une confiance élevée dans les résultats obtenus. 
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Figure 2: Identification de protéoformes par l’approche « bottom-up » et l’approche « top-down ». 

Dans ce contexte, mon travail de thèse a porté sur le développement de méthodes basées sur la 

spectrométrie de masse, articulé autour de trois points principaux : 

- L’évaluation et l’optimisation des stratégies instrumentales et bio-informatiques de 

protéomique quantitative 

-  Leur application pour la détection de HCP présents à l’état de traces dans des produits 

médicamenteux finaux. 

- Le développement d’approches MD pour la caractérisation d‘un anticorps conjugué (Antibody-

Drug Conjugate, ADC), incluant la localisation précise des agents cytotoxiques. 
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Chapitre 1 

Développements méthodologiques pour la  

protéomique quantitative 

 
1. Optimisation de méthodes d’acquisition LC-MS/MS pour la protéomique 

quantitative 

A. Evaluation des paramètres d’acquisition sur un instrument tribrid 

L’ajout d’un nouvel analyseur, la trappe ionique (IT), sur les instruments de type Q-Orbitrap (OT) a 

donné naissance aux instruments tribrides. L’IT présente une vitesse d’acquisition plus rapide que l’OT 

(45 Hz vs. 40 Hz), permettant d’acquérir un plus grand nombre de spectres. De plus, cet instrument est 

doté de nombreuses techniques de fragmentation (CID, ETD, EThcD) qui viennent s’ajouter à l’HCD, 

généralement présent sur les instruments de type Orbitrap. 

 

Ainsi, la première partie de ma thèse a consisté au développement et à l’optimisation de méthodes 

pour la protéomique quantitative sur un instrument de type Orbitrap Eclipse Tribrid (Thermo Fisher). 

Ces mises au point ont été réalisées sur un protéome total de cellules HeLa, couramment utilisé comme 

échantillon de référence en analyse protéomique. Les échantillons ont été analysés en mode DDA afin 

de comparer les modes de détection et les techniques de fragmentation (Figure 3.A). Les résultats de 

cette comparaison entre IT et OT ont montré les bénéfices de l’utilisation de l’IT pour la détection des 

spectres MS2, avec un net gain en termes de peptides et de protéines identifiés et quantifiés comparé 

à la détection OT (Figure 3.B). Dans un second temps, l’analyse des différentes méthodes de 

fragmentation (Figure 3.C) a clairement fait ressortir la supériorité de la fragmentation HCD, comparé 

notamment aux techniques de dissociation basées sur le transfert d’électrons (ETD et EThcD). 

 

Figure 3: Evaluation des différents paramètres d’acquisition sur un instrument Orbitrap Eclipse 

Tribrid (Thermo Fisher). (A) Schéma analytique utilisé pour l’évaluation des modes de fragmentation 

(HCD, CID, ETD et EThcD) et des analyseurs (Orbitrap (OT) et trappe ionique (IT)). Nombre de protéines 

identifiées en comparant (B) les analyseurs et (C) les techniques de fragmentation. 

Dans un second temps, différentes approches DIA ont été évaluées, en faisant varier le schéma 

d’isolation. Des fenêtres d’isolation fixes et variables ont été utilisées (Figure 4.A). Les résultats 

obtenus pour les fenêtres fixes ont montré que des fenêtres d’isolation de petite taille permettaient 

d’obtenir un nombre plus élevé de peptides et de protéines quantifiés (Figure 4.B). Cependant cela 

entraîne une augmentation du temps de cycle qui peut défavorablement impacter la précision de 

quantification, en limitant le nombre de points par pic chromatographique. Ainsi, l’utilisation de 
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fenêtres d’isolation de taille variable permet d’obtenir un nombre comparable de protéines et de 

peptides, tout en limitant le temps de cycle, ce qui augmente le nombre de points par pics.  

 

Figure 4: Influence du schéma d’isolation en DIA. (A) Différents schémas d’isolation testés avec des 

fenêtres fixes ou des fenêtres variables. (B) Nombre de précurseurs, de peptides et de protéines quantifiés 

avec chaque méthode. 

Dans un troisième temps, les méthodes DDA et DIA optimisées ont été testées et comparées sur une 

gamme standard d’échantillons composés d’un mélange de 48 protéines humaines (Universal Protein 

Standard, UPS1, Merck) à 7 points de concentration différents ajouté à un lysat total d’Arabidopsis 

thaliana afin d’évaluer leurs performances (Figure 5.A). La DIA présente de meilleurs résultats que la 

DDA concernant les protéines quantifiées dans tous les réplicats pour les faibles quantités (25 et 125 

amol). En effet, 43 des 48 protéines UPS1 sont identifiées à 25 amol en DIA contre 32 en DDA. De plus, 

nous avons quantifié toutes les protéines UPS1 dans tous les réplicats à partir de 250 amol en DIA 

contre 1 250 amol en DDA. La tendance à des résultats légèrement meilleurs en DIA est maintenue 

lorsque l'on filtre avec les protéines quantifiées dans les trois réplicats avec un CV <20%. De plus, les 

résultats en termes de précision de quantification, ainsi que le nombre d’identifications ont été 

comparés (Figure 5.B). Les deux approches présentent une dispersion des rapports expérimentaux 

autour des valeurs théoriques qui augmente avec le rapport théorique, révélant les limites de la 

précision de quantification des approches globales. Néanmoins, les rapports expérimentaux médians 

sont proches des valeurs théoriques, à l'exception du rapport le plus élevé (5 000 vs. 25 amol). 

 

Figure 5: Evaluation des approaches quantitatives en DDA et DIA sur une gamme d’échantillon 

parfaitement calibrée. (A) Schéma analytique utilisé. (B) Nombre de protéines UPS quantifiées dans les 

différents points de la gamme par les stratégies DDA et DIA. 
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L’ensemble des optimisations réalisées durant la première partie de ma thèse et présentées ici ont 

permis de démontrer les performances très prometteuses de la DDA et de la DIA pour la quantification 

de protéines. 

B. Optimisation de la mobilité ionique sur un instrument de type 

Orbitrap Eclipse Tribrid 

En complément des optimisations précédemment évoquées, j’ai également pu me concentrer sur la 

mise en place d’un module de mobilité ionique asymétrique à haut-champ (high-Field Asymmetric Ion 

Mobility Spectrometry, FAIMS, Thermo Fisher), agissant comme une dimension de séparation 

orthogonale, basée sur la charge et la mobilité ionique des ions en phase gazeuse. Suivant les voltages 

de compensation utilisés, les ions pénétrant dans l’instrument vont être différents, et une optimisation 

fine de ces paramètres permet de s’affranchir de la présence des ions monochargés, majoritairement 

responsables du bruit de fond6 (Figure 6.A).  

 
Figure 6: Analyses DDA avec l’ajout de la mobilité ionique FAIMS. (A) Principe de fonctionnement du 

FAIMS. (B) Nombre de protéines identifiées avec une détection Orbitrap et trappe ionique, sans le FAIMS et 

avec le FAIMS en variant les voltages de compensation.  

Pour ces optimisations, les cellules HeLa précédemment mentionnées ont été utilisées et différentes 

combinaisons de voltages de compensation ont été testées, avec une détection en OT et IT, afin 

d’obtenir la comparaison la plus complète possible. Les résultats de l’ajout de la mobilité ionique, 

indépendamment de l’analyseur utilisé, permettent d’augmenter le nombre de protéines identifiées de 

près de 20% en IT et 8% en OT, avec environ 4 500 protéines identifiées dans les conditions optimales 

en IT (Figure 6.B). En revanche, le nombre de peptides observés est, lui, similaire avec et sans l’ajout 

du FAIMS, ce qui s’explique par le fait que certains peptides, par l’utilisation de différents voltages de 

compensation, ne peuvent entrer dans le spectromètre de masse. Cet outil reste néanmoins un 

avantage considérable pour augmenter le nombre de protéines identifiées. 

C. Evaluation des stratégies d’acquisition dédiées à l’approche TMT 

Une alternative à la protéomique quantitative sans marquage (« label-free ») est l’emploi d’approches 

utilisant un marquage chimique. Elles permettent de multiplexer différents échantillons grâce au 

greffage de marqueurs isotopique. Ici, le TMT12 (« tandem mass tag ») a été utilisé pour marquer des 

cellules de HeLa. Deux paramètres d’acquisition ont été évalués : l’énergie d’activation, qui influence 

la fragmentation du marqueur isotopique et permet la quantification relative des différents 

échantillons, et les méthodes d’acquisition en MS2, en MS3 et en MS3 dirigée par la recherche en temps 

réel (« real time search », RTS).  
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L’étude des énergies de fragmentation a montré un nombre de protéines identifiées similaire, 

indépendamment de l’énergie utilisée, alors que le nombre de peptides présente un maximum pour 

une énergie normalisée de collision (NCE) de 35% (Figure 7.A). De plus, une haute énergie de collision 

aura pour effet d’augmenter le signal sur bruit des ions rapporteurs, améliorant ainsi la quantification. 

Ainsi, une valeur d’énergie de collision autour de 35% NCE semble un bon compromis pour obtenir un 

bon signal sur bruit tout en maximisant le nombre d’identifications.  

 

Figure 7: Evaluation des approaches TMT. (A) Nombre de peptides quantifiés en fonction de l’énergie 

d’activation utilisée pour la fragmentation. (B) Nombre de protéines et de peptides quantifiés en fonction 

de la méthode d’acquisition employée (MS2, MS3 ou MS3 RTS). 

Dans un second temps, nous nous sommes concentrés sur les méthodes d’acquisition dédiées au TMT. 

Une des limitations du TMT est la compression des ratios, due à la co-isolation et la co-fragmentation 

d’ions interférents. Pour cela, des stratégies comme l’emploi de fenêtres d’isolation réduites ou l’ajout 

d’une étape de fragmentation supplémentaire ont été proposées. Notamment, la quantification MS313, 

14 permet de diminuer significativement la compression des ratios mais induit un temps de cycle 

beaucoup plus long, impactant négativement le nombre de peptides détectés. Pour cela, la recherche 

en temps réel a été introduite, permettant de fragmenter en MS3 uniquement les ions donnant lieu à 

une identification. Les résultats de cette évaluation sont présentés en Figure 7.B. Il apparaît 

clairement que l’utilisation de la MS3 RTS permet de pallier au long temps de cycle induit par 

l’utilisation de la MS3. En terme de quantification, des résultats similaires sont obtenus avec les trois 

techniques. Ainsi, l’approche MS2 avec des fenêtres d’isolation étroites et l’approche MS3 RTS 

semblent de bons compromis pour la quantification d’échantillons marqués au TMT.  

2. Evaluation d’outils bio-informatiques pour le traitement des données 

En parallèle de ces développements méthodologiques, une partie de ces travaux de thèse ont été 

consacrés à l’évaluation de différents outils de traitement de données. Au cours des dernières années, 

de nombreux outils, utilisant des algorithmes basés sur l’intelligence artificielle et le « deep learning », 

ont été développés afin d’améliorer les identifications peptidiques et protéiques. Ces nouveaux 

algorithmes permettent notamment d’attribuer un nouveau score au peptide identifié, en prenant en 

compte de multiples éléments dans le calcul de ce score. Parmi ces éléments, la comparaison entre le 

spectre expérimental et le spectre prédit par apprentissage, grâce aux nombreuses données 

expérimentales disponibles, joue un rôle important15. Ces outils ont permis d’augmenter le nombre 

d’identification de l’ordre de 20% à 30% (Figure 8.A). De plus, ils permettent de mieux différencier 

les séquences cibles (« target ») des leurres (« decoys ») (Figure 8.B), renforçant la confiance dans les 

identifications obtenues. 
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Figure 8: Influence des algorithmes de « rescoring ». (A) Nombre de PSMs, peptides et protéines 

identifiés sans et avec « rescoring ». Séparation entre les séquences « targets » et « decoys » en fonction du 

score (B) avant « rescoring » et (C) après « rescoring ». 

D’autres outils, se basant directement sur la prédiction des spectres (intensité des fragments, allure 

du spectre, etc.) pour réaliser la recherche ont également révélé d’excellentes performances, 

permettant de doubler le nombre d’identifications obtenues en détectant des peptides issus d’un 

même spectre de fragmentation. Enfin, les algorithmes autorisant une recherche ouverte des 

modifications peuvent aussi être utilisés16. Contrairement aux logiciels classiques, avec lesquels la 

recherche contre la base de données est réalisée en autorisant un nombre très limité de modifications, 

ces algorithmes permettent de rechercher n’importe quelle modification sans aucune restriction. Ainsi, 

de nouveaux peptides qui n’étaient pas identifiés auparavant, puisqu’ils n’étaient pas recherchés, 

peuvent être détectés. Ces approches, bien que récentes et à leurs prémices, se révèlent très 

prometteuses. Dans ce manuscrit, le logiciel Ionbot a été testé et a mis en évidence l’utilité de la 

recherche ouverte grâce à l’identification de nombreuses nouvelles PTMs. 

Enfin, deux algorithmes permettant l’analyse de données DIA en mode spectre-centré, Spectronaut et 

DIA-NN17 ont été comparés et plusieurs paramètres ont été modifiés. Les résultats obtenus sont 

comparables entre les deux logiciels, et montrent que les paramètres par défaut semblent bien adaptés 

pour des recherches de protéomique quantitative classiques. La précision de quantification obtenue 

avec différents paramètres souligne également que les paramètres proposés apparaissent comme les 

plus adéquats. 
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Chapitre 2 

Application des méthodes développées pour la 

quantification d’impuretés d’HCPs présentes à l’état de 

traces 

 

Les méthodes développées dans la première partie de cette thèse ont ensuite été employées et 

adaptées pour la quantification d’impuretés d’HCPs présentes à l’état de traces dans les produits 

médicamenteux. Un produit médicamenteux de référence, le NIST mAb (Sigma), a été utilisé pour 

réaliser les optimisations. Les méthodes optimisées ont finalement été éprouvées sur deux produits 

commerciaux, le trastuzumab et le nivolumab, tous deux utilisés en oncologie. L’objectif principal de 

cette étude était de pouvoir identifier ces HCP mais également de pouvoir les quantifier avec précision 

de manière répétable, en utilisant une courbe de calibration interne. Fort des résultats obtenus 

précédemment avec la gamme d’échantillons parfaitement calibrée et de l’ajout de la mobilité ionique, 

4 méthodes d’acquisition différentes ont été comparées (Figure 9.A) : une méthode DDA, une méthode 

DIA, une méthode DDA avec ajout du FAIMS et une méthode DIA avec fractionnement en phase 

gazeuse18 (GPF). 

 

Figure 9: Evaluation des différentes méthodes pour la quantification précise d’HCP présentes à l’état 

de traces dans des produits médicamenteux. A) Schéma analytique utilisé pour l’évaluation des 

différentes stratégies DDA (combinée ou non au FAIMS) et DIA (avec ou sans fractionnement en phase 

gazeuse). B) Nombre de peptides et de protéines HCP quantifiés après analyse des données dans 

l’échantillon de NIST mAb RM7681. C) Graphique en violon représentant la distribution de la quantité 

individuelle de chaque HCP pour les stratégies DDA avec et sans FAIMS. 
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Plusieurs méthodes DIA ont été testées et ont montré des résultats comparables en termes 

d’identifications. Cependant, après application de filtres stricts tenant compte de la qualité du signal 

et de la reproductibilité de l’analyse, la méthode avec un schéma d’isolation de 4 largeurs variables de 

fenêtre apparaît comme la plus adaptée pour l’étude des HCPs. Comme attendu, la méthode DIA a 

montré un avantage important comparé à la méthode DDA, avec la quantification de 100 HCP contre 

68 en DDA sur l’échantillon de NIST mAb (Figure 9.B). Ensuite, l’ajout du FAIMS a été évalué en mode 

DDA et différents voltages de compensation ont été testés. L’utilisation de valeurs optimisées avec le 

FAIMS a permis de multiplier par 2 le nombre de protéines quantifiées dans cet échantillon par rapport 

à une analyse sans FAIMS, permettant la quantification de plus de 130 HCP.  

De même, pour le mode DIA, le GPF a lui aussi permis une hausse du nombre de protéines quantifiées 

comparé à la méthode DIA classique, avec respectivement 119 et 100 HCP (Figure 9.B). Malgré ce gain, 

l’approche GPF DIA reste moins performante que l’approche DDA FAIMS. En complément de ce gain, il 

peut être mentionné que les HCP supplémentaires quantifiées par ces deux approches (FAIMS DDA et 

DIA avec GPF) sont présentes à des concentrations très faibles (Figure 9.C), démontrant la capacité de 

ces méthodes à accroître la profondeur d’analyse. En considérant ces résultats positifs et très 

prometteurs sur l’échantillon de référence NIST mAb, ces mêmes méthodes ont été appliquées avec 

succès aux deux produits médicamenteux précédemment mentionnés. Là encore, la méthode FAIMS 

DDA permet d’identifier le plus grand nombre de HCP. Au final, une trentaine de HCP pour une quantité 

totale d’environ 55 ng of HCP/mg of mAb ont pu être quantifiés dans le trastuzumab et le nivolumab 

(Figure 10). Cela montre le réel potentiel des approches innovantes en spectrométrie de masse dans 

le contexte des HCP. 

 

Figure 10: Nombre de HCP quantifiées dans le trastuzumab et la nivolumab pour chaque approche, 

et quantité total d’HCP associée. Les barres bleues représentent le nombre de HCP et les croix noires la 

quantité totale de HCP (ppm). 
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Chapitre 3 

Caractérisation d’anticorps monoclonaux 

thérapeutiques par spectrométrie de masse 

 

Après avoir développé différentes stratégies pour le suivi et la quantification des HCP dans les produits 

médicamenteux, le deuxième axe de recherche de mon travail de thèse s’est focalisé sur le 

développement des approches de type « top-down » pour la caractérisation de protéines 

thérapeutiques. 

1. Optimisation des paramètres d’acquisition pour les stratégies « top-

down » et « middle-down » 

A. Mise au point des paramètres clés d’acquisition 

Dans un premier temps, ce travail de thèse s’est porté sur l’optimisation des multiples méthodes de 

fragmentation disponibles sur l’instrument (HCD, CID, ETD, EThcD et UVPD) afin d’obtenir la meilleure 

couverture de séquence possible. Différents paramètres ont été évalués, tels que l’énergie d’activation, 

le choix des ions précurseurs, ou encore le temps d’acquisition. Ces optimisations ont tout d’abord été 

réalisées sur des protéines de référence (myoglobine et anhydrase carbonique) en infusion directe. 

Avec les résultats obtenus, plusieurs points importants ont été mis en évidence. Premièrement, 

l’influence de l’état de charge sur l’efficacité de fragmentation et la couverture de séquence a été 

montrée. En fonction de la méthode de fragmentation utilisée, le précurseur donnant la meilleure 

fragmentation n’est pas le même. Pour les techniques de dissociation basées sur le transfert 

d’électrons, un état de charge plus important permet d’augmenter la couverture de séquence, alors 

que la charge du précurseur n’a que peu d’influence sur la fragmentation par photodissociation. 

Deuxièmement, l’énergie d’activation employée pour la fragmentation des protéines a été optimisée 

(Figure 11).  
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Figure 11: Résultats de fragmentation de la myoglobine en fonction de l’énergie d’activation. 

Couverture de séquence et nombre de fragments générés après (A) HCD sur l’ion 22+, (B) ETD sur 

l’ion 24+, (C) EThcD sur l’ion 24+, et (D) UVPD sur l’ion 22+. 

Alors que le nombre de fragments générés est directement lié à l’augmentation de l’énergie 

d’activation, ce n’est pas le cas pour la couverture de séquence. En effet, une énergie d’activation trop 

importante entraîne une sur-fragmentation de l’ion précurseur, générant de petits fragments qui ne 

sont pas identifiés. Au contraire, une énergie de fragmentation trop basse donne une fragmentation 

limitée de la protéine. Par conséquent, les énergies d’activation optimales ont été déterminées pour 

chaque technique de fragmentation.  

Les deux paramètres mentionnés plus haut sont dépendant l’un de l’autre. Par conséquent, l’énergie 

d’activation optimale ne sera pas la même pour un ion précurseur avec un état de charge différent. Ces 

résultats soulignent l’importance de l’optimisation des paramètres expérimentaux pour chaque 

protéine avec l’approche « top-down »19.  

Dans un second temps, une dimension de séparation chromatographique a été ajoutée en amont de la 

MS, impliquant une restriction du temps d’analyse disponible, limité à la largeur du pic 

chromatographique. Cette approche a été utilisée pour la caractérisation des sous-unités d’un 

anticorps monoclonal. Là encore, le choix de l’ion précurseur joue un rôle important pour maximiser 

la couverture de séquence. De plus, le choix des paramètres chromatographiques est primordial. En 

effet, il est important d’assurer une bonne séparation des sous-unités ainsi que des pics d’une largeur 

suffisante afin de maximiser le nombre de spectres acquis pour chaque espèce. Une fois ces paramètres 

optimisés, les sous-unités ont été fragmentées avec chaque technique. La Figure 12 illustre les 

résultats obtenus.  



XIII 
 

 

Figure 12: Couverture de séquence obtenue avec les différentes techniques de fragmentation sur la 

chaîne légère du trastuzumab. (A) HCD, (B) CID, (C) ETD, (D) EThcD, (E) UVPD et (F) combinaison de 

l’ensemble des techniques. 

Les techniques de fragmentation par collision présentent le plus faible recouvrement de séquence, 

entre 22% et 38%, comparable à l’UVPD (38% à 42%). En revanche, l’ETD et l’EThcD apparaissent 

comme des techniques de fragmentation plus efficace avec des couvertures de séquence de l’ordre de 

50% à 60%. La combinaison de l’ensemble des techniques de fragmentation donne une couverture de 

séquence de l’ordre de 80% à 90%, démontrant leur complémentarité pour obtenir la caractérisation  

la plus complète possible de la séquence de la protéine. 

B. Evaluation de l’apport de la réduction de charge par transfert de 

proton (PTCR) 

Les spectres générés par la fragmentation de précurseurs multichargés sont généralement très 

complexes, pouvant donner lieu à des difficultés lors du traitement des données. Ainsi, différentes 

approches ont été introduites pour pallier cette limitation. L’une d’entre elles est la réduction de 

charge par transfert de proton10, 20 (PTCR). Initialement, la PTCR était utilisée pour réduire la charge 

des ions précurseurs au niveau de la MS1, afin d’améliorer la qualité du spectre, notamment pour les 

espèces de haut poids moléculaire. Ensuite, différentes applications ont montré l’intérêt de la PTCR 

pour décomplexifier des spectres de fragmentation MS2 ou MS3, en réduisant le chevauchement entre 

les pics. Une réaction entre les ions fragments et le réactif anionique a lieu, permettant de réduire la 

charge des ions fragments, et ainsi de les distribuer sur une gamme de m/z plus importante. La PTCR 
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a été appliquée sur une grande fenêtre d’isolation de 1000 m/z ainsi que sur cinq fenêtres d’isolation 

plus étroites de 200 m/z (Figure 13). 

 

Figure 13: Représentation schématique de l’utilisation de la PTCR. (A) Spectre MS2 standard obtenu 

après fragmentation EThcD. (B) Isolation des ions produits par la fragmentation sur une fenêtre 1000 m/z 

et application de la PTCR. (C) Isolation de sous-populations d’ions dans des fenêtres restreintes de 200 m/z 

et application de la PTCR. 

De ce fait, le spectre est beaucoup moins complexe, facilitant l’étape de déconvolution des ions 

fragments lors du traitement de données. L’emploi de la PTCR sur des fenêtres d’isolation larges et 

étroites après la fragmentation ETD et EThcD a permis d’obtenir une couverture de séquence plus 

importante de 5% à 15%, selon les sous-unités et la taille de fenêtre utilisée. 

2. Importance du traitement de données pour les approches « top-down » 

et « middle-down » 

Le traitement de données est une des clés des stratégies « top-down » et « middle-down ». Les spectres 

de fragmentation obtenus sont déconvolués afin de pouvoir identifier les fragments appartenant à la 

protéine. Dans un premier temps, le risque de faux positifs a été évalué en utilisant des séquences 

mélangées et une séquence inversée. Les résultats obtenus montrent qu’un certain nombre de 

fragments sont quand même identifiés avec ces fausses séquences. Cependant, le P-Score (défini 

comme la probabilité qu’une identification soit liée au hasard21) observé pour ces fausses séquences 

est très haut, pointant le fort risque de faux positifs. Ainsi, ce score apparaît comme un bon indicateur 

de la fiabilité de l’identification des ions fragments. 

Lors de la déconvolution, deux paramètres cruciaux ont une influence importante sur la couverture de 

séquence : le seuil de signal sur bruit (S/N) et le facteur de ressemblance (« fit factor »). L’impact de la 

variation de ces paramètres a été évalué dans le cadre de cette partie. Il a été observé que des 

paramètres de déconvolution trop stricts diminuaient drastiquement la couverture de séquence 

obtenue. En revanche, des paramètres trop souples, bien qu’augmentant le nombre de fragments 

déconvolués, ne participent pas nécessairement à un gain significatif de la couverture de séquence et 

entraîne un risque plus important d’identifier un faux positif (Figure 14).  
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Figure 14: Résultats d’identification de la chaîne légère du trastuzumab en fonction de la valeur de 

« fit factor » utilisée. (A) Nombre de fragments déconvolués, (B) nombre de fragments identifiés, (C) 

couverture de séquence (%), et (D) valeurs de –log (P-Score). 

Les résultats présentés ont permis d’établir des valeurs qui peuvent servir de base pour la 

déconvolution : un ratio de S/N entre 5 et 7 et un facteur de ressemblance entre 70% et 80% semblent 

des compromis acceptables pour assurer une couverture de séquence importante tout en limitant le 

risque de faux positifs. De manière similaire, la tolérance de masse utilisée pour l’identification des 

fragments a été évaluée. Là encore, une tolérance de masse trop stricte a significativement réduit la 

couverture de séquence, alors qu’un seuil trop souple n’augmentait pas le nombre de fragments 

identifiés et accroissait le risque de faux positifs.  

De manière générale, les logiciels de traitement de données ne prennent que les fragments terminaux 

en compte. Cependant, parmi le nombre très important de fragments générés lors de la fragmentation, 

une partie des ions non attribués peut être assigné à des fragments internes11. Ainsi, de nouveaux 

algorithmes incluant la recherche des fragments internes pour l’identification ont été proposés. Pour 

cela, le logiciel ClipsMS a été utilisé afin d’apprécier le gain en couverture de séquence considérant les 

fragments internes. Les couvertures de séquences obtenues ont bondi de 20% à 60%, suivant la 

méthode de fragmentation utilisée, pour atteindre un pourcentage de clivages inter-résidus observés 

entre 65% (HCD) et 95% (EThcD et UVPD). Cependant, une des limites de l’utilisation des fragments 

internes est le risque important de faux positifs. En effet, des couvertures de séquence comparables 

ont été observées entre de fausses séquences (séquence inversée ou mélangée), et la vraie séquence, 

montrant le fort risque d’erreurs induit par les fragments internes, ainsi que la nécessité de considérer 

ces résultats avec précaution.    

3. Caractérisation complète d’un anticorps conjugué thérapeutique par 

l’approche « middle-down » 

Dans un second temps, les méthodes optimisées ont été adaptées pour la caractérisation d’un ADC, le 

trastuzumab deruxtecan22 (T-DXd, Figure 15.A). En amont de la caractérisation de la séquence et de 

la localisation des molécules cytotoxiques par « middle-down », la protéine a aussi été étudiée en 

conditions natives et dénaturantes. Par cette approche, la masse de la protéine ainsi que le nombre 

théorique de molécules cytotoxiques conjuguées à l’anticorps ont été confirmés. Il a ainsi été établi que 
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le T-DXd présentait bien un nombre moyen de molécules cytotoxiques homogène de 8 (Figure 15.B). 

Ensuite, le T-DXd a été partiellement digéré et les sous-unités ont été séparées par chromatographie 

liquide avant d’être fragmentées. Le recours aux différentes techniques de fragmentation a rendu 

possible l’obtention d’une couverture de séquence comprise entre 15% et 60% suivant les sous-unités 

et les techniques utilisées. Une fois combinés, ces résultats ont permis d’obtenir un recouvrement de 

séquence compris entre 60% et 80% (Figure 15.C).  

 

Figure 15: Caractérisation du trastuzumab deruxtecan. (A) Molécule de trastuzumab deruxtecan (T-

DXd). (B) Spectre déconvolué de T-DXd avec la présence de 4 glycoformes. (C) Couvertures de séquence des 

sous-unités (Fc/2, chaîne légère (LC) et Fd) de T-DXd obtenues avec les différentes méthodes de 

fragmentation, et après combinaison de ces techniques. (D) Carte de fragmentation représentant l’ensemble 

des fragments obtenus pour la sous-unité Fd contenant 3 charges utiles après combinaison de l’ensemble 

des méthodes de fragmentations et de la PTCR. Les fragments confirmant la présence des agents 

cytotoxiques sont entourés en vert. 

De plus, certains fragments caractéristiques ont été observés venant confirmer la localisation des 

molécules cytotoxiques sur les cystéines impliquées dans les ponts disulfures inter chaînes (Figure 

15.D). Enfin, des approches innovantes ont été éprouvées sur cet échantillon, pour augmenter la 

couverture de séquence et conforter la localisation des agents cytotoxiques. Grâce à la réduction de 

charge par transfert de proton (PTCR), les spectres obtenus sont moins complexes, limitant le risque 

de chevauchement. Ainsi, la déconvolution est plus efficace, permettant une meilleure identification 

des fragments. Dans le cas du T-DXd, 3 fragments diagnostiques additionnels ont été identifiés sur la 

chaîne légère et 4 sur la sous-unité Fd, venant ainsi confirmer la position des agents cytotoxiques 

(Figure 15.D). La recherche des fragments internes en plus des fragments terminaux rend également 

possible l’attribution d’un nombre beaucoup plus important d’ions fragments, engendrant de ce fait 

une augmentation de la couverture de séquence. Dans cette étude de cas, les fragments internes ont 

permis d’obtenir un recouvrement de séquence de 100% pour chacune des sous-unités. Cependant, ils 

doivent être considérés avec précaution en raison des multiples possibilités d’attribution et du risque 

de faux positifs23. 
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La totalité des approches utilisées dans cette sous-partie ont démontré les capacités de la 

spectrométrie de masse pour la caractérisation exhaustive d’un ADC, allant de sa masse intacte et du 

nombre moyen de molécules cytotoxiques conjuguées à un séquençage complet de la structure 

primaire et une localisation précise des sites de conjugaison des agents cytotoxiques.  
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Conclusion 

 

Ce travail de thèse m’a permis d’obtenir une expertise dans le domaine de la spectrométrie de masse 

appliquée à la caractérisation de protéines thérapeutiques et de leurs impuretés.  

La première partie de ce travail comprend de nombreux développements méthodologiques en 

protéomique quantitative. Des optimisations des paramètres d’acquisition spécifiques à la géométrie 

tribride ont été menées. Différentes méthodes DIA basées sur des schémas d’isolation fixes et variables 

ont été testées. Les méthodes optimisées ont été évaluées par l’analyse d’une gamme d’échantillons 

standards maitrisés ajoutés dans un mélange complexe à différentes concentrations. De plus, l’apport 

de la mobilité ionique via l’utilisation du FAIMS a été démontré, avec une hausse significative du 

nombre de protéines identifiées. De même, l’intérêt de méthodes MS3 pour des approches de 

quantification par marquage a été apprécié. Dans un second temps, les avancées bioinformatiques liées 

au traitement des données ont été discutées, montrant le potentiel bénéfice de ces approches pour 

augmenter le nombre d’identifications et la confiance en celles-ci. 

La seconde partie de ce manuscrit est dédiée à l’application de méthodes de protéomique quantitative 

dans le contexte exigeant de la caractérisation des impuretés de type HCP dans des produits 

médicaments finaux. Le potentiel de la spectrométrie de masse comme nouvelle méthode de référence 

pour l’identification et la quantification précise des HCP a été souligné. 

La troisième partie de ce manuscrit s’articule autour du développement d’approches « top-down » et 

« middle-down » pour la caractérisation exhaustive de la structure primaire des protéines 

thérapeutiques. Les premières optimisations ont été réalisées sur des protéines de référence, 

permettant de mettre en avant les paramètres clés pour ces stratégies. Ensuite, des optimisations 

additionnelles ont été réalisées sur un mAb. L’ajout de la PTCR pour la simplification des spectres de 

fragmentation a également été examiné. Dans un second temps, l’influence des paramètres de 

déconvolution et d’identification des fragments a été déterminée, permettant d’établir un compromis 

entre haut recouvrement de séquence et faible risque de faux positifs. De plus, le potentiel gain de 

couverture de séquence par l’utilisation des fragments internes a été mis en avant. Pour terminer, 

l’ensemble des optimisations réalisées a été appliqué à l’étude du trastuzumab deruxtecan. Combinées 

à des approches en conditions natives et dénaturantes, ces stratégies ont permis la caractérisation 

complète de l’anticorps conjugué, incluant sa masse intacte, le nombre moyen de charges utiles, la 

séquence primaire et les sites de conjugaison.   
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DTT  Dithiothreitol 

ECD  Electron capture dissociation 

ELISA  Enzyme linked immunosorbent assay 

EMA  European Medicines Agency 

ESI  Electrospray ionization  

ETD  Electron transfer dissociation 

FA  Formic acid 

Fab'  Fragment antigen-binding 

FAIMS  Field asymmetric ion mobility spectrometry 

FC  Fold change 

Fc  Fragment crystallizable region 

FDA  U.S. Food and drug administration 
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FDR  False discovery rate 

GPF  Gas-phase fractionation 

Hc  Heavy chain 

HCD  Higher-energy collision dissociation 

HCP  Host cell proteins 

HMWS  High molecular weight species 

HRAM  High-resolution accurate mass 

IAM  Iodoacetamide 

IM-MS  Ion Mobility-Mass spectrometry 

IT  Ion trap 

Lc  Light chain 

LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry 

LFQ  Label-free quantification 

LWMS  Low molecular weight species 

m/z  Mass over charge ratio 

mAb  Monoclonal antibody 

MALDI  Matrix-Assisted Laser Desorption Ionization 

MD  Middle-down 

ML  Machine learning 

MS  Mass spectrometry 

MW  Molecular weight 

NCE  Normalized collision energy 

NIST  National institute of standards and technology 

nMs  Native mass spectrometry 

OMS  Open modification search 

OT  Orbitrap 

PASEF  Parallel accumulation - serial fragmentation 

PD  Proteome Discoverer 

PMF  Peptide mapping fingerprint 

ppm  Parts per million 

PRM  Parallel reaction monitoring 

PSM  Peptide-spectrum match 
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PTCR  Proton transfer charge reduction 

PTM  Post-translational modification 

Q  Quadrupole analyzer 

RF  Radiofrequency 

RT  Retention time 

RTS  Real-time search 

S/N  Signal over noise ratio 

SEC  Size exclusion chromatography 

SPS  Simultaneous precursor selection 

SVM  Support vector machine 

SWATH  Sequential windowed acquisition of all theoretical fragment ion spectra 

TCEP  Tris(2-carboxyethyl)phosphine 

TD  Top-down 

T-DXd  Trastuzumab deruxtecan 

TIMS  Trapped ion mobility spectrometry 

TMT  Tandem mass tag 

ToF  Time-of-flight 

UPS  Universal proteomics standard 

UVPD  Ultraviolet photodissociation 

V  Volt 

XIC-MS1 Extracted ion chromatogram - MS1 filtering 

HDX  Hydrogen-deuterium exchange 

XL-MS  Cross-link mass spectrometry 

UHPLC  Ultra high-pressure liquid chromatography 

TFA  Trifluoroacetic acid 
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General introduction 

 

Proteins are biological macromolecules composed of a succession of amino acids coded by genes. They 

are key players in many biological processes and perform various essential functions. The proteome is 

a complex and dynamic entity, defined as all the proteins in a cell, a tissue, or an organism at a 

particular time and under defined conditions. Although around 20,000 protein-coding genes have been 

identified in humans, hundreds of thousands of protein forms have been observed1. The multiple 

molecular forms of an expressed protein, resulting from various processes, including genomic 

sequence variants, splice variants, mistranslation events, or post-translational modifications, are 

called proteoforms2. In addition, the protein content is dynamic as it varies depending on the time, the 

environmental conditions, or the location. Among the wide variety of proteins, monoclonal antibodies 

(mAb) therapeutic proteins and the related products are particularly interesting for their applications 

in various fields, including oncology or autoimmune disorders. It is the fastest-growing class of 

therapeutics, with more than 120 mAb-related products approved3 and a market size of around $200 

billion in 2022. Before being released, critical quality attributes (CQAs) such as the mAb primary 

sequence, its structure, its physico-chemical properties, and the impurities of the mAbs drug product 

– including host cell protein (HCP) impurities from the manufacturing process – should be thoroughly 

characterized.  

In this context, mass spectrometry (MS) has become the method of choice for the characterization of 

proteins since the introduction of electrospray ionization4 (ESI) and matrix-assisted laser desorption 

ionization5 (MALDI) in combination to advances in sample preparation and data processing. Recent 

years have seen significant improvements in the resolution, precision, sensitivity, and acquisition 

speed of mass spectrometers, the fragmentation techniques available, and the development of 

numerous increasingly powerful bioinformatics tools dedicated to data processing. Multiple strategies 

have been proposed for protein analysis using liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS). Quantitative bottom-up proteomics approaches – which rely on analyzing 

peptides from the proteolytic digestion of proteins – are widely used. The development of acquisition 

modes such as data-independent acquisition6 (DIA) and the improvement of algorithms for signal 

extraction allow the quantification of thousands of proteins in a few hours7. Nevertheless, this 

approach is not well suited for analyzing PTMs and proteoforms identification, as co-existing PTMs on 

the same protein cannot be evidenced. Alternatively, top-down approaches are based on analyzing 

intact proteins that are directly fragmented into the mass spectrometer. With this strategy, the intact 

mass of the protein is conserved, allowing the identification of the proteoforms8 thanks to specific 

fragment ions. This strategy is particularly adapted for mAb analysis, enabling the extensive 

determination of the primary sequence and the precise location of PTMs9, 10. 

In this context, my PhD work has focused on (i) methodological developments and evaluation of 

analytical and bioinformatics strategies in mass spectrometry-based quantitative proteomics, (ii) their 

application for the identification and the quantification of host-cell proteins in drug products, and (iii) 

the development of top-down and middle-down approaches for the characterization of therapeutic 

proteins.  

This manuscript is therefore structured in five parts summarized below: 

 The Bibliographic introduction overviews state-of-the-art quantitative proteomics and 

intact protein characterization using mass spectrometry. It includes a description of the 

general bottom-up proteomics workflow, from sample preparation to data processing, 

through the different acquisition modes. It introduces protein characterization at the intact 

level with a special focus on top-down and middle-down strategies. 
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Then, the importance of therapeutic proteins and the challenge of host protein impurities 

monitoring are detailed. 

 Part I combines methodological developments in quantitative proteomics to quantify proteins 

in complex mixtures. 

- Chapter 1 evaluates the acquisition parameters for DDA and DIA analysis on a tribrid 

instrument for the quantification of proteins in calibrated samples. The 

implementation of the ion mobility using the FAIMS is optimized and dedicated 

acquisition strategies for TMT samples are assessed.  

- Chapter 2 compares innovative tools based on machine learning and artificial 

intelligence for DDA and DIA data processing. Two DDA strategies relying on rescoring 

algorithms and open modification search are compared, and library-free approaches 

using machine learning for DIA data analysis are examined. 

 Part II presents the optimizations of the previously developed acquisition parameters in the 

context of trace-level host-cell protein impurities quantification drug products, and the 

performances of FAIMS and DIA approaches are underlined. Data processing using open 

modification search is also evaluated in this context, for identifying additional HCPs. 

 Part III focuses on developing top-down and middle-down approaches to characterize intact 

proteins. 

- Chapter 1 details optimizations of top-down and middle-down key acquisition 

parameters, including precursor ion selection and fragmentation mode. 

Fragmentation of intact protein using infusion or after chromatographic separation 

was tested on reference proteins and mAbs. PTCR reaction is also evaluated to simplify 

complex MS/MS spectra and help identify more fragments. 

- In Chapter 2, the influence of the data processing parameters during the 

deconvolution and the fragments identification steps is described on therapeutic 

proteins. Additionally, internal fragments’ contribution to improving the sequence 

coverage in top-down and middle-down strategies is appraised. 

- In Chapter 3, the optimized acquisition parameters and data processing strategies are 

applied to characterize an ADC, trastuzumab deruxtecan. After the characterization of 

the global drug-to-antibody ratio in native conditions, middle-down strategies are 

employed for precise drug conjugation site location with the help of PTCR.  

 The last part corresponds to the Experimental section, in which experimental details on the 

different works discussed in the manuscript are reported. 

This Ph.D. work has been funded by the French Ministry of Higher Education and Research. 
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Chapter 1: 

Introduction to quantitative bottom-up 

proteomics 
 

The term proteome was first introduced in 1994 by Mark Wilkins11. It comes from the combination of 

the notions of protein and genome, as it is defined as a set of proteins encoded by a genome. Whereas 

the genome represents all the genetic information of an organism, the proteome designates the entire 

set of proteins contained in a living entity under given conditions and at a given time, implying in this 

case the notion of dynamism12. By analogy to genomics – the study of the genome – the term proteomics 

was coined in 1997 by Peter James13. It can be defined as the qualitative, quantitative and functional 

study of all proteins contained in a cell or a tissue at a specific time and under specific conditions. 

Mass spectrometry (MS) has become a tool of choice for proteomics analysis thanks to numerous major 

breakthrough14-17. First, the development in the late 1980’s of soft ionization sources represents a 

cornerstone for the study of biological macromolecules, such as proteins, by MS. Namely, MALDI 

(Matrix-Assisted Laser Desorption Ionization)5 and ESI (Electrospray ionization)4 have been proposed 

by Koichi Tanaka (Japan) and John B. Fenn (USA), respectively, who received the Nobel Prize in 

Chemistry in 2002, for these innovations. Second, the advances for protein and peptide separation 

prior to MS analysis combined to continuous improvements of mass spectrometers with enhanced 

sensitivity, dynamic range, resolution, mass accuracy and acquisition speed performances, leading to 

the development of new acquisition modes has drastically expanded the possibilities of MS in 

proteomics. Third, the production of large-scale protein databases of high quality, i.e., well-annotated 

and curated, have enabled the confident identification of proteins. Finally, the constant progress and 

breakthrough of bioinformatics tools for the analysis of large amounts of MS data aiming toward the 

identification, quantification functional interpretation of proteins bring new perspectives for MS-

based proteomics. 

1. Mass-spectrometry-based proteomic approaches 

Mass spectrometry-based proteomics can be divided into three approaches: bottom-up, middle-down 

and top-down (Figure 1). 

Bottom-up proteomics aims at identifying and quantifying thousands of proteins in complex mixtures 

via their peptides (< 3 kDa). Proteins are enzymatically digested into peptides and subsequently 

separated by liquid chromatography (LC) coupled to tandem mass spectrometry (MS/MS)18. 

Conversely, top-down proteomics refers to the characterization of intact protein directly analyzed 

using LC-MS/MS without any prior digestion step. It is particularly well suited for PTM analysis, 

alternative RNA splicing, and proteoforms identification and quantification19, 20. In middle-down 

proteomics, proteins undergo limited proteolysis to generate large peptides (3-10 kDa) that are 

separated and analyzed in the same way as the bottom-up approach. Identification of longer peptides 

allows an increased sequence coverage and provides more information about co-occurring 

neighboring PTMs21, 22.  
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Figure 1: Global representation of the MS-based approaches in proteomics: bottom-up, middle-

down and top-down. 

Despite the growing popularity of top-down and middle-down proteomics approaches, driven by the 

numerous advances allowing complex mixture analysis, they are still mainly used for specific 

applications, like PTMs location and proteoform detection and characterization. The bottom-up 

approach remains the method of choice for large-scale and high-throughput proteomics studies, 

mainly thanks to the maturity of MS workflows and data processing tools dedicated to this strategy.  

A part of the work related to the characterization of proteins in complex mixtures presented in this 

manuscript is based on bottom-up proteomics, detailed in this chapter. Another part is related to the 

characterization of purified proteins, using top-down and middle-down MS approaches. These 

techniques are described in Chapter 2 of the bibliographic introduction. 

2. Bottom-up strategy analytical workflow 

The bottom-up approach relies on characterizing proteins via their peptides. Proteins are extracted 

from the sample and undergo enzymatic digestion, usually with trypsin23, to give peptides below 3 

kDa. These peptides are separated by LC, ionized, and analyzed by MS to obtain the peptide mass. 

These ions are selected, undergo fragmentation, and the mass of the fragments is measured (MS/MS). 

The experimental mass list is searched against a theoretical one, generated from in silico digestion of 

the protein database of the studied organism for peptide identification. Peptides identified are 

assigned to the proteins they originate from by peptide-to-protein inference, a nontrivial strategy since 

peptides can be unique to a protein or shared between several24.  

The bottom-up proteomics workflow comprises three main steps summarized in Figure 2: the sample 

preparation, the LC-MS/MS analysis, and the data processing. 
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Figure 2: Main steps of a bottom-up proteomics experiment. 

Currently, the bottom-up approach is the method of choice for identifying proteins in complex 

mixtures, as recent LC-MS/MS systems enable the characterization of thousands of proteins in a few 

hours25. It has been used for a significant part of the work presented in this manuscript and will 

therefore be detailed below.  

A. Sample preparation 

Sample preparation is essential in the bottom-up approach but remains a primary challenge with 

several laborious steps. The preparation's quality and repeatability directly and significantly affect the 

overall proteomics results. Hence, each step, namely protein extraction, mixture preparation and 

enzymatic digestion, should be carefully optimized according to the sample and the aim of the 

analysis26-28.  

 Protein extraction 

One strength of the bottom-up approach is its ability to be applied to a wide variety of samples, from 

purified proteins, such as therapeutic proteins29, to whole organisms30, through biofluids31, 32, cells33 

or tissues34. During protein extraction, the objective is to solubilize the maximum of proteins without 

altering, modifying, or degrading them and ensure their accessibility to proteases for digestion. It 

requires careful optimizations and must be adapted to the sample type, the protein type, and the 

following analytical workflow.  

Sample lysis and protein extraction can be performed by two approaches: mechanically or 

chemically27. Based on grinding or ultrasonication, the mechanical approach is generally used for 

tissues and cells and commonly combined with the chemical approach to maximize protein extraction. 

The chemical approach uses detergents (e.g., ionic, zwitterionic, non-ionic, salts) to improve protein 

extraction and solubilization through micelle formation35, as well as chaotropic agents (e.g., urea, 

thiourea), combined or not to organic solvents, for protein denaturation and unfolding.  

Many protein extraction protocols introduce detergents or contaminants to the preparation, in 

addition to the impurities already present (salts, lipids, etc.). These potentially interfering species must 

be removed as they can affect the rest of the sample preparation and alter the analysis through MS 

signal suppression or column capacity and performance reduction, for example. To this end, common 

strategies employed are protein precipitation using organic solvents (cold acetone, 

water/methanol/chloroform mixture) with or without organic acid (e.g., trichloroacetic acid), or 

ultrafiltration or dialysis, to a lesser extent. While necessary for the following of the analysis, this step 

can induce sample loss36.   

 Mixture preparation and enzymatic digestion 

The protein mixture obtained is complex because of thousands of proteins, proteoforms, and their 

high-dynamic range. Proteins can be present under several molecular forms, called proteoforms, 

increasing drastically the number of species in the mixture (e.g., for human, from ~ 20,000 gene-

predicted proteins to hundreds of thousands of proteoforms1. One way to tackle this limitation is to 

fractionate the mixture based on the physicochemical properties of the proteins37: isoelectric point 
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(e.g., ion exchange chromatography (IEX) or isoelectric focusing (IEF)), molecular weight (e.g., sodium 

dodecyl sulfate-polyacrylamide gel (SDS-PAGE)), polarity (reverse phase liquid chromatography 

(rpLC)), hydrodynamic volume (size exclusion chromatography (SEC)) or by combining several of 

these techniques.  

Proteins are also expressed over a wide dynamic range, from 6-9 orders of magnitude in mammalian 

cells up to 12 orders of magnitude in specific samples like plasma38. Multiple strategies based on the 

depletion of highly abundant proteins or the enrichment of proteins of interest can be used to enhance 

the detection of low abundant proteins. 

Prior to enzymatic digestion, disulfide bridges – covalent bonds between two cysteine residues and 

implied in the regulation of the tertiary structure of proteins39 – are reduced (e.g., using dithiothreitol 

(DTT) or tris(2-carboxyethyl)phosphine (TCEP)) followed by thiol alkylation (generally by 

iodoacetamide (IAM)) to avoid disulfide bridges reformation and thiol oxidation. The reduction and 

alkylation are necessary to ensure the accessibility of the cleavage sites to proteases for the digestion 

of the proteins. 

After reduction and alkylation, proteins are digested into peptides. Trypsin is the most widely used 

enzyme, available in large quantities and cheaply. It displays a very-high specificity by cleaving peptide 

bonds after arginine and lysine basic residues (except when followed by proline)40. Since these 

residues are well distributed throughout the protein, tryptic peptides obtained are from 500 to 3,000 

Da (5-30 amino acids length) and carry at least two positive charges, ideally suited for MS analysis by 

favoring ionization and fragmentation41. Other enzymes with different preferential cleavage sites are 

also available to obtain a more comprehensive sequencing: ArgC, chymotrypsin, pepsin, GluC, or 

AspN42. In addition, using multiple enzymes can enhance digestion efficiency, such as combing Lys-C 

with trypsin43.  

Various approaches exist for protein digestion: in-gel digestion, in-solution digestion, on-membranes 

digestion, or bead-based digestion. A brief overview of each protocol is presented below: 

- In-solution digestion is straightforward, consisting of adding the enzyme directly to the 

protein mixture after reduction and alkylation. Buffers compatible with digestion are required 

but they should be eliminated by solid-phase extraction before MS analysis36.   

- In-gel digestion is typically employed in the presence of SDS from the extraction step, known 

to interfere with chromatographic and MS analysis. It also eliminates detergents, salts, or other 

contaminants from the samples44. Proteins are loaded onto polyacrylamide gels and separated 

by migration through their molecular weight. Gel bands containing proteins are revealed, 

collected, and washed. Then, proteins undergo reduction/alkylation and digestion directly in 

the gel. In-gel digestion has been the method of choice for years, but it is time-consuming and 

laborious. 

- On-membrane digestion methods utilize a membrane to separate proteins from detergents 

and impurities. After removal of detergents and contaminants, proteins are digested on-

membrane, and peptides are eluted for clean-up and MS analysis. This approach is of growing 

interest, with the development of multiple solutions such as filter-aid sample preparation 

(FASP)45 or suspension trapping (S-trap)46, for example. 

- On-bead digestion, including single-pot solid-phase-enhanced sample preparation (SP3)47, 

uses hydrophilic carboxylate-coated paramagnetic beads. Reduced and alkylated proteins are 

trapped on SP3 beads and separated from contaminants using a magnetic rack. Subsequently, 

proteins are washed to remove contaminants, digested, and peptides are eluted. 
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B. Liquid chromatography coupled to tandem mass spectrometry 

 Peptide separation using reverse phase liquid chromatography 

The mixture obtained after protein digestion is highly complex and contains tens of thousands of 

peptides. For this reason, liquid chromatography is systematically used to simplify the mixture before 

MS analysis and, thus, decrease the ionization competition between species. It allows for increasing 

sensitivity, selectivity, and proteome coverage.  

The widely used system for bottom-up proteomics is reverse-phase liquid chromatography in acidic 

conditions (pH < 2). Before entering the analytical column for separation, peptides are trapped in a 

trap column for a few minutes using a low acetonitrile (ACN) proportion (~1-3%) to remove the 

remaining contaminants. Peptides are then separated according to their hydrophobicities by 

progressively decreasing the mobile phase polarity, composed of an acidified mixture of water and 

ACN.  

For this Ph.D. work, an UltiMate™ 3000 RSLCnano (Thermo Fisher Scientific) system was used. 

Additional details about the chromatographic setup are described in Table 1: 

Table 1: Specifications of the chromatographic system used for the work presented in this 

manuscript. 

Properties Trap column Analytical column 

Supplier Thermo Fisher Scientific IonOpticks 

Type Acclaim™ PepMap™ Aurora™ Ultimate 

Stationary phase C18 C18 

Internal diameter 75 µm 75 µm 

Column length 20 mm 250 mm 

Particle size 3 µm 1.7 µm 

Pore size 100 Å 120 Å 

Flow rate 10 µL/min 300 nL/min 

 

Various parameters influence the chromatographic separation of peptides, such as solvent 

composition, the flow rate, or the length of the chromatographic gradient. Properties of the column – 

including its length, internal diameter, particle and pore sizes, and the stationary phase, also play a 

critical role in the quality of peptide separation. Multiple technical advances have been developed on 

chromatographic systems to improve separation48. Particularly, ultra-high pressure liquid 

chromatography (UHPLC) enabled the use of nano-columns to work at a shallow flow rate (typically 

200-500 nL/min) and high pressure (> 400 bars). Although these nanoflow systems are more prone 

to leaks, spray instability, or dead volume issues, they drastically increase the peak capacity, 

resolution, and sensibility of the analyses, leading to more peptide identifications. Moreover, only low 

amounts of samples (100-400 ng of peptides) are required for nano-LC, making this approach well 

suited for proteomics due to the limited quantity of samples used.  

 Tandem mass spectrometry 

Along the separation through the nanoLC, peptides are ionized by ESI, a soft ionization source 

preserving the sample integrity, before entering the mass spectrometer. Charged liquid droplets 

containing peptides are sprayed from the emitter using a high-voltage (~2 kV). Solvent evaporation 

results in the formation of desolvated ions (ions in the gas phase) entering the mass spectrometer and 

guided through the instrument by electromagnetic fields.  
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Instruments determine the mass-to-charge (m/z) ratio and the intensity of the precursor ion – 

referred to as a peptide with a specific charge state – in the first step (MS or MS1) and the related 

fragment ions in the second step (MS2 or MS/MS). This so-called tandem mass spectrometry strategy 

is enabled by using hybrid or tribrid instruments, which combine different analyzers49: quadrupole 

(Q), time-of-flight (TOF), Orbitrap (OT), ion trap (IT), Astral and Fourier transform-ion cyclotron 

resonance (FT-ICR). While instruments from various vendors and combining multiple mass analyzers 

are available on the market, Q-TOF and Q-Orbitrap hybrid geometries are the two most popular for 

bottom-up proteomics.  

All the work presented in this manuscript was carried out on the Orbitrap Eclipse Tribrid (Thermo 

Fisher Scientific), a tribrid geometry instrument combining quadrupole, ion trap, and Orbitrap mass 

analyzers. Its main specifications are detailed in Table 2.  

Table 2: Specifications of the mass spectrometer used for the work presented in this manuscript. 

Properties Orbitrap Eclipse Tribrid 

System vendor Thermo Fisher Scientific 

Analyzers Quadrupole, Orbitrap and ion trap (Tribrid instrument) 

Resolution 
Orbitrap: 7,500 – 500,000 (at 200 m/z) 

Ion trap: 0.3-3 m/z FWMH 

Mass precision 5 ppm 

Scan rate 
Orbitrap: up to 40 Hz (at 7,500 resolution) 

Ion trap: up to 45 Hz (in Turbo mode) 

Mass range Up to 8,000 m/z 

Fragmentation type HCD, CID, ETD, EThcD, ETciD, UVPD 

Ion mobility FAIMS option 

Installation year in the lab 2020 

 

a) Data-dependent acquisition 

Data-dependent acquisition (DDA) is currently the most used acquisition mode in bottom-up 

proteomics. It relies on the iterative acquisition cycles of precursor ion MS (or MS1) and fragment ions 

MS/MS (or MS2) spectra along the chromatographic gradient. In the DDA approach, precursor ion 

selection is based on their intensity. As detailed in Figure 3, the N most intense precursor ions (TopN 

strategy) of an MS1 spectrum will be isolated in the quadrupole and fragmented sequentially to obtain 

N fragment ions MS2 spectra. In the case of the Eclipse and with tribrid instruments in general, it is 

possible to parallelize MS1 and MS2 spectra acquisitions by running precursor detection in the 

Orbitrap, while MS2 fragmentation spectra are acquired simultaneously in the ion trap but at a lower 

resolution. It reduces the cycle time and allows fragmenting more precursor ions.  
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Figure 3: Schematic representation of the DDA approach. The TopN most abundant precursors (MS1) 

are successively isolated and fragmented to obtain fragmentation spectra (MS2) of fragment ions.  

In DDA mode, precursors selection based on their intensity on the MS1 spectrum induces bias and lack 

of reproducibility due to stochasticity, as intense precursor ions are favored compared to less 

abundant ones50. Unless faster and more sensitive instruments are available now, a non-negligible part 

of the precursors is still undetected in DDA mode. For example, three injection replicates analyzed on 

the UltiMate 3000 coupled to the Orbitrap Eclipse Tribrid resulted in an 80% overlap at the protein 

level and 62% at the peptide level.  

To limit this effect, precursors already fragmented once are excluded for a certain period using 

dynamic exclusion51. It reduces the redundancy and increases the number of identifications. Similarly, 

it is possible to set inclusion or exclusion lists that favor or prevent the selection of user-defined 

specific precursors52.  

While DDA allows only relative quantification, other acquisition modes53, using targeted methods, 

have been developed for absolute quantification, such as Selected Reaction Monitoring (SRM)54, 

Parallel Reaction Monitoring (PRM)55 or Multiple Reaction Monitoring (MRM)56. 

b) Fragmentation techniques 

In bottom-up proteomics, peptides are fragmented to identify the sequence by breaking the peptide 

bond between each amino acid. Fragmentation can generate several ion types, classified by Klaus 

Biemann57 and depicted in Figure 4. 

 

Figure 4: Ion types obtained after fragmentation as defined by the Biemann nomenclature. Six types 

of ions can be generated: a, b, and c for N-terminal fragments, and x, y and z for C-terminal fragments. 

Various fragmentation modes have been implemented for peptide fragmentation. Collision-induced 

dissociation (CID) and higher-energy collision dissociation (HCD) are bottom-up approaches' most 

commonly used fragmentation techniques. In both cases, isolated ions are accelerated to increase their 

kinetic energy and then allowed to collide with neutral molecules (generally helium, argon, or 

nitrogen). Due to the collision, some of the kinetic energy is converted into internal energy, and the 
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migration of a mobile proton through the amide bonds results in the breakage of the peptide bond 

(mobile proton model)58, and consequently, the peptide fragmentation58-60. Especially in the case of 

HCD, ions are more accelerated, resulting in higher energy for this type of fragmentation than CID. HCD 

is typical of Orbitrap instruments and, contrary to CID fragmentation, performed in a trap (high-

pressure cell of the ion trap on the Eclipse), HCD occurs in a collision cell61. On previous instruments, 

ions were accumulated in the C-trap, fragmented in the collision cell, and transferred back to the C-

trap before being analyzed. For the Eclipse, ion accumulation and HCD fragmentation are performed 

in the ion routing multipole (IRM), and the C-trap only guides the ions to either the Orbitrap or the IRM 

(Figure 5). Both CID and HCD fragmentations produce b- and y-type ions, as defined in the Biemann 

nomenclature, and are well suited for tryptic peptides, which carry at least two positive charges – a 

mobile one at the N-terminal extremity (NH3
+) and a second one on the side chain of the lysine or 

arginine residues60. Thanks to these fragment ions, it is possible to determine the peptide sequence.  

Fragmentation using electron transfer dissociation (ETD) is obtained by the reaction between a 

peptide ion and an anion (usually fluoranthene generated by a chemical ionization source) via electron 

transfer leading to fragmentation along the peptide backbone62, 63. ETD generates c- and z-type ions 

and presents the advantage of being a soft fragmentation, preserving labile PTMs that are generally 

lost using collision-induced dissociation techniques64. ETD can be combined with HCD through 

electron transfer/higher-energy collision dissociation (EThcD) to fragment peptide for specific 

applications65-67 thanks to the generation of b-, c-, y- and z-type ions.  

 
Figure 5: Picture of the LC-MS/MS coupling and schematic representation of the Orbitrap Eclipse 

Tribrid (Thermo Fisher Scientific). 

Other fragmentation techniques, including electron capture dissociation (ECD)68 or ultraviolet 

photodissociation (UVPD)69, can also be employed in bottom-up proteomics, but they will not be used 

in this manuscript for this purpose.  

c) Ion mobility 

Ion mobility spectrometry (IMS) coupled with mass spectrometry (MS) is of growing interest in 

proteomics, as it provides an additional dimension of separation. It relies on the separation of ions in 

a buffer gas under the influence of an electric field based on their mobility in the gas phase, which 

depends on their charge, size, and shape70. Multiple IMS technologies have been developed for MS 

analysis (Figure 6). The implementation of high-field asymmetric waveform ion mobility 
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spectrometry (FAIMS)71, 72 and trapped ion mobility spectrometry (TIMS)73-75 technologies developed 

by Thermo Fisher Scientific and Bruker, respectively, on their instrument has boosted the use of IMS 

for bottom-up proteomics.  

 

Figure 6: Summary of the various IMS devices with their specificities and vendors (from 70) 

The combination of TIMS with Parallel Accumulation-Serial Fragmentation (PASEF)75, 76, implemented 

in the TimsTOF Pro, improves the number of identified peptides through the additional separation of 

co-eluting with the ion mobility. This technology was not used for the work described in this 

manuscript and will not be detailed here. 

FAIMS technology is an optional feature that can be easily added or removed from the mass 

spectrometer. It is an atmospheric pressure device interfaced between the electrospray emitter and 

the entrance of the mass spectrometer, which performs efficient and fast gas-phase separation of 

peptides based on their mobility77, 78. Briefly, ions are transmitted by alternating between high and low 

electric fields between inner and outer cylindrical electrodes. Ions with limited differences in mobility 

will migrate through the device, while ions with a significant enough difference in mobility collide 

against the electrodes (Figure 7.A). The addition of a dc voltage, named compensation voltage (CV), 

influences the trajectory of the ions between the electrodes. Thus, selecting an appropriate CV will 

compensate for the drift of a specific ion or group of ions, allowing them to pass through the device. By 

changing the CV, different ion populations can enter the mass spectrometer as the CV value, 

determined empirically, controls the ion population transmitted through the device. In addition, the 

quick change between CV values (~25 ms per transition) enables to switch between multiple current 

values during an MS cycle and thus independently analyze ions of different charges (Figure 7.B).  

 

Figure 7: Schematic representation of the FAIMS device (adapted from Hebert et al.77). (A) Ion paths 

under alternating low and high electric fields without CV (blue) and with a correct CV applied (orange), 

allowing ions to enter the MS. (B) Compensation voltages switching representation.  
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FAIMS cannot accumulate ions but is of particular interest in removing singly charged species and 

consequently improving the signal-to-noise ratio (S/N) by reducing the background noise.  

The FAIMS device (Thermo Fisher Scientific) was the only device used in this manuscript. 

C. Data processing 

The vast amount of information acquired by the mass spectrometer, including the mass-to-charge ratio 

of the precursor (from MS1 spectra) and fragment (from MS2 spectra) ions, their measured intensities, 

and their retention time, are compiled in a peak list. These experimental data are compared to a 

theoretical database obtained from the in silico digestion – using the enzyme selected for the sample 

preparation – of the protein sequences of the studied organism. This approach is named peptide 

fragmentation fingerprinting (PFF)79. Peptide identifications lead to protein identifications by 

inference. Peptides are unique to a protein in the database or shared by multiple proteins; the latter 

can be merged into the same protein group. Protein inference is a complex process following the 

parsimony principle to obtain the smallest possible list of protein groups24. 

 Protein sequence databases 

The choice of the protein database is of utmost importance to ensure the correct identification of 

peptides and proteins as it directly determines the search space. Databases containing redundant or 

false sequences will hamper the results of the data analysis.  

Multiple databases are available:  

- UniProtKB80 was created through the collaboration between the European Bioinformatics 

Institute (EMBL-EBI), the Swiss Institute of Bioinformatics (SIB), and the consortium Protein 

Information Resource. It is the most widely used database and is composed of two different 

sections: 

 SwissProt81 is considered the reference database in proteomics when enough proteins 

are available for the studied organism. It comprises manually annotated and curated 

entries by biologists to keep only high-quality information. Additionally to the 

sequence, this section provides information about the known PTMs, sequence 

variations, function and localization of the protein, its structure, or its interactions 

with other proteins. On August 13, 2023, it contained 569,793 entries.  

 TrEMBL82 contains unreviewed entries computationally annotated by automated 

systems from GenBank or the literature. They are waiting to be manually validated and 

added to SwissProt. As this database is not manually curated, it is of poor quality, 

containing multiple redundant sequences and false annotations. On August 13, 2023, 

it contained 248,272,897 entries. 

- RefSeq83 is generated by the National Center for Biotechnology Information (NCBI). The 

protein sequences are retrieved from the automated annotation of the genomic data, and some 

of them were manually validated. The link between the gene, transcript, and protein is 

available for each protein. Nevertheless, errors from gene sequencing or nucleic sequences 

translation into protein sequences are possible and can affect the search quality84. The last 

release (RefSeq release 219, July 18, 2023) contains 271,985,047 protein sequences.  

 Search engines 

Many search engines are available to search experimental data against databases and perform peptide 

and protein identifications. Among them, Mascot85 (Matrix Science), Andromeda86, Sequest (Thermo 

Fisher Scientific)87, 88, Comet89 or X!Tandem90.  
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In the work presented in this manuscript, only Sequest HT (implemented in Proteome Discoverer 2.5) 

and Mascot, which are both non-open-source algorithms, were used. They are described below: 

- Mascot is a search engine commercialized by Matrix Science (London, UK). For each MS2 

spectra, a so-called ion score is calculated based on the probability that the spectra attribution 

to a sequence from the database is a false positive. Higher the score, the more confident the 

identification is. The score is given at the PSM level, corresponding to all the identifications 

associated with a spectrum.  

- Sequest was the first fully automated peptide identification software87, 88. For each spectrum, 

predicted peptides are filtered to keep only precursors that fit the m/z values of the isolation 

window of the experimental spectra, and the theoretical spectra related to these predicted 

peptides are generated. Then, theoretical spectra are compared to the experimental spectrum, 

and cross-correlation is computed to give a C-Score (also called XCorr). Then, the experimental 

spectrum matches the theoretical spectra with the highest C-Score.  

To perform a search, various user-defined parameters are required to consider the experimental 

conditions: 

- The database, which defines the search space; 

- The enzyme(s) used for proteolytic digestion, its cleavage sites, and the number of missed 

cleavages allowed; 

- The modifications and the modification sites to look for, either fixed (e.g., 

carbamidomethylation of cysteines) or variable (e.g., methionine oxidation);  

- The mass tolerances for matching a precursor (MS1) or fragment (MS2) ion to its theoretical 

mass; 

- The fragmentation employed to search for suitable ion types.  

 Despite the efforts to have the best search engines, 50% to 75% of the MS/MS spectra remain 

unassigned in a single run91. There are several reasons for this: 

- The quality of the database is of utmost importance, as mentioned in the previous section 

(Chapter 1 - 2.C.i). 

- Poor quality spectra due to an insufficient number of fragments or too low overall intensity. 

- Errors in the data treatment, such as wrong monoisotopic peak or charge state attribution, or 

bad peak extraction, for example. 

- Presence of chimeric spectra – i.e., co-isolation and co-fragmentation of two or more 

precursors leading to MS2 spectra containing fragments from different peptides – even using 

narrow isolation windows (generally 1-3 m/z). Since version 2.5, Mascot can search all the 

possible peptides from chimeric spectra. Similarly, since version 2.4 (2019), a precursor 

detector node has been implemented in the Proteome Discoverer (PD) workflow solution 

before a Sequest search. It detects other isotopic clusters in the isolation window and 

duplicates the MS/MS spectrum for each precursor detected.  

- Presence of many unexpected and varied PTMs inducing a mass shift from the unmodified 

peptide sequence. If this mass shift is not specified for the search, modified peptides will not 

be identified. In the literature, it is estimated that one-third of the unassigned can be attributed 

to unexpected modifications92, 93. Indeed, searching for numerous PTMs drastically increases 

the search space, requiring enormous computing resources and exploding computational time 

for conventional search engines.  
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Open modification search (OMS) allows considering all the possible modifications found on proteins 

for the search. It reduces the bias when using user-defined PTMs that prevent identifying peptides 

with unexpected modifications. Fast and efficient tools dedicated to OMS have been developed, such 

as MSFragger94, Open-pFind95, or ionbot96.  

For the work detailed in this manuscript, ionbot (CompOmics, Ghent, Belgium) is the only OMS tool 

used. It is a recent algorithm performing OMS by combining multiple features, including retention time 

prediction from DeepLC97 (2021) and fragment intensities predictions from MS²PIP98, 99, to improve 

the identification of unexpectedly modified peptides. 

 Validation of the results 

Algorithms used for MS data searching and processing are not faultless and can induce peptides and/or 

proteins misattributions in the results. Scores assigned to PSMs by each search engine do not allow 

judging the exactness of the assignment, and manual verification of thousands of spectra is not 

amenable. Automated validation methods have been developed to ensure the quality of the PSMs 

identified. The most widely used in proteomics is the target/decoy strategy, allowing evaluation of the 

proportion of false positives in a dataset100, 101. Thus, decoy sequences – generated by random 

scrambling or reversing the target sequences100 – are added to the database to be searched 

simultaneously with target sequences. Two assumptions must be considered: (i) decoy sequences are 

not present in real life, and then any match of a spectrum to a decoy sequence is presumed to be a 

random event and considered as a false identification; (ii) random non-peptide spectrum is equally 

likely to be assigned to a decoy or a target peptide. With this approach, it can be considered that for a 

given score threshold, the number of decoy PSMs above the threshold is similar to the number of false 

target PSMs. Hence, the false discovery rate (FDR) is calculated as described in the following equation:  

𝐹𝐷𝑅 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑐𝑜𝑦 𝑃𝑆𝑀𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑐𝑜𝑦 𝑃𝑆𝑀𝑠 +  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑃𝑆𝑀𝑠
 × 100 

In bottom-up proteomics, the target FDR is usually set at 1%. Thus, the algorithm will determine the 

lowest score threshold that allows reaching this FDR value, and each target PSM above this score will 

be accepted as valid. 

With the approach described above, only the global FDR is controlled, i.e., the average proportion of 

accepted false PSMs. In addition, it only considers one score from the search engine to control the FDR. 

In contrast, multiple scores (e.g., C-Score, ΔC-Score for SEQUEST) are provided and have different 

abilities to distinguish target from decoy PSMs. To improve the identification of true peptides while 

controlling the FDR, Percolator102, a semi-supervised machine learning algorithm combining multiple 

scores and features from the PSM scan, has been developed. Percolator employs twenty features, such 

as the precursor mass error, the fraction of matched b and y ions, the peptide length, or the XCorr, to 

assign a statistically meaningful q-value to each PSM, defined as the minimal FDR at which the 

identification is considered correct103-105. Data validation using Percolator increases the number of 

target peptide identifications compared to the classical strategy based only on the score provided by 

the search engine. It is compatible with any search engine output and is widely used in proteomics.  

FDR estimation can be performed at various levels: PSMs, peptides, and proteins. Combining FDR 

filtering at multiple levels is possible to increase the identification's confidence. Nevertheless, no rules 

exist regarding which filters to use.  

 Machine learning-based strategies in proteomics  

The widespread use of machine learning (ML) has made it possible to develop new strategies and tools 

to improve peptide identifications and confidence in their attribution. Machine learning refers to the 

ability of a machine to learn from a vast amount of data, determine patterns and then apply what has 
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been learned to new datasets106, 107. In proteomics, machine learning and deep learning (a subset of 

machine learning) are used for multiple applications, including retention time (RT) predictions, MS2 

spectra feature predictions, PTM predictions, or protein structure predictions.  

Accurate retention time prediction is of particular interest in LC-MS/MS-based proteomics for 

improving the sensitivity of the database searching, confirming the identification of peptides bearing 

unexpected PTMs, as a quality metric for peptide identification or spectral library generation. Multiple 

ML algorithms are available to predict retention time, such as Elude108, 109, DeepRT110, or DeepLC97. 

Particularly, DeepLC is the only model able to predict RT for peptides with modifications that have not 

been seen in the training dataset, as the prediction is based on the atomic composition of the 

peptides97. Nevertheless, prediction accuracy is slightly lower for extensively modified peptides than 

for unmodified ones.  

MS/MS spectrum predictions are another application of ML. Matching experimental spectra to 

theoretical ones mainly relies on comparing the m/z values and the intensities of the fragment ions. 

These experimental MS/MS spectra obtained after fragmentation of a precursor ion display patterns, 

defined by several key factors111: (i) the fragmentation technique and the energy applied; (ii) the type 

of MS instrument; (iii) the peptide sequence and the associated charge state. While the mechanisms 

inherent to the fragmentation of each peptide are intricate to demonstrate and still not fully explained 

and understood, it has been shown that fragmentation patterns are reproducible and predictable87, 112. 

Thus, many tools have been engineered to predict MS/MS fragmentation spectra using ML, including 

MS²PIP98, 99, MS²CNN113, or pDeep114, 115.  

Other algorithms combine both RT and MS/MS spectra predictions to perform peptide identifications, 

such as Prosit116, DeepMass117, or the tool detailed in Guan et al.118. 

Using such bioinformatics tools provides access to a wide range of LC-based or MS-based metrics not 

available in classical search engines. These metrics can be merged into post-processing tools, such as 

Percolator, to improve scoring functions that discriminate target from decoy PSMs (Figure 8). Indeed, 

ML-based data validation has demonstrated significant improvements in the number of confidently 

identified peptides, using MS²Rescore119, Inferys120, or DeepRescore121, for example. Regarding the 

promising results obtained, the interest in these ML algorithms is growing fast in proteomics.  

 

Figure 8: Schematic representation of the PSM rescoring using deep learning approaches. 

Experimental MS2 spectra are searched against a database, and then, each PSM is compared to its predicted 

spectra. It allows adding new features in the scoring functions, to increase the identification confidence.  

3. Global quantification strategies in bottom-up proteomics 

In many studies, the identification of peptides and proteins is insufficient to answer the biological 

questions addressed, and quantitative information is required to get a deeper understanding of the 

studied biological system's dynamics and variability23. Although MS is not primarily designed for 
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quantitative analysis, approaches have been implemented to compare quantitatively between samples 

using MS signal (Figure 9). 

 

Figure 9: Overview of the global quantification strategies in bottom-up proteomics (adapted from 
122). The light and dark gray Petri plates and tubes represent the two conditions to be compared without 

labeling. When these are orange and blue, labeling has been performed. The tubes that are both orange and 

blue illustrate the multiplexing of the two conditions. The dashed lines indicate the steps in which variations 

and errors in quantification between samples from different conditions can occur. 

A. Label-based relative quantification approaches 

Label-based relative quantification approaches use isotope labels to quantify peptides and by-end 

proteins. It assumes that isotope-labeled (heavy) and unlabeled (light) peptides have the same 

physicochemical properties and, consequently, the same behavior during the chromatographic 

separation (retention time) and mass spectrometric (fragmentation pattern, ionization efficiency, and 

MS signal response) steps. Their mass is the only property allowing distinguishing between unlabeled 

and labeled peptides, as the latter is heavier due to the isotope labeling. In label-based quantification 

experiments, samples with different isotopes are pooled to quantify multiple samples in the same 

spectrum. Two different types of labeling can be used: metabolic or chemical. 

 Metabolic labeling 

In metabolic labeling strategies, stable heavy isotope labels are incorporated into proteins through 

labeled amino acids during the cell culture. Labeled (heavy) and unlabeled (light) samples are then 

pooled before undergoing classical proteomics sample preparation, followed by LC-MS/MS analysis. 

MS1 signals comparison of heavy and light peptides allows the relative quantification between the 

samples. Stable isotope labeling with amino acids in cell culture (SILAC)123, 124 is the most used 

approach for metabolic labeling, where heavy arginine and lysine residues containing isotopes (2H, 13C, 

and 15N) are incorporated in the culture medium to label the cells. Nevertheless, this strategy restricts 

multiplexing (i.e., three samples maximum) and sample type (cell culture mainly). Other metabolic 

labeling strategies have also been developed, such as NeuCode125 or super-SILAC126 but they still suffer 

from a lack of multiplexing.  

 Chemical labeling 

In contrast to metabolic labeling, chemical labeling enables multiplexing, and two strategies can be 

employed. The first one, introduced in 1999 and called isotope-coded affinity tag (ICAT)127, is based 
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on isotope tagging on the cysteine residues of the proteins prior to digestion (protein level). The 

second one relies on isobaric labeling of the peptides and is used in different approaches, including 

isobaric tags relative and absolute quantification (iTRAQ)128, 129 and tandem mass tag (TMT)130. As the 

TMT strategy was used in the work presented in this manuscript, it is detailed below and in Figure 10.  

 

Figure 10: Overview of the TMT approach. (A) Representation of the 6plex TMT reagent composed of a 

reporter group, a mass normalizer group and a NHS reactive group. The dashed red line represents the 

cleavage during HCD fragmentation. Green stars represent the position of the heavy atoms for TMT reagent 

130 from 6plex kit. (B) Schematic representation of the TMT workflow, including sample preparation and 

peptides labeling. Labeled peptides are pooled and analyzed in a single run. They are indistinguishable at 

precursor level (MS1) but after fragmentation, it is possible to perform relative quantification based on the 

reporter groups.  

In the TMT approach, peptides are labeled at the end of the sample preparation process (i.e., after the 

enzymatic digestion). TMT reagent reacts with the N-terminal and ε lysine side chain amino groups of 

peptides through an amine-reactive NHS-ester group. In addition to the reactive group, the TMT 

reagent comprises a mass reporter group and a mass normalizer group (Figure 10.A). Thanks to the 

mass normalizer group, all the tags have the same global mass, making it impossible to distinguish 

between peptides from one sample or another. During fragmentation, the bond between the reporter 

and the balance groups is broken, enabling the relative quantification of the different samples using 

the relative intensity of each reporter ion located in the low m/z region of the MS/MS spectra (Figure 

10.B). Other fragment ions are employed for peptide identification. The TMT strategy enables 

multiplexing up to 18 samples, with the development of the TMTpro-18plex (Thermo Fisher 

Scientific)131. It allows for reducing the instrument time and directly comparing multiple samples. 

Moreover, since the signals from multiple samples are combined, the MS1 signal intensity of each 

peptide is higher, allowing injecting less sample than what would be done for individual injections. 

Nevertheless, ratio compression issues due to interferences are observed but can be overcome by 

using additional isolation and fragmentation step to generate MS3 spectra that will be used for the 

relative quantification of the samples132, 133.  
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B. Label-free relative quantification approaches 

Label-free quantification approaches have rapidly grown in interest thanks to the improvements in 

sensitivity and scan speed of modern mass spectrometers134. It allows coping with the limitations of 

label-based quantification, such as additional sample preparation steps, cost of the labeling reagents, 

labeling efficiency, or lack of multiplexing. Here, label-free methods can be used for any samples and 

are not limited in number of samples as there is no multiplexing122, making these approaches widely 

used in proteomics. However, as samples are prepared and analyzed independently, each step can 

affect the precision of quantification. Two strategies are available for label-free quantification: spectral 

counting and extracted ion chromatogram MS1 (XIC-MS1).  

 Spectral counting 

For spectral counting, it is assumed that the number of MS2 spectra acquired for a protein is correlated 

to its abundance. Its main asset is the ease of quantification that only requires tools used for 

identification. However, stochasticity of the DDA acquisition mode and under-sampling related to the 

use of dynamic exclusion to maximize the number of identified peptides are major drawbacks, induce 

many missing values, and limit the ability to quantify small abundance changes132.  

 Extracted ion chromatogram (XIC-MS1) 

Just as spectral counting assumes that the number of MS2 spectra is correlated to the protein 

abundance, XIC-MS1 assumes that precursor signal intensity is proportionally linked to precursor 

abundance135. The abundance can be calculated using either the area under the MS1 chromatographic 

peak or the apex of this peak. In this approach, acquisition parameters must be optimized to balance 

between a high enough number of MS1 spectra to define the chromatographic peak and a high enough 

number of MS2 spectra used for peptide identification136. Hence, it requires robust and reproducible 

chromatographic systems122 coupled with high-resolution and accurate mass (HR/AM) MS 

instruments.  

In contrast to spectral counting, XIC-MS1 needs dedicated and more advanced data processing 

bioinformatics tools. Numerous software has been developed to mitigate the variability induced along 

the experiment, from the sample preparation to the LC-MS/MS analysis, using retention time 

recalibration and precursor intensity normalization132, 136, 137. Bioinformatics solutions comprise open-

source tools – such as Proline (developed by the French Proteomics Infrastructure, ProFI)138, 

MaxQuant139 (Max Plank Institute) or Skyline140 (MacCoss lab) – and vendor software such as 

Proteome Discoverer (Thermo Fisher Scientific) or SpectroMine™ (Biognosys). The retention time and 

chromatographic peak intensity, m/z ratio, and precursor charge state for each precursor are used to 

generate LC-MS maps that are then employed to align identification results with other MS1 signals, 

even if the peptide has not been isolated and fragmented to generate an MS2 spectrum (called “match 

between runs” in MaxQuant). It allows to obtain a quantitative value in samples where peptides were 

not correctly identified, limiting the number of missing values. The XIC signals finally obtained are used 

to perform the quantification. The performances of these tools for XIC-MS1 quantification in 

proteomics have been widely compared in multiple studies available in the literature138, 141, 142. 

C. Label-free “absolute” quantification 

Label-free approaches can be used to perform “absolute” quantification to obtain an estimation of the 

protein quantity in the sample without the use of isotopes. Similarly to label-free relative 

quantification, the low cost and the easy experimental setup make label-free “absolute” quantification 

attractive132. For example, emPAI143 (exponentially modified protein abundance index) derived from 

PAI144 is based on the same principle as spectrum counting, estimating the protein abundance by 

counting the number of observed peptides from a protein. 
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Intensity-based methods, such as intensity-based absolute quantification (iBAQ), use the sum of all 

peptide intensities divided by the total number of peptides theoretically observable in this protein145. 

Another approach is Top3 quantification (or Hi-3), which uses unlabeled proteins standard spike in 

the sample of interest146. The intensity of the three most intense peptides of the proteins is compared 

to the intensity of the three most abundant peptides of the standard to calculate the abundance. This 

method was used in Part II of this manuscript.    

4. Data-independent acquisition approaches 

Identifying and quantifying proteins in complex samples is the essence of bottom-up proteomics. DDA 

methods can face this challenge by identifying and quantifying thousands of proteins in a single run 

but suffer from a limited dynamic range and lack of sensitivity and specificity. Other approaches, such 

as selected reaction monitoring (SRM) or parallel reaction monitoring (PRM), together known as 

targeted approaches, can overcome the limitations of DDA but are only applicable to a limited number 

of proteins of interest. Hence, data-independent acquisition (DIA) has been developed as a new 

approach combining the advantages of DDA (comprehensive proteome coverage) and targeted 

methods (high sensibility, sensitivity, reproducibility and accuracy, wide dynamic range). DIA's 

emergence and rapid growth have been possible thanks to recent instrumental advances in MS, 

particularly regarding their high-resolution and fast scan rate. It also implies the design of dedicated 

bioinformatics tools, which have primarily contributed to the widespread use of DIA for quantitative 

proteomics147, 148. 

A. Principle of data independent acquisition 

DIA-MS experiments are performed on HR/AM instruments, including Q-TOF or Q-Orbitrap. DIA 

allows, theoretically, the collection of MS/MS spectra from all the peptides present in the sample along 

the chromatographic gradient. In detail, the mass range is divided into windows, and precursor ions 

included in each isolation window are co-isolated and co-fragmented. The fragments are co-analyzed, 

generating multiplex MS2 spectra. Finally, chromatographic peaks are extracted from MS2 data to 

allow peptides (and proteins) identification and quantification (Figure 11). 

 

Figure 11: Overview of the DIA workflow using consecutive isolation windows. Eluted peptides are 

analyzed by MS and all the precursors from a window are co-isolated and co-fragmented to obtain 

multiplexed MS2 spectra. MS2 spectra are then processed to identify and quantify peptides.  

B. Evolution of DIA-based approaches 

The first DIA-related experiments were carried out in the early 2000s. Masselon et al.149 characterized 

several polypeptides from multiplexed spectra on an FT-ICR in 2000. A few years later, Purvine et al.150 

presented shotgun CID, using a two steps analysis with low voltage in-source CID for precursor mass 

measurement (MS) followed by high voltage in-source CID to fragment peptides and obtain the MS/MS 

spectra of fragment ions.  



  Bibliographic introduction 

50 
 

 

The term “data independent acquisition” was first coined in 2004 in a study by Venable and coworkers, 

where they used sequential 10 m/z isolation windows to fragment precursor ions from yeast samples 

on an LTQ Orbitrap instrument151.  

These three studies paved the way for developing various DIA-based strategies on different MS 

instruments using multiple approaches, from MS acquisition parameters to data processing. A 

summary of the methods developed since 2004 to date is displayed in Table 3 divided into two 

categories, those using the full mass range for fragmentation and others using defined isolation 

windows. Some approaches of particular interest are detailed below. 

Table 3: Summary of the DIA approaches since 2003 (adapted from 147, 148). 

Method Instrument 
DIA isolation  

window (m/z) 
Year of  

introduction 
Reference 

Shotgun CID Q‐TOF Full range 2003 Purvine et al.150 

Original DIA LTQ Orbitrap 10 2004 Venable et al.151 

MSE Q‐TOF Full range 2006 Silva et al.152 

PAcIFIC LTQ Orbitrap 2.5 2009 Panchaud et al.153 

AIF Exactive Orbitrap Full range 2010 Geiger et al.154 

XDIA Ion Tap‐ETD‐CAD 20 2010 Carvalho et al.155 

SWATH TripleTOF 25 2012 Gillet et al.6 

MSX Q‐Exactive Orbitrap 4 2013 Egertson et al.156  

WiSIM Orbitrap Fusion 200 2014 Martin et al.157 

pSMART Q‐Exactive 5-20 2014 Prakash et al.158 

UDMSE Synapt G2-S HDMS Full range 2014 Distler et al.159 

HRM Q-Exactive 24-222 2015 Bruderer et al.160 

SONAR Xevo G2‐XS QTOF 24 2018 Moseley et al.161 

BoxCar Q Exactive HF Orbitrap  2018 Meier et al.25 

Scanning SWATH TripleTOF 5 2019 Messner et al.162 

diaPASEF TimsTOF Pro 25 2019 Meier et al.163 

PASS‐DIA Q Exactive HF Orbitrap 2 2020 Mun et al.164 

PulseDIA Q Exactive HF‐X Orbitrap, TripleTOF 20/60-140 2020 Cai et al.165 

DIA-FAIMS Orbitrap Exploris 480 13.7 2020 Bekker-Jensen et al.166 

BoxCarMax Orbitrap Fusion Lumos  2021 Salovska et al.167  

Slice-PASEF TimsTOF Pro, TimsTOF Pro 2 3-215 2022 Szyrwiel et al.168 

Hybrid-DIA Orbitrap Exploris 480 61.1 2023 Martínez-Val et al.169  

midiaPASEF TimsTOF Pro 2 36 2023 Distler et al.170 

 

 DIA strategies performed over the entire mass range 

Full mass range DIA approaches were first introduced in 2005 by Silva et al.152 on Q-TOF instruments, 

inspired by the work of Purvine and coworkers150. In this method, named MSE, a first full scan is 

acquired for precursor ions mass measurement followed by co-fragmentation of all those precursor 

ions to obtain fragment ion masses. In 2014, Ultra-definition MSE (UDMSE)159 was proposed with the 

implementation of ion mobility and variable collision energies to the original MSE approach. 
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A similar approach performed on Q-Exactive Orbitrap instruments was developed by Thermo Fisher 

Scientific in 2010, named all-ion fragmentation154 (AIF).  

 DIA strategies based on isolation windows 

Most of the DIA strategies are based on isolation windows. These isolation windows can be fixed or 

variable widths (Figure 12). 

 
Figure 12: Summary of the main DIA approaches based on isolation windows. (A) Consecutive fixed 

windows, (B) consecutive variable windows, and (C) overlapping windows isolation scheme.  

First, fixed-width isolation window methods were employed by many groups. The PAcIFIC153 method 

was used to perform fragmentation of precursors from narrow isolation windows of 2.5 Th across 

multiple LC-MS/MS runs to cover the entire mass range, resulting in several days of analysis. More 

recently, PulseDIA165 was introduced to decrease the analysis time thanks to the reduced number of 

isolation windows, having width adapted to the ion density.  

Another approach using wider isolation windows of 25 Th was proposed for Q-TOF instruments, 

named sequential windowed acquisition of all theoretical fragment ion spectra6 (SWATH), now 

commercialized by the Sciex company. It demonstrated the ability of DIA to obtain comparable 

quantification accuracy as SRM over a 4-orders dynamic range. The SWATH approach is considered 

one of the strategies that led to widespread DIA-based proteomics at a large scale.  

One improvement of the SWATH approach is using variable windows, proposed by Zhang et al.171 in 

2015. Indeed, precursor ions are not homogeneously distributed over the m/z along the 

chromatographic gradient, resulting in very complex MS2 spectra from isolation windows containing 

multiple precursors. At the same time, only a few fragments are observed in MS2 spectra containing 

only a couple of precursors. Hence, the size of the windows is adapted to match the ion density 

depending on the m/z to have comparable numbers of precursor ions in each isolation window. It leads 

to better quantification accuracy and an increase in identification. Similarly, hyper-reaction 

monitoring160 (HRM) has been developed on Q-Orbitrap instruments. 

Another cornerstone of DIA-based methods development is the implementation of ion mobility as an 

additional separation dimension on HR/AM instruments. Two methods were developed, DIA-FAIMS166 

for last-generation Q-Orbitrap and tribrid instruments (Thermo Fisher Scientific), and diaPASEF163 for 

Q-TOF instruments and implemented on the TimsTOF Pro (Bruker). Following diaPASEF, new 

strategies such as Slice-PASEF168 and midiaPASEF170 are being developed.  

BoxCar25 is another alternative developed for Q-Orbitrap instruments. It aims to enhance the signal-

to-noise (S/N) ratio and the dynamic range of precursor ions by filling multiple narrow m/z windows 

to increase the ion injection. An evolution of BoxCar is BoxCarmax167, adapted for the analysis of SILAC 

isotope-labeled peptides, which is intricate with conventional DIA methods.  

Finally, methods have been designed using overlapping windows (Figure 12.C). In these approaches, 

the isolation scheme is composed of windows covering half of the mass range analyzed with the 

previous window, increasing the selectivity of the analysis. It was introduced on Waters Q-TOF 
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instruments by Moseley et al. in 2018, using the SONAR161 approach. Another method, the Scanning 

SWATH162, used continuous scanning of the filtering quadrupole instead of successive isolation 

windows acquisition, allowing to reduce the DIA cycle time.  

C. Development of DIA methods 

The development of DIA methods requires optimizations of various acquisition parameters, including 

the number and the size of isolation windows, the cycle time, and the number of precursor ions. These 

parameters directly influence the sensibility, sensitivity, quantification accuracy, and proteome 

coverage of the analysis.  

The method's sensitivity is essentially dependent on the number of ions entering the Orbitrap 

analyzer. This number is determined by either the automatic gain control target (AGC target) or the 

maximum injection time. The AGC target is the number of ions to reach before injecting ions from the 

C-trap to the Orbitrap for mass measurement. If this number is not reached, ions will be transferred 

from the C-trap to the Orbitrap after a certain amount of time, called the maximum injection time. 

These parameters allow maximizing the number of ions entering the Orbitrap and thus the sensitivity 

while avoiding increasing the cycle time.  

The cycle time is a crucial parameter in DIA experiments, directly affecting the quantification quality. 

Indeed, a high enough number of points over the chromatographic peak (around 7-8 in DIA 

experiments) is required to ensure an accurate quantification. For example, a maximum cycle time of 

2.5 s is allowed to obtain 8 points over a chromatographic peak of 20 s. The cycle is calculated as 

follows when the maximum injection time is lower than the transient time: 

𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒 = 𝑀𝑆1 𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑖𝑚𝑒 + (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑛𝑑𝑜𝑤𝑠 × 𝑀𝑆2 𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑖𝑚𝑒) 

In Orbitrap-based instruments, the transient time is directly related to the resolving power and 

corresponds to the capacity of the Orbitrap to discriminate ions. Consequently, the higher the 

resolution, the longer the cycle time. On the Orbitrap Eclipse Tribrid, transient times of 32 ms, 64 ms, 

and 256 ms are observed for acquisition using resolving power (at 200 m/z) of 15,000, 30,000, and 

120,000, respectively.  

The number of isolation windows is determined by the mass range covered by the DIA method during 

the cycle and the size of the windows. These two parameters can be set empirically based on a DDA 

analysis of the sample of interest to obtain a balance between proteome coverage, sensitivity, and 

sensibility. 

Finally, minor overlapping (e.g., 0.5-1 Da) between isolation windows must be considered in DIA 

methods to counterbalance the loss of sensitivity due to lower transmission efficiency of the 

quadrupole observed for precursors at each window edge6, 172 (Figure 13). 

 

Figure 13: Representation of the quadrupole isolation overlap. 
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D. The challenge of DIA data processing 

DIA strategies have shown a high quantification reproducibility with low missing values. Nevertheless, 

the complexity of the multiplexed MS2 spectra containing fragments from co-isolated and co-

fragmented precursor ions requires the use of dedicated bioinformatics tools for DIA data processing, 

as the ones used for DDA are not amenable148, 173. Two approaches can be used for DIA data 

processing174: the peptide-centric approach and the spectrum-centric approach (Figure 14). 

 

Figure 14: DIA data processing strategies (adapted from 174). (A) Peptide-centric approach, involving 

the use of a spectral library to match peptides from multiplexed MS2 spectra. (B) Spectrum-centric 

approach identifies peptides directly from MS2 spectra using pseudo-DDA spectra obtained after 

deconvolution of multiplexed MS2 spectra. Then, signals are extracted to perform peptides identification 

and quantification using the peptide-centric approach.  

 Peptide-centric approach 

The peptide-centric approach uses a spectral library to search DIA data. A spectral library includes 

features such as precursor and fragment ions m/z and normalized retention time, precursors charge 

state, and relative intensity of fragment ions174. Other information, including ion mobility drift time, 

can also be added to this library134. 

Peptide identification in DIA is based on matching the DIA dataset to peptides present in the library 

using the features above. Hence, a significant limitation of the peptide-centric approach is that only 

precursors present in the library can be identified, resulting in considerable efforts to obtain the most 

exhaustive spectral library possible.  

Different manners can be employed to generate spectral libraries. In general, identification results 

from fractionated DDA analysis of similar samples than those used for DIA and searched with classical 

DDA search engines (e.g., Mascot, Andromeda, Sequest). Nevertheless, spectral library building using 

fractionated DDA analyses is a tedious and time-consuming task, requiring large amounts of 

samples175. Moreover, DDA analyses should be performed on the same system (LC and MS) and under 

the same conditions (gradient length, fragmentation mode, and energy) as the DIA one to ensure the 

high quality of the library. Another alternative is to use public spectral libraries available online, such 

as SWATHAtlas176, PeptideAtlas177, or PRIDE178. However, they are restricted to a limited number of 

samples and organisms.  
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Numerous tools have been developed to search MS2 DIA data against spectral libraries and perform 

peptide identification and scoring. It includes OpenSWATH179, PECAN180, EncyclopeDIA181 or 

Spectronaut160. They use the information in the spectral library to identify peptides in the DIA analysis. 

Then, the XIC is collected at the MS2 level for all the transitions of identified precursors, and a score is 

attributed for each peak group. Peptide identifications are finally validated using the target decoy 

approach described in Chapter 1 – 2.C.iii. 

Recently, new algorithms implemented in Spectronaut and EncyclopeDIA have been introduced for the 

deconvolution of DIA data to generate DIA-based libraries or so-called hybrid libraries when combined 

with DDA data.  

Advances in artificial intelligence and machine learning have also paved the way to predicted library 

generation. Predictions algorithms (DeepMass117, Prosit116, pDeep115) can predict retention time as 

well as MS2 fragmentation spectra pattern of peptides contained in a database. Indeed, in this case, the 

library is not limited to what have been identified in DDA runs, but it contains all the theoretical 

peptides that are present in the database182. Other algorithms, such as DIA-NN183 or Spectronaut 

(Biognosys), also use ML to improve the identification of peptides in DIA data processing. 

Independently of the method used to generate the library and perform the DIA data processing, the 

quality of the spectral library remain a crucial parameter for the success of a DA experiment. 

 Spectrum-centric approaches 

Spectrum-centric approaches are based on the deconvolution of multiplexed MS2 spectra into pseudo-

MS/MS spectra that can be directly searched against the protein database. They are more convenient 

approaches as they do not require the generation of spectral libraries.  

Several tools have been developed to perform library-free DIA data processing. DIA-Umpire184, 

developed in 2015, was one of the first software to perform the non-targeted identification and 

quantification of peptides. As with many other solutions, it can also generate spectral libraries from 

DIA data and perform a peptic-centric search using this library. A few years later, DirectDIA™ was 

added to the Spectronaut software (Biognosys), allowing it to perform library-free searches thanks to 

the implementation of the Pulsar search engine. More recently, Demichev group has developed DIA-

NN183, an algorithm based on deep neural networks to perform both peptide-centric and spectrum-

centric DIA data analysis.  

This spectrum-centric strategy was the most used approach in the work described in this manuscript. 
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Chapter 2: 

The role of top-down mass spectrometry in the 

context of structural MS 

 

Historically, the characterization of proteins by mass spectrometry (MS) was performed at the primary 

structure level, i.e., the linear sequence of amino acids, using bottom-up approaches. The technological 

boom in MS over the last twenty years has enabled new approaches to provide new insights into the 

higher-order structure of proteins (secondary, tertiary, and quaternary structures), grouped under the 

term structural MS185-187. Knowledge of the higher-order structure of proteins is of utmost interest as 

the protein structure directly drives their biochemical functions. These structural MS approaches have 

been widely applied to a vast array of biomolecules such as multimeric proteins188, multiprotein 

complexes189-191, membrane proteins192, 193, intrinsically disordered proteins194, and 

oligonucleotides195. The strategies encompassed within the term structural MS can be mainly 

categorized into two subclasses: peptide-centric and protein-centric approaches (Figure 15). 

Although these techniques cannot provide atomistic details, they can contribute to the 

characterization of biomolecules and their complexes with structural information about 

stoichiometry, residue level proximity, protein dynamics, conformation, and protein post-translational 

modifications (PTMs). Thereby, structural MS techniques have largely proved their utility to 

complement and support other high-resolution techniques such as X-ray crystallography, nuclear 

magnetic resonance (NMR), small angle scattering (SAS), and cryo-electron microscopy (cryo-EM). 

Currently, the studies in the literature aim to characterize more challenging and complex systems. 

Therefore, combining several structural MS techniques is needed to provide a more comprehensive 

picture of a protein structure. In this context, a brief introduction will be provided about the most 

significant structural MS techniques, highlighting the main contributions and advantages, with special 

attention to the role of the TD-MS approach in the characterization of different biological systems.  

 

Figure 15: Summary of the protein-centric and peptide-centric approaches used in structural MS 

(adapted from 196). 

The work described in this manuscript is based chiefly on the characterization of purified proteins 

using top-down MS-based approaches, aiming for complete protein backbone sequencing. Hence, this 

bibliographic introduction mainly describes top-down and middle-down approaches for purified 

proteins. First, other approaches for higher-order characterization are briefly discussed, with a 

particular focus on native conditions analysis. 
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1. Protein-centric approaches in structural MS 

A. Native MS 

Native mass spectrometry (nMS) refers to analyzing intact proteins or biological complexes in their 

native or “near-native” state. This technique, introduced by Chait and Henion in the early 1990s, 

enables maintaining the non-covalent interactions of the biomolecules197, 198. Under these 

experimental conditions, the protein’s folded structure is maintained in the gas phase, as well as the 

interactions with their partners (quaternary structure). The term "native MS" was formally coined by 

Heck and coworkers in 2004199, 200.  

In nMS, the pH and the ionic strength of the solution are controlled to keep the folded structure of the 

intact protein or protein complex. Thereby, the number of charges accommodated in the protein 

structure is lower compared to denaturing MS analysis, resulting in higher m/z MS signals (Figure 

16). The analysis of large intact proteins or protein complexes in nMS is not trivial from an 

instrumental point of view. Indeed, the energy provided to the ions must be finely optimized to ensure 

their complete desolvation and transmission along the instrument while keeping the integrity of the 

non-covalent interactions in the protein (or complex). To this end, the pressure at the interface, the 

acceleration voltages, and radio frequencies must be modified. Historically, TOF and Q-TOF 

instruments have been the most widely used MS platforms for nMS experiments due to their (in 

principle) absence of upper m/z scan limit, resolution, and sensitivity. However, modifications on 

other high-resolution MS instruments such as Orbitrap51, 201, and FT-ICR202, 203 have paved the way to 

adapt those instruments to conduct nMS experiments, providing higher sensitivity, resolution, and 

better desolvation204. 

 
Figure 16: Mass spectra of carbonic anhydrase under (A) native and (B) denaturing conditions 

(adapted from 205). 

Through the last years, technical performances in MS have improved these instruments' sensitivity, 

resolution, and ability to transmit ions in the high m/z mass range, enabling the analysis of large intact 

proteins or multiprotein complexes in their native state with masses of several MDa. Since its 

inception, nMS has been used to characterize a wide range of intact proteins and biological complexes 

of varying complexity and heterogeneity. 

As mentioned previously, purified intact proteins are generally contained in buffers with non-volatile 

salts incompatible with MS analysis. Then, buffer exchange is generally required. This process can be 

performed manually with techniques such as ultracentrifugation or gel filtration, but they are 

extremely laborious and time-consuming. One alternative to overcome this sample preparation step is 

to couple nMS with non-denaturing LC methods206, 207. The benefit of this combination is twofold: i) 

salts and excipients are removed within the LC dimension; ii) the characterization and relative 

quantitation of different populations of protein samples are improved.   
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Multiple information can be obtained thanks to nMS. The most prominent application of nMS is the 

mass measurement of the protein or complex and determining the stoichiometry of the interactions208-

211, complexes' gas-phase stability212, 213, or binding affinities214, 215. Regarding the applications, nMS 

has been proven to be a versatile technique with contributions to the characterization of different 

proteins and biomolecules such as chaperonin216, mAb-related products217, hemocyanins218, virus 

capsids219  or membrane proteins220. 

B. Other approaches in structural mass spectrometry 

Another strategy to obtain information about the structure of a protein is the use of ion mobility 

spectrometry (IMS). In combination with nMS (nIM-MS), the conformation of the detected ions can be 

assessed thanks to the additional characterization dimension. IMS relies on measuring a drift time, 

corresponding to the time necessary for an ion to go through the ion mobility cell filled with 

background gas under the influence of a constant or time-dependent electric field70. The drift time 

depends on the charge and mass of the ions and their shape221. Ions with a compact and folded 

structure will move faster through the cell. In contrast ions with an extended or unfolded conformation 

will drift slower  (higher drift time) because of increased collisions with the buffer gas molecules222 

(Figure 17). IM drift times of each ion can be converted into structural information (rotationally-

averaged collision cross section (CCS)) to afford direct information about the conformation of the ions.  

 
Figure 17: Schematic representation of drift tube ion mobility spectrometry (adapted from Jeff Dhal, 

CC BY-SA 3.0). 

Several IMS devices have been introduced over the years70. For IMS-MS, the drift tube223 applies a 

linear and homogeneous electric field in the tube, and the traveling wave (TWIMS)224, using continuous 

propagation of potential waves, are the two most used approaches. The former is considered the 

reference IM system since it is the sole IMS device with the ability to measure the mobility of ions as a 

primary method and calculate CCS from the Mason-Schamp equation. Otherwise, instrument 

calibration is mandatory for other IM devices to convert ions mobilities into CCS. IM-MS approaches 

have afforded valuable structural information to differentiate conformations of proteins and 

characterize their conformational landscapes225-228. More recently, an IMS-derived technique, so-

called collision-induced unfolding (CIU), has been developed as an elegant option to circumvent the 

technical limitations of classical IM experiments. In this case, molecular ions are activated by means of 

energetic collisions with a background gas prior to the IM separation, allowing the analysis of 

macromolecular ions beyond their native state229. The internal energy of the ions increases due to the 

collisions, leading to a progressively unfolding of their conformation. Thereby, changes in 

conformation can be monitored as a function of collision energy, providing information about the 

number of transient unfolding states and the gas-phase stability of ions226, 229-233. 

 

 



  Bibliographic introduction 

58 
 

 

2. Peptide-centric approaches 

Peptide-centric strategies use a bottom-up-based approach to probe protein structures, dynamics, 

interactions, and conformations. Several methods can be employed, among which hydrogen-

deuterium exchange (HDX), chemical cross-linking mass spectrometry (XL-MS), or limited proteolysis 

mass spectrometry (LiP-MS).  

A. Hydrogen-Deuterium Exchange (HDX-MS) 

HDX-MS, like other surface labeling techniques, assumes that the parts directly accessible by the 

solvent are more likely to be modified than those of the folded or bound regions are. This approach is 

mainly used as a relative technique, comparing the obtained results between two different states of an 

analyte, i.e., between the apo- and holo-state of a protein. Proteins, or protein complexes, are incubated 

in a deuterated solvent. Under these experimental conditions, labile amide backbone hydrogens are 

exchanged with deuterium, and the reaction is quenched using low pH (2.5) and temperature (0°C) to 

avoid back-exchange234 (Figure 18). Multiple deuteration times are commonly used to generate a 

whole HDX-MS data set. Then, the protein is enzymatically digested and analyzed by LC-MS/MS. The 

main idea is to assess the deuterium uptake of specific parts of the analyte as a function of the 

incubation time in a deuterated solvent to identify different relative deuterium uptakes and relay them 

to specific parts of the proteins. HDX-MS has been employed for many applications235 such as studying 

membrane proteins or comparing biosimilar products236, 237, for instance. This technique also provides 

information regarding contact regions between multi-protein complexes, identifies the binding sites 

between proteins and ligands, 238 investigates conformation of proteins or protein complexes, 

evidence for allosteric effects239 and is widely used for epitope mapping on biotherapeutics240. 

 
Figure 18: Schematic representation of workflow used for HDX-MS (from Trabjerg et al.241). 

B. Cross-link MS (XL-MS) 

XL-MS is employed to evidence interactions in protein complexes or to study protein conformation189. 

It relies on forming new covalent bonds, in the native state, between spatially close residues, using a 

cross-linker of a defined length242. Cross-linkers are composed of a spacer indicating the distance 

between the two residues involved in the bonds and a reactive end group to target specific amino acid 

residues243. After the cross-linking reaction, proteins are enzymatically digested into peptides and 

analyzed by LC-MS/MS (Figure 19). The study of the cross-linked peptides identified gives 

information about the spatial proximity between two residues, either from the same protein (intra-

distance) or from two different proteins (inter-distance)244. In purified systems, the structural 

information arising from XL-MS experiments can significantly contribute to speeding up the modeling 



  Bibliographic introduction 

59 
 

 

process or complementing protein or protein complexes characterization with other biophysical 

techniques185. However, it has also been used for specific applications such as proteome-wide XL-MS 

to investigate protein-protein interactions at a system-wide scale245.  

 

Figure 19: Schematic representation of workflow used for cross-link MS (adapted from 244). 

C. Limited proteolysis 

Limited proteolysis is built on the principle that a protein's digestion depends not only on its primary 

amino acid sequence but also on its higher-order structure246. Consequently, in native conditions, parts 

of the primary sequence on the surface or solvent-accessible regions of the protein are more likely to 

be digested into peptides than those in the core of the protein. LiP-MS typically provide information 

on the higher-order structures of proteins and on conformational changes of the protein247, 248. Recent 

developments of LiP-MS on whole lysate demonstrate the ability of this approach to identify ligand 

targets (and off-target) at the cellular level249, 250. Moreover, this technique open the way to new 

applications, such as thermal proteome profiling, bridging structural MS and bottom-up proteomics 

together, as applied by Picotti and coworkers, with the determination of the thermal stability of 

proteins on a proteome-wide scale at domain-level resolution, and underlying the role of specific types 

of proteins251. 

3. Protein primary structure characterization: a peptide- or a protein-centric 

approach? 

Intact protein analysis by structural MS techniques allows obtaining information about the primary 

structure or the higher order structure of proteins and protein complexes. Primary structure 

information includes the intact mass of the protein and aims at fully characterizing the amino acid 

sequence. It allows the identification of proteoforms – referred to as each individual molecular form of 

an expressed protein2 – and the precise localization of post-translational modifications (PTMs) or 

amino acid variations, using the top-down approach252, 253.  

A. Bottom-up versus top-down 

The bottom-up (BU) approach is the gold-standard method to perform protein primary structure 

characterization. This strategy is based on the reduction, alkylation, and enzymatic (using trypsin, 

pepsin, or a combination of proteases) digestions of the proteins, followed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) analysis of the generated peptides. Even if routinely 

performed, this approach has a series of limitations. First, digestion often occurs at basic pH and can 

lead to artifactual modifications of the protein (e.g., deamidation, oxidation254-256). In some cases, 

peptide mapping approaches can also lead to incomplete sequence coverage and, thus an absence of 

information on the uncovered regions. BU approaches are mainly performed using collision-based 

fragmentation techniques, which can induce the fragmentation of relatively labile modifications such 

as phosphorylation or glycosylation (in the particular cases of ADCs, these techniques induce the 

fragmentation of the payload), which complicates the correct location and characterization of these 

PTMs. More importantly, since proteins are previously digested, and the structural information is 
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inferred from the resulting peptides, the correlation between the different protein modifications is lost 

(Figure 20). For all the aforementioned reasons, the correct characterization of protein proteoforms 

is hampered when using BU approaches. Nevertheless, correctly characterizing proteoforms or 

primary sequence variants of a protein of interest is crucial since those different forms have been 

related to disease mechanisms or associated with an altered biological or therapeutic activity.   

Instrumental development, along with the evolution of data processing tools have paved the way for 

alternative strategies to perform protein sequencing. During the last two decades, top-down (TD) MS 

has emerged as a complementary approach to bottom-up, as the former analyzes proteins at the intact 

level. Briefly, intact proteins are ionized and fragmented in the gas phase (MS/MS) normally using 

different activation techniques, allowing fragmentation of protein backbone and providing 

information about proteoforms through PTMs assessment257, and sequence variants. Compared to BU 

approaches, TD presents several main advantages. The low number of steps in the sample preparation 

allows to drastically decreasing the risk of introducing chemical artifacts commonly observed in 

bottom-up. In addition, the intact mass of the protein and its fragmentation spectrum are correlated, 

which facilitates the identification and characterization of proteoforms, especially those with several 

co-occurring modifications (Figure 20).   

Furthermore, TD-MS also appears as an orthogonal and complementary technique in the structural MS 

field for several reasons: i) the structural information provided with this approach is directly linked 

with the intact structure of the protein, ii) it provides structural information that cannot be 

characterized with the different approaches encompassed within the structural MS toolbox.  

 

 

Figure 20: Proteoform identification using the bottom-up (top) or the top-down approach (bottom). 

B. Definition of top-down and middle-down MS 

Fragmentation of intact proteins can be performed in many conditions and for many purposes. Since 

the first papers in the literature using the “top-down” approach in the early 2000s258-262, many studies 

have been released using this terminology. Nevertheless, the term “top-down” has often been misused 

as no standardized nomenclature was defined. To this end, Lermyte et al.263 proposed a standardized 

lexicon in 2019 to clarify TD-MS approaches.  
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This paper describes multiple strategies, with a specific terminology employed depending on the input 

sample and the resulting information obtained after analysis. These approaches are summarized in 

Figure 21.  

 

Figure 21: Illustration of top-down related approaches, inducing or not backbone fragmentation 

(adapted from 263). 

Before any top-down experiments, the mass of the intact protein is generally required to ascertain the 

protein integrity and provide information about the potential presence of modifications or sequence 

variants. If the analysis is performed under native or denaturing conditions, it is referred to as native 

MS and intact mass measurement, respectively. These approaches are not considered top-down 

experiments as such.  

The term top-down refers to experiments aiming to identify a protein and fully characterize its amino 

acid sequence. Classical TD experiments are performed in denaturing conditions (i.e. 

H2O/ACN/HCOOH) and fragmented in the gas phase using one or multiple dissociation techniques. If 

this experiment is performed under native conditions, for instance with ammonium acetate at pH 6.8, 

the term native TD should be employed. 

The analysis of protein complexes is also possible following this approach. These experiments are 

always performed under native conditions, as protein complexes are not maintained in a denaturing 

environment. In this case, specific terminology is used. If the fragmentation of the whole complex 

induces backbone cleavage, this experiment is called native TD, as for intact protein analysis. However, 

softer fragmentation can be used to dissociate the complex to obtain the mass of each subunit, named 

complex-up, and additional fragmentation of one (or multiple) subunits of the complex can be 

performed to obtain information about their specific sequence, referred to as complex-down 

experiments.  

In addition, progresses in sample preparation have made possible the analysis of partially digested 

proteins, leading to large peptides/subunits above 5-7 kDa21, 264. This approach is mainly used to 

analyze monoclonal antibodies (mAbs)10, 22, 265. Similarly to protein complexes approaches, mass 

measurement of the intact subunits from limited proteolysis – usually separated through liquid 

chromatography prior to MS analysis – is coined middle-up, while the fragmentation of the amino acid 

backbone of these subunits is called middle-down (MD).  

In the work described in this manuscript, only the top and middle-down strategies were used for 

protein sequencing.  
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4. Instrumentation and methods for top-down and middle-down MS 

Classic top-down and middle-down experiments consist of three main steps: sample preparation, 

protein analysis and fragmentation, and data processing. Before any fragmentation in TD/MD-MS 

analysis, intact mass measurement of the protein is usually performed to ensure its integrity and 

identify potential proteoforms that are present. It also allows the selection of the precursors used for 

fragmentation. Once the precursor is selected, it undergoes fragmentation, and fragment ions with 

different charges and sizes will be generated. Taking into account the different stages that compose a 

typical TD/MD-MS experiment, several considerations have to be taken into account to perform this 

approach. These experiments require a high accuracy mass measurement of both the intact proteins, 

and the fragment ions, while high-resolution MS measurement is mandatory to differentiate and 

distinguish the isotopic profile of a plethora of fragment ions. Finally, high efficient and complementary 

fragmentation techniques have to be included to induce the fragmentation (if possible) of the protein’s 

backbone at each protein residue (if possible) and afford the most complete primary structure 

characterization.  

In this context, to conduct TD- and MD-MS experiments, the MS platforms have to fulfil specific 

requirements in terms of mass accuracy, resolution, and versatility to be perfectly adapted to provide 

the most complete characterization of different proteins. Thereby, the most suited MS instruments, 

and fragmentation techniques will be presented in the next sections, highlighting the evolution of this 

approach during the last years.  

A. MS instrumentation 

TD-MS experiments have historically been performed on triple quadrupole and quadrupole-ion trap 

instruments, but the low resolving power of these analyzers rapidly appeared as a clear limitation266. 

Hence, the introduction of FTICR instruments enables to ensure the need for high-resolution accurate-

mass analyzers to ensure the correct assignment of the ion charge state and elucidate between 

overlapping peaks, making them widely used for TD-MS experiments267. 

Nowadays, Orbitrap-based and FTICR instruments are used for most of the top-down experiments 

mentioned in the literature. Indeed, Tribrid Orbitrap instrument design allows the combination of 

multiple fragmentation techniques, which is particularly useful to provide extensive sequence 

coverage in TD-MS experiments. Some ESI-Q-TOF or MALDI-TOF-TOF instruments are also used, but 

to a lesser extent268. 

TD/MD-MS experiments require MS/MS acquisition parameters to be optimized. The vast amount of 

information generated by the fragmentation of multiply charged protein precursors results in complex 

spectra, and a key factor to consider is the signal-to-noise (S/N) ratio. The S/N ratio directly affects the 

deconvolution quality and the fragment ions' assignment. Several possibilities are available to 

maximize the S/N ratio. First, performing multiple micro scans per spectrum (usually 2-5) to eliminate 

the background noise is possible. Microscans correspond to the number of transients acquired to 

obtain one (recorded) scan. In addition, a substantial number of recorded scans from the same 

precursor and fragmentation technique are averaged to decrease the S/N ratio. 

B. Fragmentation techniques 

A plethora of fragmentation techniques has been developed to analyze intact proteins. They rely on 

different fragmentation mechanisms by increasing the internal energy of the ions with different 

principles, prior to the dissociation of the protein backbone. Fragmentation modes can be mainly 

grouped into different categories: collision-based dissociation, electron-based dissociation, and 

resonant photodissociation. Although not a dissociation technique, ion/ion reactions such as proton 

transfer charge reduction (PTCR) can be used for charge reduction, and MS/MS spectrum decluttering. 
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This section describes the different types of fragmentation, with a particular focus on the 

fragmentation techniques used for the work presented in this manuscript.  

 Collision-based dissociation 

Collision-based dissociation covers two techniques: collision-induced dissociation (CID) and higher-

energy collision dissociation (HCD). CID was first described in the late 1960s by McLafferty and 

Bryce269 and Jennings270. This technique is also called collision-activated dissociation (CAD). Isolated 

precursor ions are accelerated to increase their kinetic energy and then allowed to collide with neutral 

gas molecules (generally helium, argon, or nitrogen) in an ion trap. After the collision, some of the 

kinetic energy from the ion is converted into internal vibrational energy, leading to peptide bond 

cleavage. The protein fragmentation depends on the activation period, as dissociation is led by 

repeated multiple collisions (discrete activation), classing CID as a slow activation method.  

Using CID, low-energy pathways are favored271. Hence, b and y ions tend to be observed, resulting from 

the fragmentation of the peptide bond (N-C(O) bond), as described in Figure 22. The adopted 

explanation of the protein backbone fragmentation is CID is the ‘mobile proton’ model58, 59. Briefly, a 

proton from a basic site (i.e., N-terminal or basic residues such as arginine or lysine) is mobilized by 

collisional activation of the ion. This proton moves to a backbone heteroatom (carbonyl oxygen or 

amide nitrogen) to trigger the activation reaction. Hence, CID is a charge-directed fragmentation, 

demonstrating preferential activation pathways depending on the amino acid sequence58, 59.  

 
Figure 22: Fragmentation scheme for production of b and y ion types by collision-induced 

dissociation (from Syka et al.62). 

As CID tends to break weak bonds preferentially, labile PTMs are generally not retained and cannot be 

observed in the MS/MS spectrum after CID fragmentation. Thus, this method is not optimal for the 

identification of labile PTMs. Another limitation of CID when applied to intact proteins is the high 

number of degrees of freedom into which the energy can potentially dissipate272, 273, hampering the 

comprehensive fragmentation of the protein backbone274.  

HCD – sometimes referred to as beam-type CID – has been developed to increase intact protein 

fragmentation. It is similar to CID, but ions accumulate higher internal energy, which opens the door 

to additional fragmentation pathways that cannot occur using CID. HCD is typical of Orbitrap 

instruments and is performed in a collision cell61. On the Orbitrap Eclipse (Thermo Fisher Scientific), 

the tribrid geometry of the instrument allows to perform both CID (in the linear ion trap) and HCD (in 

the ion routing multipole).   

Moreover, an additional collision-based activation called in-source dissociation (ISD) can be 

mentioned. In a few words, ions exiting the source region are activated during the transfer to the ion-

focusing region, similarly to CID but without any specific precursor selection275. While ISD is not of 

substantial interest for intact protein fragmentation in TD experiments, it has been widely used to 

improve desolvation and remove adducts200, 276. Another application of ISD is disassembling protein 

complexes before the fragmentation of the subunits268.  
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Both CID and HCD fragmentation have been widely used in top-down and middle-down MS as they are 

implemented in most of the MS instruments available. Their use is nevertheless limited for large 

proteins due to the impossibility to obtain exhaustive amino acid cleavage and to retain labile PTMs274. 

 Electron-based dissociation 

Electron-based dissociation techniques (ExD) are alternatives to CID and HCD. The first ExD method 

was proposed by Zubarev and coworkers277 with electron capture dissociation (ECD) for the 

characterization of intact proteins of several kDa, demonstrating the substantial superiority of ECD to 

obtaining extensive sequence coverage. ECD experiments rely on the irradiation of multiply charged 

precursor ions with low energy electrons (<0.2 eV) from a heated metal filament (tungsten or barium), 

resulting in charge-reduced radical ions that have captured the electron but are not dissociated. Then, 

protein backbone fragmentation is performed by radical-driven reaction leading to c and z• ions 

(Figure 23), corresponding to the N-Cα bond cleavage. Several mechanisms trying to explain this 

reaction have been proposed, known as the Cornell mechanism277, 278 and Utah-Washington279, 280. 

However, no consensus has yet been found281. In addition to c and z• ions, c• and z fragment ions are 

likely to be observed282, 283. A few additional fragments ions can be found from minor pathways, but 

they are generally not considered for fragment identification after ECD in top-down272. In addition, 

disulfide bond breakage has also been reported using ECD282, but with a higher efficiency in peptides 

compared to proteins284. 

 
Figure 23: Fragmentation scheme for production of c and z• ion types of a low energy electron with 

a multiply charge peptide (from Syka et al.62). 

One limitation of ECD is the necessity to trap low-energy electrons and precursor ions. While this is 

easily possible on FT-ICR instruments, it has been much more complex to implement on other 

instruments, restricting its use. Then, Syka and coworkers developed a similar ion-ion reaction 

technique, named electron transfer dissociation (ETD), based on the electron transfer to the precursor 

cation from a radical anion62. The pathways involved in the fragmentation are the same as those of 

ECD, producing c and z ions and their radical counterparts (c• and z•). Radical anion used for ETD is 

usually fluoranthene or anthracene, generated from negative chemical ionization285, 286. For ETD 

reaction, precursor cations, and ETD reagent anions are stored at the extremities of the ionic trap in 

potential wells and collide when the potential wells are removed.  

ECD and ETD are beneficial in top-down MS for two reasons: they fragment the sequence at random 

cleavage sites (except proline N-terminal bonds due to its ring structure282, 287), allowing higher 

sequence coverage compared to CID/HCD277, and can preserve labile PTMs288. 

Because ETD (and ECD) are ion-ion reactions, the higher the charge state (i.e., charge density), the 

better the fragmentation will be, highlighting the high dependency of the technique on the charge state 
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(Lermyte 2018). One shortcoming of these electron-based dissociation techniques is the possibility for 

charge reduction by proton transfer (PT) or non-dissociative reactions (ETnoD/ECnoD)281. Charge 

reduction by PT generally occurs for precursor ions with low charge density, where a proton is 

removed from the precursor cation (Figure 24)281, 289-291. It can also happen when the reaction time 

between the ETD reagent and the precursor ion is not long enough. For ETnoD, backbone cleavage 

occurs, producing c and z ions, but they are held together by non-covalent interactions, preventing 

their dissociation281, 289, 290.  

 

Figure 24: Reaction pathways of [M+8H]8+ ubiquitin. Fragmentation of the protein into c and z ions is 

depicted in red. Reactions where no fragments are observed (ETnoD and PTR) are represented in blue. 

Figure from Lermyte et al.289. 

To circumvent this limitation and the charge state dependency of ETD/ECD and improve the 

fragmentation, activated ion ETD/ECD (AI-ETD/ECD) have been proposed by Horn et al.292. It relies on 

the slow-heating precursor cations simultaneously to ETD/ECD fragmentation, using infrared (IR) 

photons, for example293. This technique allows the destruction of the higher-order structure of the 

protein and better detection of c and z ions. It demonstrates more extensive sequence coverage than 

ETD294, 295.  

Multiple other electron-based dissociation methods have been derived from ETD and ECD, but they 

are not widely used in top-down MS. It includes “hot” ECD (hECD), electronic excitation dissociation 

(EED), negative electron transfer dissociation (NETD), electron detachment dissociation (EDD) or 

electron capture-induced dissociation (ECID)271. Some devices, such as the Omnitrap296 (Fasmatech) 

or the electron-activated dissociation (EAD)297 device, allow performing different fragmentation 

techniques based on electron dissociation.  

 Photodissociation 

Photodissociation is the fragmentation of a protein (or a peptide) due to the absorption of photons298, 

which can be performed by infrared multiphoton photodissociation (IRMPD) or ultraviolet 

photodissociation (UVPD). These techniques use lasers to produce photons, either in the IR or the UV 

domains, and specific instrumental setups (mirrors) allow the beam of photons to intersect with the 

precursor ions298. Numerous photon sources have been used for photodissociation, but they will only 

be detailed briefly here. It includes – but is not limited to – CO2 lasers, excimer lasers, Nd:YAG lasers, 

gas discharge lamps, or femtosecond titanium sapphire lasers69, 298, 299. Critical parameters of 

photodissociation are the energy of the photons, the activation time, and the collision cross-section of 

the precursor ion.  
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For IRMPD, photons are generally produced using a CO2 laser with a wavelength of 10.6 µm. Regarding 

the low energy of the photons (~ 0.1 eV per photon), protein backbone dissociation with this technique 

is a stepwise process that requires the accumulation of many photons to fragment the protein. 

Similarly to CID, as this process needs energy accumulation, low energy fragmentation pathways are 

favored, mostly leading to the formation of b and y ions298, 300, 301. 

On the opposite of IRMPD, UVPD photons have high energy resulting in the direct excitation of ions to 

excited electronic states. It allows protein backbone fragmentation via additional high-energy 

dissociation pathways not observed with stepwise dissociation. Hypotheses have been made to explain 

the fragmentation pathways involved in UVPD dissociation, but no evidence has been found302, 303. In 

a few words, two relevant mechanisms have been identified. On the one hand, direct dissociation, 

induced by the excitation of an electron to a dissociative orbital, can be observed and lead to 

fragmentation pathways unique to UVPD302, 304. On the other hand, internal energy conversion to 

vibrational energy can induce the fragmentation of low-energy bonds (i.e., b and y ions). For UVPD, all 

the ion types are likely to be observed (i.e., a, b, c, x, y, and z). 

Most TD-MS experiments have been carried out using 193 nm wavelength lasers69 that are well suited 

for intact protein analysis and demonstrate high sequence coverage257, 305-307. Nevertheless, these 

lasers are not implemented on commercial instruments and must be installed by the user. To broaden 

the use of UVPD, particularly for TD-MS, a 213 nm laser (solid state Nd:YAG) has been released on 

tribrid instruments by Thermo Fisher Scientific, allowing to perform UVPD straightforwardly and 

providing similar sequence coverages308, 309. Comparison of the 213 nm and 193 nm by Lanzillotti and 

Brodbelt did not reveal any apparent differences in the fragmentation pathways and efficiency310. Still, 

the lower energy of the 213 nm laser requires a longer activation time compared to the 193 nm to 

obtain a similar fragmentation efficiency.  

 Hybrid fragmentation techniques 

Hybrid activation methods have been designed to increase the sequence coverage and circumvent the 

limitations inherent to each fragmentation mode. They consist of the combination of two 

fragmentation modes in simultaneous or sequential activation of the precursors. Most of them are 

based on electron-based fragmentation and aim to bring additional energy to get rid of the ETnoD 

process311. All fragment ions from ETD (same for ECD) are submitted to broadband HCD (EThcD)312, 

CID (ETciD), or UVPD (ETuvpD)313, allowing the fragmentation of the charge-reduced or the non-

dissociated species from the first ETD step. These methods demonstrate a considerable increase of the 

sequence coverage thanks to both a higher number of c  and z ions from ETD but also because of the 

complementary ion types generated by HCD/CID (b and y) or UVPD (a, b, x and y)10, 312, 314.  

 Proton transfer charge reduction 

Proton transfer charge reduction (PTCR) is an ion-ion reaction proposed in 1998 by McLuckey and 

Stephenson315. PTCR, while not a fragmentation technique, aims at simplifying product ion spectra 

from multiply charged precursor ions. Indeed, MS/MS spectra obtained after fragmentation contain a 

vast amount of information, resulting in many overlapping peaks that can prevent the identification of 

the fragments.  To tackle this issue, multiply charged fragment ions are submitted to an additional 

reaction with a perfluorinated anion to give a charge-reduced cation and a neutral molecule, as 

described here: 

[𝑀 + 𝑛𝐻]𝑛+ + 𝐴− → [𝑀 + (𝑛 − 1)𝐻](𝑛−1)+ +  𝐻𝐴 

This additional ion-ion reaction step reduces the complexity of the MS/MS spectra by distributing the 

fragment ions over a broader m/z range, limiting the overlap of the isotopic profiles. This approach is 

usually used after ETD-based fragmentation – which gives the more complex spectra – and has 
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demonstrated a significant increase in the sequence coverage316, 317. PTCR has found some applications 

recently in TD-MS, but it is not widely used for now307, 316, 318.  

C. Data processing 

Data processing of the MS/MS spectra acquired consists of two main steps: deconvolution of the 

fragmentation spectra to obtain the zero-charge mass of the fragment ions and the assignment of those 

masses to the specific fragments of a candidate sequence. 

 MS/MS spectra deconvolution 

Deconvolution of the MS/MS spectra is critical to TD/MD-MS workflows. Different strategies can be 

used, depending on the resolution used for the data acquisition. High-resolution acquisition at both 

MS1 and MS2 levels is the most used method for purified protein as it provides high-quality data. 

Nevertheless, for proteins >30 kDa or in complex mixtures, MS1 spectra are commonly acquired at low 

resolution (typically 17.5k), and for complex mixtures analysis, LC-MS/MS is required instead of direct 

infusion. It can also happen that both MS1 and MS2 spectra are acquired at low resolution. In these 

cases, other algorithms based on the charge state envelopes rather than the isotopic envelopes are 

used. Raw data are converted into a list of peaks using either the monoisotopic mass (M) or the single 

charge mass (M+H+). The accuracy of the deconvolution significantly affects the results of the 

assignment of the fragments. As mentioned before, S/N is a crucial factor that influences 

deconvolution. Hence, MS/MS spectra are usually averaged before deconvolution to limit the 

background noise.  

The most widely used method for deconvolution is peak assignment using dedicated algorithms319. 

The deconvolution process can be divided into four steps (i) candidate isotopomer enveloped 

generation; (ii) theoretical isotopomer enveloped generation; (iii) candidate and theoretical 

isotopomer envelopes comparison using a scoring function; (iv) monoisotopic mass extraction. These 

four steps have been extensively described in a review by Zhong et al.319 and will only be summarized 

in this section.  

The moving window method is employed to determine the monoisotopic peak and the charge state of 

candidate isotopomer envelopes. Once identified, theoretical isotopomer envelopes are generated 

based on the monoisotopic peak and the charge state of each candidate sequence. The theoretical and 

candidate envelopes are then compared using a scoring function. All candidate envelopes passing the 

scoring function threshold are selected, and the monoisotopic mass and the charge state are added to 

the list of deconvoluted masses.  

Multiple deconvolution algorithms have been developed and can be used to process data, such as 

TRASH320, MSDeconv321, UniDec322, or MASHSuite323. Among them, Xtract324, derived from TRASH, has 

been used for the work presented in this manuscript. A comparison of some deconvolution tools has 

been made recently by Tabb and coworkers, pointing out the pros and the cons for each of them325. 

 Fragments assignment to a candidate sequence  

Once the monoisotopic peak list has been generated, fragments are matched against a candidate 

sequence. For the case of complex protein mixtures, identification is performed using a database 

containing all the potential proteins present in the sample, as for conventional bottom-up approaches. 

However, dealing with purified intact protein only requires the sequence of interest, making the search 

much more convenient. The algorithms calculate the theoretical mass of each possible sequence 

fragment, depending on the fragmentation technique used. Then, monoisotopic masses from the 

deconvolution under the mass tolerance threshold (typically 10 ppm) are matched, allowing obtaining 

the sequence coverage. 
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The most employed software for matching the fragment of purified proteins is ProSight Lite, developed 

by the Kelleher group326, and incorporated in the Proteome Discoverer suite commercialized by 

Thermo. Other tools, including MASHSuite Pro327, TopMG328, or TOPPic329 can also be used for purified 

proteins but are more dedicated to the analyses of complex mixtures.  

In the work described in this manuscript, only ProSight Lite was used. This software also includes a 

score to estimate the confidence of the identification, referred to as P-Score and defined as follows330:  

𝑃𝑓,𝑛 =  
(𝑥𝑓)𝑛 × 𝑒−𝑥𝑓

𝑛!
 

In this equation, Pf,n is the probability of random protein matching, f is the number of monoisotopic 

masses in the input list, n is the number of random fragment ion hits, and x is equal to the average 

probability of the fragment ion mass of random protein matching330. It can be described as the 

probability that a random sequence could account for the matching ions.  

In addition, the vast majority of the software consider only the theoretical terminal fragments to match 

experimental fragment ions. However, it has been demonstrated that fragmentation of proteins also 

generates internal fragments that accounts for a substantial part of the fragment ions observed on a 

MS/MS spectrum331-333. These fragment ions are not identified by conventional algorithms resulting in 

a potential loss of information. Hence, several groups proposed algorithms allowing considering 

internal fragments334, 335, such as ClipsMS, developed by Loo and coworkers335. Several studies 

reported the benefits of internal fragments to improve sequence coverage in top-down experiments332, 

336. Nevertheless, some limitations regarding the increased risk of false positives have also been 

pointed out337.  

5. Main applications of top-down MS 

Top-down can be used for different purposes: identification of proteoforms in complex mixtures, 

extensive protein backbone sequencing of purified proteins, and structural characterization of native 

proteins, and protein complexes. 

A. Proteoform identification in complex mixtures 

As mentioned, bottom-up is not the most suitable approach for identifying proteoforms. However, 

these molecular species are key to understanding biological processes. Information about proteoform 

variations will contribute to a better understanding of many diseases or biological disorders and are 

of particular interest in translational and clinical research338. Different studies on identifying 

proteoforms to understand better their role in diseases have been published in the literature339, 340. It 

includes studies about neurodegenerative diseases341, 342 or heart diseases339, 343, 344. Other studies 

focused on histones, which are known to be complex mixtures of multiple proteoforms306, 345, or the 

identification of proteoforms in HeLa cells346. To date, few thousands of proteoforms have been 

identified in complex samples such as human fibroblast347 (up to 2,000 proteoforms) or human H1299 

cells348 (more than 5,000 proteoforms). 

Some challenges to improve the identification of new proteoforms in complex mixtures still need to be 

addressed. They include limited protein solubility, high dynamic range, need for improved separation 

prior to MS, and data processing and linking proteoforms to their biological function349.  

With this approach, the identification of proteoforms relies only on the detection of a few specific 

diagnostic ions, but obtaining an extensive sequence coverage is not the main objective. 
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B. Purified intact proteins analysis 

In this context, all the efforts are focused on characterizing one protein (or family of proteins) of 

interest. This approach aims to provide the most comprehensive characterization of the primary 

sequence by combining different fragmentation techniques and selecting different precursor ions. 

Then, the different results are gathered to improve the overall sequence coverage and assess PTM 

location. Typically, this methodology has been applied to reference proteins (e.g., myoglobin, ubiquitin, 

carbonic anhydrase), mainly as proof of concepts for new techniques developments310, 350, 351. 

However, it has been extensively used to characterize therapeutic proteins, as they can be obtained in 

an easy way10. Their comprehensive characterization is also of utmost importance to ensure the 

quality of the biotherapeutics. These applications are detailed in Chapter 3 of the bibliographic 

introduction. Moreover, few other applications of purified proteins have been reported for 

endogenous phospholamban proteoforms identification352, apolipoprotein proteoform analysis353, 

biomarker discovery354, phosphorylated proteins355, or proteasome subunits quantification356. 

While extensive sequence coverage can now be attained thanks to the combination of multiple 

fragmentation techniques for small proteins296, 310, 357, the comprehensive dissociation of large 

biomolecules remains a challenge, with sequence coverage <70%310, 350, 351. 

C. Native top-down approaches 

Finally, top-down has been used for higher-order structure characterization in native conditions358. It 

is most commonly employed for complex-up and complex-down experiments, allowing obtaining 

information about the quaternary structure of the complex and primary sequence. A complex is 

introduced in the mass spectrometer under native conditions to measure the mass of the complex. 

Then, complex subunits are released by low-energy fragmentation, allowing the identification of each 

subunit. Finally, subunits are subsequently fragmented to obtain information about the primary 

sequence191. Native top-down has been applied to various samples, such as membrane proteins359, 360, 

hemoglobin361, tau/CRL01 complex362, or SARS-CoV-2 spike protein363. For instance, Ruotolo and 

coworkers performed native top-down on transmembrane protein using infrared photoactivation, 

probing the potential of infrared photoactivation for micelles dissociation and enabling sequence 

coverage of membrane proteins up to 60%359. 

Native top-down has also been employed to probe protein structure, using electron-based 

fragmentation techniques as they can generate backbone fragmentation while maintaining the higher-

order structure271, 364, 365. Other groups focused on protein-metal complexes characterization by TD-

MS, such as Wongkongkathep et al., who employed native top-down for cobalt and manganese binding 

site determination to the C-terminal region of α-synuclein366. In another study, Nshanian and 

coworkers identified the binding of CLR01 to the tau protein thanks to TD-MS362. 

These are some of the examples of different applications of TD/MD-MS showcasing the versatility of 

these techniques to provide not only information about the primary structure of proteins but also to 

afford further insights about higher order structure of protein and protein complexes, emerging as an 

important technique in the structural MS toolbox. 
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Chapter 3: 

Introduction to monoclonal antibody-related 

therapeutic proteins 

 

Antibodies, or immunoglobulins (Igs), are produced by differentiated B-lymphocytes, playing a vital 

role in the humoral immune response367. Their role is to recognize and neutralize antigens (Ag). 

Among IgGs, monoclonal antibodies (mAbs) are specific for one unique target epitope on an Ag, leading 

to the binding of the two structures. Then, the mAb/Ag immune complex is eliminated through 

different processes, including antibody-dependent cell toxicity368 (ADCC), antibody-dependent cell 

phagocytosis369 (ADCP), and complement-dependent cytotoxicity370 (CDC).  

Because of their high specificity and efficiency, mAbs and related therapeutic proteins are among the 

fastest-growing biopharmaceutical products3, 371, 372. Since the approval of the first mAb in 1986373 

(Muromonab-CD3), the United States Food and Drug Administration (FDA) and/or the European 

Medicines Agency (EMA) have approved the release of more than 130 mAbs, and about 20 are 

currently under review3, 372. In 2022, the market size of mAb-related products was valued at more than 

$200 billion374. These biotherapeutics proteins have been designed for various indications, such as 

inflammatory diseases, autoimmune disorders, or cancers371. 

1. Monoclonal antibodies and derivative biotherapeutics 

A. Structure of immunoglobulins 

Among the five classes of Igs in mammals, most of the clinically available mAbs are immunoglobulins 

G (IgGs). IgGs are Y-shaped glycoproteins with a total molecular weight of ~ 150 kDa. They are 

constituted of two identical heavy chains (Hc) of ~50 kDa and two identical light chains (Lc) of ~25 

kDa held together via covalent inter-chain disulfide bonds (Figure 25.A). The Lc is composed of one 

variable domain (VL) and one constant domain (CL), while the Hc comprises one variable domain (VH) 

and three constant domains (CH1, CH2, and CH3). The Lc and the VH and CH1domains of the HC 

constitute the fragment antigen binding (Fab) region (~50 kDa), forming a flexible arm and linked in 

the hinge region by disulfide bridges to the other Fab to establish the dimeric structure F(ab’)2 (~100 

kDa). The antigen-binding site specificity of the Fab is determined by the complementary-determining 

regions (CDRs) through three hypervariable loops located in the variable domains of the Lc and the 

Hc.  
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Figure 25: (A) General structure of a monoclonal antibody, exemplified for an IgG1. (B) Examples of 

the main glycans of IgG, attached on the asparagine residue 297 (adapted from 375). 

The fragment crystallizable (Fc) consists of the remaining CH2 and CH3 domains from the Hc and is 

responsible for effector functions376. Interactions between mAbs and Fc receptors are directly affected 

by the presence of a conserved glycosylation site377 located on the CH2 domain (on the asparagine 

residue 297 for IgG1)378. Various complex and heterogeneous glycosylations can take place in mAbs 

structures. The core structure of glycans is usually composed of N-acetyl glucosamine (GlcNAc), 

mannose, galactose, fucose, or sialic acid moieties377 (Figure 25.B). These glycosylations are crucial 

for mAb structure and stability, and play a critical role in its biological activities, particularly for the Fc 

receptor-mediated effector functions379. 

IgGs can be divided into four subclasses – IgG1, IgG2, IgG3, and IgG4 – demonstrating a high amino acid 

sequence similarity but differing from one another by the number and the position of the inter-chain 

linkages378. The high stability and the higher affinity to Fc receptors of IgG1 compared to other 

subclasses make it widely used in biotherapeutics380. Thereby, around 70% of approved mAbs belong 

to the IgG1 subclass, but some IgG2 and IgG4 formats have been developed372. 

B. Diversity of mAb-related therapeutic proteins 

Numerous mAb-related biotherapeutics have been specifically developed for various applications381, 

such as cancers382, 383, cardiovascular disorders384, infectious and autoimmune diseases385, 386 or organ 

transplantation387.  

 Evolution of mAb-related products 

The first mAb with murine origin was produced in 1975 by Köhler and Milstein388 using the hybridoma 

technology. Nevertheless, the side effects induced by the increased response of the human anti-mouse 

antibodies restricted the use of murine mAbs for therapeutic applications389. Hence, multiple sources 

have been used for the production of highly specific antibodies, which can be differentiated by the mAb 

suffix nomenclature (defined by the international nonproprietary names): murine (“–omab”), chimeric 

(“–ximab”), humanized (“–zumab”) and human (“–umab”)381. 

However, in several cases, resistance mechanisms have still been observed. For this reason, multiple 

companies and groups have gathered their efforts to develop new mAb-derived formats to increase 

the therapeutic efficiency of mAbs. It includes, but is not limited to, bispecific antibodies and their 
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derivative products390-393, truncated forms394 (e.g., BiTE, VHH, nanobodies, HSABody), Fc fusion 

proteins395 or antibody-drug conjugates396 (ADCs). 

 Antibody-drug conjugates 

Antibody-drug conjugates (ADCs) are a class of biotherapeutics designed for the targeted treatment of 

cancers397, and they can be qualified as “magic bullets” as envisioned by Paul Ehrlich398. They consist 

of a cytotoxic payload attached to a recombinant mAb by a synthetic linker (cleavable or not)399 

(Figure 26), hence combining the high-specificity of the mAb and the efficient killing capabilities of 

the cytotoxic molecule.  

 

Figure 26: Structure of ADC through the example of trastuzumab deruxtecan. Here, trastuzumab 

deruxtecan is composed of the mAb (trastuzumab), a maleimide GGFG linker and a payload (deruxtecan 

derivative). 

Briefly, the antibody, designed to target a specific tumor antigen, binds to the antigen on the surface of 

cancerous cells. After ADC internalization, the payload is released into the cytoplasm and interacts 

with its targets to engender tumor cell apoptosis400. 

Multiple parameters must be carefully considered in the design of ADCs401: 

- The mAb should be specific to a targeted antigen over-expressed on the surface of the tumor 

cells with a high-binding affinity and demonstrate minimal immunogenic effects. 

- The selection of the linker directly affects the safety (e.g., ADC aggregation) and the efficiency 

(e.g., premature release402). The linker can be cleavable or non-cleavable401.  

- The cytotoxic agent is responsible for the efficiency of the ADC. They are highly toxic for cells 

and usually increase the hydrophobicity of the therapeutic compared to the unconjugated 

counterpart.  

Depending on the conjugation strategy (i.e., lysine conjugation, cysteine conjugation, or site-specific 

conjugation), the number of attached payloads, also referred to as drug-to-antibody ratio(DAR), 

differs399. In addition, the conjugation strategy also influences the distribution of the drugs (drug load 

distribution, DLD) and the average DAR (avDAR).  

C. Characterization of mAbs and mAbs derivatives 

Due to their inherent structural complexity and heterogeneity, comprehensive characterization of 

biotherapeutics is required along the manufacturing process. Moreover, many critical quality 

attributes (CQAs) must be monitored before the commercial release of a new product, as they may 

affect the product's stability, efficiency, purity, and immunogenicity. These CQAs are defined in the 
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guideline Q6B from the International Conference for Harmonization403 (ICH) and include various 

physicochemical properties, such as the presence of charge or size variants, glycosylation, disulfide 

pairing, or other PTMs (e.g., oxidation, deamidation, etc.). In the specific case of ADC, the DAR/avDAR 

and the DLD must also be provided.  

Regarding the structural complexity of mAbs and ADCs, mainly due to their size, micro variability, and 

dynamics, several techniques envisaging the analysis of these proteins at different levels are required 

to provide a thorough characterization. In this context, mass spectrometry has primarily contributed 

to the characterization of these proteins thanks to its versatility, resolution sensitivity, and selectivity. 

It allows the specific designing of different approaches to provide complementary insights on their 

structure at different levels (e.g., quaternary structure, tertiary structure, amino acid sequence). 

Generally, a multi-level approach is used (Figure 27) to obtain the required information404, 405:  

- Higher order structure analysis using HDX-MS, XL-MS, or nMS with IMS-MS is used for 

conformational characterization of the mAb, aggregates analysis, epitope mapping, and 

measurement of the dynamics of interaction406, 407. 

- Top-level analysis (intact mAb) investigates the intact mass, the DAR profile and the avDAR, 

the DLD, and the CCS by LC-MS, LC-nMS, and IMS-MS. It also provides information about the 

major modifications on the mAb.  

- Middle-level analysis is performed on the mAb subunits that can be obtained by disulfide 

bridges reduction (Lc and Hc), IdeS cleavage (Fc/2 and F(ab)’2), papain digestion (Fab and Fc) 

or combining reduction and enzymatic cleavage (Fd, Lc and Fc/2). Subunit analysis by LC-MS 

is used for positional isomers determination or subunit identification and with their major 

modifications. Top-down and middle-down approaches enable amino acid sequence 

elucidation and modification of conjugation site location9, 408. 

- Bottom-level analysis of the mAb by LC-MS/MS after enzymatic digestion using peptide 

mapping that gives detailed information about the amino acid primary sequence, the 

localization of the modifications, the potential conjugation sites of the payloads for ADCs409, 

410, or and multi-attributes methods (MAM) that allows the monitoring of product quality 

attributes including PTMs identification and quantification411, 412.  

 

Figure 27: Description of the multi-level workflow for comprehensive characterization of mAb-

based products (adapted from 396). 

As the work presented in this manuscript mainly focuses on top and middle-level analysis, the 

contributions of the different MS-based approaches at these levels will be discussed in the following 

sections. On the one hand, experiments can be conducted without fragmentation (intact mass and 

middle-up) to obtain intact mass or subunits masses, information about the DAR, avDAR, and DLD, or 

identify major modifications (e.g., glycoforms). On the other hand, fragmentation of the intact mAb or 
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its subunits can be performed (i.e., top-down and middle-down) to characterize the protein's primary 

sequence and identify modification sites. These two strategies (intact mass/middle-up and TD/MD are 

detailed below. 

 Intact mass measurement and middle-up experiments 

Intact mass and middle-up experiments investigate the protein mass, the DAR profile and the avDAR, 

the DLD, and the CCS using LC-MS, LC-nMS, and IMS-MS. It can also provide information about the 

glycoforms396, 413, 414. Analysis at the middle-up level is used to have additional information at the 

subunit level. 

Native MS is widely used for this kind of experiment as it preserves the mAb quaternary and tertiary 

structures in the gas phase. It provides information on the oligomerization state of the mAb414. Thanks 

to preserving the non-covalent interactions, nMS is also of utmost importance for ADC 

characterization, allowing the determination of the number of drugs conjugated413. Indeed, for ADCs, 

covalent bonds between light and heavy chains can be reduced (e.g., Cys conjugated ADC401) to 

accommodate the cytotoxic payloads, hampering the characterization of the intact structure of the ADC 

in denaturing conditions. Native MS is also beneficial for CQAs assessment – such as size variants, 

hydrophobic variants, charge variants, and modification identification – when combined with non-

denaturing liquid chromatography separation. Non-denaturing LC methods are well established and 

routinely used in research and development or quality laboratories, particularly when combined with 

UV detection. Implementing of MS after the LC separation is more challenging as it requires using MS-

compatible buffers (volatile salts)415 and necessitates a thorough knowledge of MS analysis. They are 

based on the separation of the species considering their differing physicochemical properties, 

including hydrophobicity, size, affinity, or charge. An overview of the four main non-denaturing LC 

methods for mAbs and ADCs analysis is provided below: 

- Size exclusion chromatography (SEC), where species are separated based on their differences 

in hydrodynamic volumes. It is the method of choice for size variants – high and low molecular 

weight species (HMWS and LMWS, respectively) – separation and detection416. 

- Hydrophobic interaction chromatography (HIC) relies on separating hydrophobic species 

through their differences in hydrophobicity using a decreased gradient of salts417. This 

technique is the gold standard approach for DAR species separation in ADCs. 

- Ion exchange chromatography (IEX) separates acidic and basic charge variants based on their 

difference in net surface charge418. Elution is performed by applying a pH gradient or varying 

the ionic strength. IEX uses different resin compositions with negatively charged functional 

groups to elute cations, called cation exchange chromatography (CEX)419, 420. Conversely, anion 

exchange chromatography (AEX) separates anions with resins bearing positively charged 

functional groups421.  

- Affinity chromatography is mainly employed for protein purification. Protein A and Protein G 

affinity chromatography are the two most used methods for mAbs because of the specific and 

reversible binding of mAb Fc regions to these proteins422. They are eluted by decreasing the 

pH and/or increasing the ionic strength. 

However, non-denaturing conditions are not always mandatory for mAbs and ADCs analysis. These 

molecules can also be characterized in denaturing conditions, using more classical approaches 

regarding LC and MS. Hence, denaturing LC is generally implemented to characterize mAbs at the top 

and middle levels. It is performed in acidic conditions using organic solvents that denature the mAb. 

These denaturing LC methods use MS-compatible mobile phases, simplifying their hyphenation to MS. 

At the top level, the two main denaturing LC methods employed are: 
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- Reverse phase liquid chromatography (rpLC) separates species based on their difference in 

hydrophobicity by increasing the proportion of organic solvent in the mobile phase, reducing 

the interactions between the species and the stationary phase. It is the method of choice for 

intact mass measurement, primary sequence determination, and PTM identification396, 414. 

- Hydrophilic interaction chromatography (HILIC), where the separation is performed 

according to the difference of hydrophilicity using an increasing water gradient in organic 

solvents, resulting in fewer interactions between the mAb species and the stationary phase 

(amide ligand). It is mainly employed for released mAb glycans analysis423, 424. 

Some strategies combining two chromatographic separation techniques (2D-LC) have also been 

introduced to take advantage of the orthogonal separation of the compounds based on different 

properties425, 426. However, these strategies are well suited to characterize the structure of mAb-based 

formats at the intact or the subunit levels, but further insights are needed to localize the modifications 

observed within the LC dimension at the residue level. For this purpose, and similar to other protein 

analysis, fragmentation of the different populations have to be conducted to give access to this 

information. To this end, TD/MD-MS approaches have played an interesting role in characterizing 

therapeutic proteins.  

 Top-down and middle-down analysis in the characterization of mAbs and ADCs 

The method of choice for primary structure analysis is the bottom-up strategy, but it presents some 

limitations. Digestion of the intact mAb into peptides requires multiple sample preparation steps that 

can generate artefact26. Information about the intact mass of the protein is not available, making it 

impossible to identify the entire proteoform. In addition, fragmentation techniques usually employed 

for peptide mapping experiments can fragment the payload conjugated on the ADC, hindering its 

identification and precise location by this approach427. On the contrary, TD/MD-MS first allows the 

intact measurement and then the fragmentation of the protein backbone, providing information about 

the whole protein and the amino acid sequence composition. 

Primarily, TD-MS experiments have been scarcely used for intact mAb fragmentation. However, the 

fragmentation of the intact mAb does not allow extensive protein backbone dissociation due to its size 

(~150 kDa), limiting the sequence coverage observed. A few studies reported sequence coverage 

between 20% and 50% for the analysis of intact mAb, mainly using ETD or ECD fragmentation 

modes428-431. Another critical point for the fragmentation of intact mAb is the presence of multiple 

inter-chain and intra-chain disulfide bonds, preventing efficient energy redistribution and dissociation 

but also being a challenge for data processing. 

Then, several groups reduced the disulfide bonds, giving rise to two subunits: the light chain (Lc) of 

~25 kDa and the heavy chain (Hc) of 50 kDa. Reducing the size of the molecule to fragment increased 

the sequence coverage, particularly for the Lc, with residue cleavages up to 80%432, 433. Despite the 

benefits observed for the Lc, Hc fragmentation remains a pitfall with sequence coverages lower than 

50%. 

In this context, the MD strategy allows obtaining mAb subunits of lower MW (between 25 kDa and 100 

kDa), favoring their analysis by MS. Subunits are obtained by using enzymes specifically designed for 

mAb-based proteins. They are highly specific, generally targeting a single cleavage site434. Regarding 

their structure and the specificity of the cleavage sites, denaturation and disulfide bond reduction of 

mAbs are not required prior to digestion. Most enzymes cleave the structure of the mAbs in the vicinity 

of the hinge region, either above or below, providing different subunits. Digestion reactions are mostly 

performed at 37°C during a short period (from 30 min to 2h hours, except for papain and pepsin)435. 

Some of the most widely used proteases, their cleavage sites, and the generated subunits are listed in 

Table 4.  
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Table 4: Most used enzymes for mAb-related product digestion. 

Protease Experimental conditions Cleavage site Subunits 

Ides 30 min at 37°C, pH 6-8 

Under hinge region 

 

IdeZ 120 min at 37°C, pH 6-8 

Pepsin 1-48 h at 37°C, pH 4-4.5 

KGP 60-120 min at 37°C, pH 8 

Above hinge region 

 

SpeB 60-120 min at 37°C, pH 6.5-8 

Papain 6-12 h at 37°C, pH 5-8 

 

In addition to digestion, an optional additional step of reduction is possible. Indeed, subunits obtained 

using digestion only remain relatively large (~100 kDa for F(ab’)2) depending on the enzyme used and 

can still not be fragmented efficiently. Therefore, a reducing agent is also included during the sample 

preparation. Subunits are generally denatured using Guanidine-HCl combined with TCEP or DTT at 

50-100 mM reducing agents, which are principally used for disulfide bond reduction436. In the specific 

case of antibodies, disulfide bond reduction allows the release of subunits covalently bonded by inter-

chain disulfide bridges434, 435. After digestion and reduction, three subunits of ~25 kDa are obtained, 

i.e., Lc, Fd, and Fc/2. 

MD-MS is the most employed method to fragment comprehensively mAb-based proteins. 

Fragmentation of mAb subunits ~25 kDa has demonstrated very promising, and plenty of studies 

describe this approach in the literature. Various fragmentation techniques have been used to 

characterize the subunits. Pipes et al. used CID to fragment an IgG1 molecule and identified site-

specific methionine oxidation437. Another study by Cotham and Brodbelt used 193 nm UVPD 

fragmentation to identify unambiguously glycosylation site location and to obtain 60% sequence 

coverage on a single LC-MS/MS run438  

The combination of multiple fragmentation techniques – enabled by the introduction of cutting-edge 

MS platforms – is now regularly used to maximize residue cleavages. In 2020, an interlaboratory study 

involving 14 laboratories demonstrated the complementarity of the fragmentation techniques to 

achieve extensive sequence coverage439. Fornelli and coworkers also applied ETD, EThcD, and UVPD 

in different LC-MS/MS runs, reaching sequence coverage of 90% on average10.  

Regarding the results achieved for mAbs, the combination of fragmentation has been applied to ADCs, 

enabling high sequence coverage and precise drug conjugation site location9, 265, 440, 441. For instance, 

Hernandez Alba et al. evidence the payloads conjugation sites on cysteines of an avDAR 4 ADC using 

ETD, HCD, and UVPD9.  

MD-MS also found applications for investigating or confirming disulfide bonds428, 430, 431, 442 in mAbs, 

and PTM identification and localization443-446. For instance, Zhu and coworkers recently effectively 

characterized trastuzumab and adalimumab combining MD-MS and intact mass446. They confirmed the 

glycosylation site on the Asn61 of the Fc/2 fragment and pointed out the presence of C-terminal lysine-

modified variants. 

Despite the multiple activation techniques available, achieving complete sequencing of mAb subunits 

is intricate. Several strategies already introduced in the literature for other types of proteins can be 

used to increase the sequence coverage. First, PTCR appears as a promising approach, allowing 

simplifying fragmentation spectra. Indeed, mAb subunits are 25 kDa molecules, leading to very 

complex spectra, particularly after ETD, EThcD, or UVPD. Hence, PTCR can distribute overlapping 

fragments over a broader mass range. It already demonstrated some benefits for proteins of 

comparable size or larger305, 318, but has never been applied to therapeutic proteins. Second, internal 



  Bibliographic introduction 

78 
 

 

fragments consideration already demonstrated significant improvements in the sequence coverage332, 

335, 442. A recent study by Wei et al. shows the potential of internal fragments for sequence coverage 

increase (up to 75% for a TD-MS experiment), and the ability to determine disulfide bonds and 

conjugation sites on ADCs336. 

Some examples in the literature highlight the advantages of TD/MD-MS for therapeutic protein 

analysis. In this thesis work, MD-MS strategies have been optimized, including cutting-edge 

fragmentation techniques, combined with ion/ion reactions and internal fragment ion search to 

improve the sequence coverage and the localization of cytotoxic payloads of recent ADCs formats.  

2. The concern of host cell proteins in monoclonal antibodies 

A. Monoclonal antibodies manufacturing process 

 Expression system 

The introduction of hybridoma technology for the in vitro production of antibodies by Köhler and 

Milstein388, for which they were awarded the Nobel Prize in Physiology and Medicine in 1984, has led 

to the widespread use of mAbs for diagnostic and therapeutic applications. The hybridoma technology 

relies on cell fusion to produce monoclonal antibodies specific to an antigen of interest. An immune 

response specific to an antigen of interest is induced by introducing this antigen into a mouse. The 

resulting B-lymphocytes are isolated and fused with myeloma cells (immortal cancerous cell lines), 

creating a hybrid cell called hybridoma388 that takes advantage of the ability to secrete a specific 

antibody from B-lymphocytes and the immortality from myeloma cells. Nevertheless, the low amounts 

of mAb produced, their short half-life in humans, and the side effects induced by the increased 

response of the human anti-mouse antibodies restricted the use of these murine mAbs for therapeutic 

applications389, 447, 448. Indeed, these parameters are vital for the efficiency of the mAb. Through the 

years, chimeric449, humanized450, and more recently, human451 mAbs have been introduced following 

the advances in molecular biology and genetic modification techniques. They present a reduced 

immunogenicity in patients and an extended half-life in humans. To improve their production yield, 

mAbs are produced in diverse expression systems, including bacteria, yeast, fungi, insects, mammalian 

cell lines, and transgenic plants or animals452. Mammalian host cells are the most common expression 

systems for the commercial production of therapeutic mAbs due to their ability to introduce post-

translational modifications consistent with those seen in humans453. Today, the majority of the 

recombinant mAbs are manufactured in Chinese hamster ovary (CHO) cell lines for many reasons: (i) 

CHO cells are robust and can grow in suspension culture and using serum-free chemically defined 

media, suitable for large-scale culture in bioreactors; (ii) robust gene amplification systems that 

increase their productivity exist for CHO cells; (iii) the CHO expression system is now well known and 

has been demonstrated to be a safe host, which could facilitate the approval from the regulatory 

agencies454, 455.  

 Manufacturing process 

The mAb manufacturing process follows two steps (Figure 28): the upstream process (USP), 

consisting of the cell culture in bioreactors, and the downstream process (DSP), where mAbs are 

purified. 
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Figure 28: Monoclonal Antibodies manufacturing process (adapted from 456). HIC: Hydrophobic 

Interaction Chromatography. IEX: Ion Exchange Chromatography. Protein A aff. chrom.: Protein A affinity 

chromatography. 

a) Upstream process 

Before mAb manufacturing, a suitable and robust cell clone with high stability and high yield is 

selected, then expanded and stored in hundreds of vials at -180°C in different locations. It constitutes 

a cell stock called the Master Cell Bank (MCB) that will be used only if necessary. The MCB is 

comprehensively characterized by stability, purity, and identity. Then, cells originating from a vial of 

MCB will be grown for multiple passages and again aliquoted in hundreds of vials stored at -180°C. 

These vials constitute the Working Cell Bank (WCB) and are used for mAb production.  

The USP consists of several steps. First, a vial of cells from the WCB is thawed, and cells are grown in a 

small volume (typically 50 mL) of cell culture and then expanded to larger volumes corresponding to 

bioreactor capacities (5,000 L to 20,000 L). After the expansion phase, the mAb is secreted by the 

mammalian cells during the production phase. It accumulates in the culture medium to reach typical 

titers of around 1 g/l in batch and 1-10 g/l in fed-batch processes457. Finally, the cell culture fluid (CCF) 

is submitted to centrifugation and filtration by microfiltration to remove cells and cellular debris458, 

leading to clarified cell culture fluid. The microfiltration step is the last step of the USP.  

b) Downstream process 

The DSP is composed of a succession of purification steps, including chromatography, filtration, and 

viral elimination, to obtain a pure and concentrated mAb solution459, 460 by eliminating process-related 

impurities such as nucleic acids, lipids, host cell proteins (HCP) or other product-related impurities461 

.  

The first purification step is usually performed using Protein A affinity chromatography and is named 

the capture step. It allows for removing most impurities from the raw harvest materials in a single 

step462. Protein A was initially found in the cell wall of Staphylococcus aureus, and the first description 

of its high affinity to the Fc region of IgG from multiple species was made in 1958463. Through the years, 

various modified versions of protein A have been introduced and they demonstrate increased stability 

and binding capacities464, 465.  

After Protein A purification, the mAbs solution is subjected to three chromatographic steps (or 

polishing steps), along with viral clearance (inactivation and filtration), product concentration using 

ultrafiltration, and buffer components removal using diafiltration459, 466. Finally, the mAb is 
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concentrated during the last filtration step into a buffer suitable to its formulation (i.e., addition of an 

excipient) and conditioning (e.g., lyophilization).  

To allow the commercialization of the mAb product, the level of impurities, particularly DNA and HCPs, 

must be monitored throughout the whole process403 to reach purity goals, typically <100 ng of HCP/mg 

of mAb for HCPS and < 10 ng/dose for DNA461. 

B. Host cell proteins monitoring 

Host cell proteins (HCPs) are bioprocess-related impurities; their removal is critical in mAb 

manufacturing. These HCPs may degrade the antibody, potentially leading to reduced stability and 

efficiency467-470, or endanger patients’ safety by causing a damaging immune response weakening the 

therapeutic protein efficiency468, 471, 472. Hence, they are considered critical quality attributes (CQAs) 

by the regulatory agencies. Their amount should be minimized to trace levels and carefully monitored 

by highly sensitive methods403, 473, 474. Despite general guidelines not indicating a strict limit on the 

HCP level in drug products (DPs), it is classically considered that their global amount should not exceed 

100 ppm (100 ng of HCP/mg of mAb)475-477. More than from the global HCP quantity, the 

immunogenicity or stability issues are more likely to originate from only a few specific HCPs, even at 

low levels470, 478, 479. Additionally to these issues, variations of the HCP profile can be impacted by 

manufacturing changes in the USP (e.g., cell culture duration, culture temperature, feeding 

strategies)480 , production scale-up460 or by the HCPs co-elution with the mAb during the DSP475, 481. 

All these parameters underline the need for careful monitoring of HCPs along the manufacturing 

process to assess the effects of bioprocessing developments. To this end, analytical techniques that 

cover the wide dynamic range between the mAb and the HCP impurities (up to 5-6 orders of 

magnitude) are required482 (Figure 29). Several analytical methods are available and can be grouped 

as immune-specific (ELISA and Western-Blot) and non-specific (electrophoresis and mass 

spectrometry) approaches477, 483, 484. 

 
Figure 29: Host Cell proteins clearance during purification process (adapted from 456, 482). Order of 

magnitude of the overall impurities quantity (ng of HCP per mg of mAb) and number of HCPs at different 

step of the mAb manufacturing process. Protein A aff. Chrom.: Protein A affinity chromatography. 

 Immuno-specific approaches 

Immuno-specific methods use polyclonal anti-HCP antibodies to detect HCPs. They are usually 

produced in rabbits or goats after repeated injections of the HCP mixture of interest. The selection of 

the HCP mixture is critical, as it will determine the range of HCPs that the polyclonal antibodies will 

detect. The anti-HCP antibodies are usually generated from a null cell line, i.e., a mock-transfected cell 

line, to prevent the production of anti-mAb polyclonal antibodies. With this approach, it is assumed 
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that the null cell line and the mAb-producing version of this cell line have similar HCP content477, 483, 

484.  

Wide varieties of commercial anti-HCP antibodies, usually produced from multiple null cell strains, 

have been designed in response to the strong interest in immuno-specific methods. Assays employing 

these commercial anti-HCP antibodies to detect a broad spectrum of HCPs from various cell strains 

and bioprocessing are called generic assays. While quick and easy to implement, they exhibit low 

specificity in purified products and crude samples484, 485. Process-specific assays can be raised in-house 

using specific material from the cell line used (USP specific) or the manufacturing process (DSP 

specific) to increase the assay's specificity. However, specific assays are still limited to the material 

used for their production, and the detection of new HCPs introduced by changes in the manufacturing 

process will not be possible.  

Lastly, neither generic nor specific assays can detect the entire spectrum of HCPs resulting from a 

specific manufacturing process. They are restricted only to the HCPs, inducing an immune response in 

the organism that produces the anti-HCP antibodies. In addition, the development of process-specific 

assays is time-consuming and costly486, and anti-HCPs antibodies are a limited reagent that will need 

to be reproduced.  

a) ELISA 

Enzyme-linked immunosorbent assay (ELISA) is the gold standard method to monitor HCPs along the 

manufacturing process, from the mAb production to the final product formulation477, 487. ELISA is an 

easy-to-use, high-throughput method presenting a high sensitivity (ng of HCP/mg of mAb) and a high 

specificity widely used in biopharmaceutical companies for HCP monitoring.  

Among the several types of ELISAs developed, sandwich ELISA – where two antibodies are used to 

target and detect antigens in a sandwich manner – is the most commonly used method (Figure 30). 

 

Figure 30: Principle of the sandwich ELISA. 

First, capture antibodies specific to the targeted protein are coated on a multiwell plate, and the 

unbound antibodies are removed after incubation. The remaining unbound sites are blocked by 

incubation with bovine serum albumin (BSA) or non-fat dry milk, for example, in order to avoid 

subsequent non-specific binding onto the wells. After washing, the samples are added to the wells, and 

the target protein binds to the immobilized capture antibodies. Again, a washing step is performed to 

remove the unbound target proteins. Then, detection antibodies conjugated to an enzyme (horseradish 

peroxidase (HRP), for example) will bind another specific epitope of the protein of interest. Combining 

these two antibodies allows the simultaneous capture and detection of the protein of interest. 

Antibodies are incubated, and unbound materials are washed away. Finally, the substrate (e.g., TMB) 

is added and converted by the enzyme, allowing the quantification of the product by absorbance 

measurement using a spectrophotometer. In the end, a standard calibration from standard samples of 

known concentration is used to estimate the antigen concentration. 
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Sandwich ELISA aims at quantifying a large number of HCPs and generally uses the same anti-HCP 

antibodies for capture and detection. On the one hand, capture antibodies are directly coated to the 

well. Alternatively, they can be conjugated to biotin to improve their binding onto plates coated with 

streptavidin for n increased assay sensitivity488. On the other hand, detection antibodies are 

conjugated to an enzyme, usually HRP489, 490. Both capture and detection antibodies must bind 

simultaneously to the HCP to be detected. However, steric hindrance or lack of and limited number of 

accessible binding epitopes will result in the absence of detection of these HCPs486. 

ELISA for the detection of HCPs suffers from two main limitations. First, there is a lack of coverage for 

low or non-immunogenic species that the anti-HCP mixture cannot identify. Second, ELISA only gives 

a global estimation of the total HCP amount but cannot provide either HCP identification or individual 

quantification468, 483. 

b) Western blot 

Another immune-specific method available for HCP detection is the Western blot. This approach is 

routinely employed in biomedical research to detect specific proteins in a complex sample491, 492. It 

consists of three steps: separation by size using gel-electrophoresis, transfer of the protein onto a 

membrane (western blot step), and detection of the target protein by specific antibodies (Figure 31).  

 

Figure 31: Principle of protein detection by Western blot (from www.elabscience.com). 

In a few words, the membrane is incubated with a blocking solution (e.g., BSA or non-fat dry milk) to 

avoid nonspecific antibody binding, washed and incubated with specific primary antibodies designed 

to target the protein of interest. After washing out the unbound primary antibodies, secondary 

antibodies conjugated to an enzyme specifically target the primary antibodies. The membrane is 

washed and incubated. Then, the substrate is added, and the enzyme will produce a compound that 

will be detected using a spectrophotometer.  

Western blot, like ELISA, aims to detect many HCPs. Nevertheless, it is generally used as a supplement 

supporting the development of ELISA by assessing the coverage of the anti-HCP antibodies during the 

animal immunization process after western blot results comparison to the global HCP profile obtained 

from 2D gels. Finally, as the western blot relies on the same principle as ELISA, it suffers from the same 

limitations, providing an incomplete HCP coverage.  

 Non-specific approaches 

Non-specific methods are orthogonal and complementary to immuno-specific methods as they allow 

the detection of both immunogenic and non-immunogenic proteins comprehensive HCP monitoring. 
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a) Gel electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) is based on separating proteins according to their size. For 

2D-PAGE experiments, an additional separation step using isoelectric focusing (IEF) is added to 

differentiate the proteins based on their isoelectric point in a polyacrylamide gel strip containing an 

immobilized pH gradient493. After migration, proteins are fixed into the gel. They can be stained using 

global dyes such as Coomassie blue494 or silver staining495 to allow global protein profiling.  

Most of the biopharmaceutical companies use 2D-PAGE and differential gel electrophoresis (DIGE) to 

monitor HCPs during the manufacturing process, as they are robust and provide visualization of the 

HCPs profile along two dimensions, i.e., their molecular weight and isoelectric point496, 497. Moreover, 

these techniques allow the visualization of PTMs498, such as phosphorylation. Nevertheless, 

identification of HCPs with these techniques is not possible, and they need to be combined with mass 

spectrometry to provide information493, 498. 

The limited dynamic range is the major drawback of these approaches, as only the most abundant 

proteins will be displayed. It can be particularly problematic for identifying HCPs in the presence of 

overwhelming mAb heavy and light chains that can hide the presence of low abundant HCPs (Figure 

32). In addition, analyzing proteins exhibiting small or huge molecular weights, extreme basicity or 

acidity, or high hydrophobicity is generally tricky493, 499. The limited dynamic range is a significant 

issue.  

 

Figure 32: Limitation of the 2D-PAGE method for the detection of HCP (from 497). 2D gel of a CCCF 

fraction (A) containing the mAb product and (B) without the mAb product that was removed by affinity 

chromatography. 

Other limitations of 2D-PAGE include low throughput, labor-intensiveness, and lack of 

reproducibility484, 493. 

b) Mass spectrometry 

Following the technical advances in instrumentation, mass spectrometry (MS) has emerged as a 

promising alternative to the previously mentioned methods. MS allows the individual identification 

and unbiased quantification of HCPs, mainly due to the improvements in MS2-based quantification 

using DIA and targeted methods. Indeed, these strategies allowed a 2-8-fold gain in sensitivity6 and a 

significant increase in specificity and dynamic range compared to MS1-based quantification methods. 

Hence, MS enables a more comprehensive risk assessment by considering the nature of the HCP (e.g., 

proteolytic activity or immunogenicity)477, 500.  

The targeted approaches combining isotope dilution and SRM or MRM have been the method of choice 

for MS-based quantification of HCPs, presenting the highest sensitivity, accuracy, and robustness54, 478. 
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However, designing targeted methods is time-consuming, and its application is limited to only a few 

hundred candidates. Alternatively, DIA allows the collection of MS/MS spectra for all detectable 

species, enabling the complete proteome map to be obtained. Moreover, DIA reaches similar 

sensitivity, quantification accuracy, and robustness as targeted methods6, 7, 501, and is now commonly 

used for HCP analysis502-505. 

Numerous studies used LC-MS/MS methods for various purposes, including validation of HCP 

coverage of ELISA assays506, HCP risk assessment472, 507, or support of process development476, 508. 

Despite the advances in MS2 signal extraction and processing, the wide dynamic range between the 

HCPs and the mAb remains a big challenge for accurately quantifying low-abundant proteins. To tackle 

this challenge, several strategies have been proposed, such as mAb depletion using native digestion509, 

HCPs enrichment510-512, during the sample preparation step or multidimensional chromatography513-

516 and implementation of ion mobility517, 518 for the LC-MS/MS step. Moreover, some of these 

techniques allow the quantification of HCPs down to the sub-ppm level519-521. 

Other limitations to the development of HCP analysis by MS include the cost and the need for trained 

and skilled people to run mass spectrometers. Moreover, the lack of publicly available high-quality 

protein sequence databases for CHO cell lines is another pitfall522, as the major part of the 

commercially available mAbs are produced from CHO. 

 Comparison of HCP monitoring approaches 

Today, ELISA is the method of choice used by biopharmaceutical companies for HCPs monitoring along 

the mAb bioprocessing and for product purity evaluation. It is a highly sensitive and specific method, 

allowing high-throughput analysis from crude harvest to drug product. Moreover, it is accepted by the 

regulatory agencies for HCP monitoring. While ELISA gives the global HCP quantity, it cannot provide 

individual identification and quantification of the HCP present in the sample. It is a significant 

limitation as the immunogenicity or the risk of product degradation is known to be linked to the 

presence of specific HCPs and not to the global amount of HCPs. Consequently, the need to develop and 

use alternative orthogonal techniques is crucial. The available methods previously described in this 

chapter for the monitoring of HCPs are summarized in Table 5. 

Table 5: Summary of the available methods for HCP monitoring (from 475, 484, 508). 

Method Sensitivity Advantages Limitations 

Immuno-

specific 

ELISA 
Total HCP 

1-100 ppm 

High-throughput, 

sensitivity, sensibility 

Detects only immunogenic HCPs, 

total HCP amount only, costly and 

time consuming development 

Western blot 
Individual HCP 

20-200 ppm 

MW and pI separation, PTM 

detection 

Detects only immunogenic HCPs, 

labor-intensive, costly and time 

consuming development 

Non-

specific 

2D-PAGE 
Individual HCP 

8 ppm 

MW and pI separation, PTM 

detection, MS compatible 

Low dynamic range, interferences 

from the mAb product 

Mass 

spectrometry 

Individual HCP 

0.1-500 ppm 

Individual HCP 

identification and 

quantification 

Lack of high quality CHO 

databases, expensive equipment 

and high skilled operators 

 

Therefore, the emergence of LC-MS/MS-based strategies for HCP monitoring arises as a promising 

alternative. They provide individual identification and quantification of HCPs present in the sample, 

enabling them to perform risk assessment. In this bibliographic introduction, all the capabilities of 

quantitative proteomics have been shown, each having strengths and weaknesses in the context of 
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HCP characterization508. The most appropriate strategy should be selected depending on the step of 

the manufacturing process and the objective of the analysis (e.g., precise quantification of a known 

HCP in the drug product, overall identification of HCPs). 

Another fact underlying the growing interest in MS-based methods for HCP monitoring is the current 

revision of the US Pharmacopeia chapter related to HCP monitoring473. Indeed, in its precedent version, 

this document almost exclusively focused on ELISA and immuno-specific methods, while MS 

approaches were only discussed to a limited extent. This new chapter aims to define general guidance 

and best practices for identifying and quantifying HCPs. As the US Pharmacopeia is one of the most 

comprehensive sources of guidelines for the biopharmaceutical industry, even if not a regulatory 

authority, this new chapter would reinforce the role of mass spectrometry for HCP characterization.  

In this manuscript, quantitative LC-MS/MS-based methods were developed and optimized for the 

quantification of HCPs in drug products. 
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Chapter 1: 

Optimization of LC-MS/MS acquisition methods 

for quantitative proteomics 

 

1. Context of the project 

Since the beginning of proteomics, instrumental innovations have been one of the cornerstones of 

progress in protein identification and quantification. Numerous improvements are continuously being 

made in liquid chromatography and mass spectrometry by the manufacturers. These technological 

advances allow today's LC-MS/MS systems to operate with high speed and resolution while providing 

high sensitivity. These systems have become an essential tool for characterizing and quantifying 

proteins in complex biological mixtures with limited sample fractionation and reduced 

chromatographic gradient time. Critical parameters related to the analysis of the peptide mixture must 

be evaluated and optimized to take advantage of these advances to increase proteome coverage. 

In the first step, we evaluated key parameters related to the acquisition on a last-generation nanoLC-

tribrid instrument (Eclipse from Thermo Fisher Scientific): 

- The analyzer used for MS2 spectra acquisition (ion trap or Orbitrap) in order to find a best 

compromise between acquisition speed and resolution. 

- The fragmentation technique used to fragment the peptides, which must be adapted to the 

type of samples and the goal of the analysis. 

- For data-independent acquisition (DIA), the isolation window scheme by optimizing the 

number of precursors per window while keeping a reasonable cycle time to keep the 

quantification precision. 

All optimizations were performed using a total proteome extracted from a human cancer line, HeLa 

cells. Then, optimized data-dependent (DDA) and independent acquisition (DIA) methods were 

applied to a set of well calibrated reference samples composed of a mixture of 48 human proteins 

(Universal Protein Standard, UPS1, Merck, Darmstadt, Germany) spiked into a total lysate of 

Arabidopsis thaliana. 

In a second step, we optimized the compensation voltages on the high-field asymmetric ion mobility 

spectrometry (FAIMS) device in front of the mass spectrometer to ascertain the influence of ion 

mobility on the detection and quantification of peptides and proteins. 

In a third step, we appraised collision energies and different strategies based on either MS2 or MS3 to 

quantify a HeLa Pierce™ (Thermo Fisher Scientific) digest labeled with TMT and TMTpro™ (Thermo 

Fisher Scientific). 

2. Analytical strategy applied for method optimizations 

The overall analytical scheme is shown in Figure 33. 
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Figure 33: Analytical scheme used for nanoLC-MS/MS acquisition methods optimizations for 

quantitative proteomics. (A) HeLa Pierce™ digest was analyzed in triplicates on a nanoLC-Orbitrap Eclipse 

Tribrid coupling in DDA mode (orange) for the evaluation of the analyzer for MS2 detection and the 

fragmentation technique, and in DIA mode (green) for the comparison of different isolation schemes. The 

number of peptides and proteins identified as well as their quantification were used for the evaluation. 

Identification, validation and quantification results were obtained from Sequest and Percolator, both 

included in the Proteome Discoverer 2.5 software for DDA data, and from Spectronaut Pulsar™ using the 

library-free DirectDIA™ approach for DIA data. (B) A range of perfectly calibrated samples composed of 

UPS1 proteins spiked in different quantities in an Arabidopsis thaliana digest were analyzed on a nanoLC-

Orbitrap Eclipse Tribrid coupling in both DDA and DIA modes using optimized methods. Identification, 

validation and quantification results were obtained from Sequest and Percolator, both included in the 

Proteome Discoverer 2.5 software for DDA data, and from Spectronaut Pulsar™ using the library-free 

DirectDIA™ approach for DIA data. (C) HeLa Pierce™ digest was analyzed in triplicates on a nanoLC-Orbitrap 

Eclipse Tribrid coupling equipped with FAIMS in DDA mode for the comparison of compensation voltages 

combinations. The number of peptides and proteins identified as well as their quantification were used for 

the evaluation. Identification, validation and quantification results were obtained from Sequest and 

Percolator, both included in the Proteome Discoverer 2.5 software. (D) HeLa Pierce™ digest labeled with 4 

channels of TMTpro™ 16plex were analyzed on a nanoLC-Orbitrap Eclipse Tribrid coupling in DDA mode 

using multiple methods for precursor ions’ quantification at MS2 or MS3 level. Identification, validation and 

quantification results were obtained from Sequest and Percolator, both included in the Proteome 

Discoverer 2.5 software. 

First, when evaluating MS acquisition parameters of the tribrid instrument, HeLa Pierce™ cell digests 

were used (Figure 33.A). For DDA, the detection of MS2 spectra using the ion trap working in Rapid 

mode and the Orbitrap at a resolution of 30K (at 200 m/z) analyzers were compared. Most of the 

fragmentation techniques available on the instrument, i.e., HCD, CID, ETD, and EThcD, were also tested, 
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with MS2 spectra detection performed in the ion trap. Samples were analyzed in triplicates; peptide 

and protein identifications were done using the Sequest search engine, and validation using the 

Percolator algorithm, both implemented in Proteome Discoverer 2.5 software, by applying a 1% FDR 

at the PSM, peptide, and protein levels. XIC-MS1 quantification was performed by summing the 

peptides’ intensities for each protein. 

For DIA, samples were also analyzed in triplicates by nanoLC-MS/MS on the Orbitrap Eclipse Tribrid 

instrument, following various isolation schemes detailed later in this chapter. DIA data were processed 

using the default parameters of the Spectronaut Pulsar™ software (Biognosys, Schlieren, Switzerland) 

working with the DirectDIA™ library-free mode. Then, a perfectly calibrated set of samples consisting 

of a mixture of 48 human UPS1 proteins (Merck) spiked into a total Arabidopsis thaliana lysate was 

used to evaluate the previously optimized DDA and DIA acquisition parameters (Figure 33.B). 

Second, the HeLa Pierce™ cell digest was used to determine the optimal compensation voltages to 

apply when the FAIMS device is set upfront the mass spectrometer (Figure 33.C). Samples were 

analyzed in triplicates by nanoLC-FAIMS-MS/MS on the Orbitrap Eclipse Tribrid instrument, with 

peptide and protein identifications performed using the Sequest search engine and validation using 

the Percolator algorithm, both implemented in the Proteome Discoverer 2.5 software, by applying a 

1% FDR at the PSM, peptide, and protein levels. XIC-MS1 quantification was performed by summing 

the peptide intensities of each peptide. 

Third, the aforementioned HeLa Pierce™ cell digest was labeled with TMT reagent to evaluate the label-

based quantification approach on a tribrid instrument (Figure 33.D). Several collision energies used 

for peptide fragmentation and acquisition methods allowing reporter ion quantification at either MS2 

or MS3 level were tested and are detailed in this chapter. Samples were analyzed in triplicates by 

nanoLC-FAIMS-MS/MS on the Orbitrap Eclipse Tribrid instrument, and peptide and protein 

identifications were made using the Sequest search engine and validation using the Percolator 

algorithm, both implemented in the Proteome Discoverer software, by applying a 1% FDR at the PSM, 

peptide, and protein levels. Quantification was performed using the intensities of the reporter ions of 

each protein.  

Additional details on sample preparation, LC-MS/MS methods and data processing are listed in the 

Experimental Section. 

3. Evaluation of the acquisition parameters on a tribrid instrument 

The evaluation of the acquisition parameters was initiated during the installation of the Orbitrap 

Eclipse Tribrid instrument from Thermo Fisher Scientific in the lab. We first started optimizing the 

acquisition parameters for shotgun bottom-up proteomics analysis of complex samples. Indeed, tribrid 

instruments offer a multitude of options regarding the acquisition method design, with two analyzers 

used for signal acquisition, i.e., an Orbitrap and an ion trap, and the possibility to perform peptide 

fragmentation with multiple techniques. In addition, the chromatographic setup (liquid 

chromatography, trap column, and column, emitter) coupled to the mass spectrometer was also 

completely new. This study aimed at determining, evaluating and optimizing the critical parameters of 

DDA and DIA acquisition methods to ensure the best peptide and protein identification and 

quantification results with excellent accuracy and reproducibility are obtained.    

A. Comparison of Orbitrap and ion trap analyzers for data dependent acquisition 

Scan rate and acquisition speed are significant concerns in quantitative proteomics, as they directly 

influence the number of points per chromatographic peak conditioning the quantification precision. 

An increase in resolution will allow better differentiation of ions with close m/z ratios, but the 

acquisition time required to record the spectra will rise accordingly, affecting the quantification 
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precision. With tribrid instruments that include both a linear ion trap (scan rate of 45 Hz) and an 

Orbitrap (scan rate of 40 Hz), we can reduce the cycle time by performing the MS/MS analysis in the 

ion trap at a lower resolution while recording the MS spectra, used for the XIC-MS1 quantification, at 

high resolution in the Orbitrap. Also, because of the lower resolution of the ion trap MS/MS, the 

fragment match tolerance parameter needs to be adapted during data treatment. While the 

recommended value for the Orbitrap is 0.02 Da, it can be extended to 0.5 Da when the ion trap is used. 

Both analyzers were evaluated using a 100 ng HeLa Pierce™ (Thermo Fisher Scientific) digest injected 

in triplicates along a 60 min gradient and analyzed using a Top20 DDA method using HCD for 

fragmentation. Considering its faster acquisition speed, ion trap analyses contained around 30% more 

MS/MS spectra than those done with the Orbitrap (97,000 MS/MS versus 73,000 MS/MS). After a 

database search, ion trap data lead to the identification of 3,753 proteins and 28,069 peptides, 

representing 450 (+ 14%) additional proteins (Figure 34.A) and 1,000 peptides (+4%) compared to 

the Orbitrap data (Figure 34.B). Similarly, we quantified the same proportion of extra proteins 

(+13%) and peptides (+4%) with the ion trap compared to the Orbitrap, and both analyzers allowed 

to quantify more than 98% and 95% of the identified proteins and peptides, respectively. To evaluate 

the precision of quantification, we kept only the features quantified in all three replicates with a 

coefficient of variation (CV) lower than 20%. Consequently, the number of quantified proteins 

decreased by 35% for the Orbitrap detection and 30% for the ion trap detection, with an average of 

2,122 and 2,253 proteins, respectively.  

 

Figure 34: Results obtained with the Orbitrap and ion trap analyzers. (A) Number of proteins 

identified, quantified and quantified with a CV < 20% using Orbitrap (green) and ion trap (orange) MS2 

detection. (B) Number of peptides identified, quantified and quantified with a CV < 20% using Orbitrap 

(green) and ion trap (orange) MS2 detection. 

As mentioned before, the faster scan rate of the ion trap allows for acquiring more spectra, resulting 

in a median number of 22 points per chromatographic peak against 20 with the Orbitrap. Even so, 

quantification repeatability is close, with median CVs of 10.3% and 12.3% for the Orbitrap and the ion 

trap, respectively (Figure 35). Although a few more points per peak are available using the ion trap, 

the number obtained using the Orbitrap is already high enough to ensure repeatable quantification 

with a Top20 method. Notwithstanding, the ion trap's fast acquisition speed can increase the number 

of MS/MS spectra acquired during each cycle (e.g., Top50 method) or be useful for short gradients 

analyses giving narrower elution peaks. 
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Figure 35: Boxplot representing the distribution of the coefficient of variation calculated from the 

average abundance of the proteins quantified in all the replicates using Orbitrap (green) and ion 

trap (orange) MS2 detection. Values displayed correspond to the median CV and crosses to the mean 

of the CVs. For clarity purpose, outliers were removed.  

To summarize, : even if the ion trap is slightly faster, the results achieved with the Orbitrap are very 

close in terms of coverage and acquiring high resolution data opens many more perspectives, 

especially in terms of data interpretation options. High resolution is for instance needed to use 

innovative AI-based prediction algorithms.  

B. Comparison of HCD, CID, ETD and EThcD fragmentation techniques 

After evaluating the influence of the analyzer on the number of identified and quantified features, 

performances of the various fragmentation techniques available on the Orbitrap Eclipse Tribrid 

instrument were compared. We decided to appraise techniques based on collision-based (CID, HCD) 

and electron-based (ETD, EThcD) dissociation. Ultraviolet photodissociation (UVPD), also available on 

the instrument, was not included in the study because of the high activation time needed and its limited 

use for shotgun proteomics. While HCD, allowed by a collision cell, is the most used fragmentation 

technique on Q-Orbitrap instruments, CID remains widely used on Q-ToF instruments523. In addition, 

electron-based fragmentation techniques are also used for specific applications, including the analysis 

of labile PTMs524, 525 (phosphorylation526, N- and O-glycosylation527, 528) using either ETD or EThcD. 

We evaluated the four fragmentation techniques on a 100 ng HeLa Pierce™ (Thermo Fisher Scientific) 

digest injected in triplicates. MS/MS detection was done in low resolution in the ion trap for all 

fragmentation modes, and the type of fragment ions generated by each technique was considered for 

the database search (see Section Materials and Methods). As expected, collision-based dissociation 

techniques (i.e., CID and HCD) give a higher number of identifications, with 22,120 peptides from 3,342 

protein groups for HCD and 20,019 peptides from 2,959 protein groups for CID (Figure 36). In 

opposition, only 1,057 and 1,405 protein groups (5,077 and 8,828 peptides) were identified with ETD 

and EThcD, respectively. We observed the same trend for quantification, with around 2.5 times more 

proteins quantified in HCD/CID compared to ETD and 2 times compared to EThcD.  
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Figure 36: Results obtained from HCD, CID, ETD and EThcD fragmentation techniques. (A) Number of 

proteins identified and quantified. (B) Number of peptides identified and quantified. 

While these results point out the limits of electron-based fragmentation for identifying proteins and 

peptides in “classical” samples (i.e., without labile PTMs), some valuable observations can be 

highlighted. With this intention, we investigated the precursor charge states for each fragmentation 

technique (Figure 37). It shows that 50% of the precursors identified with ETD were 3+ ions, while 

this proportion goes down to 25% to 29% with other techniques. Similarly, the proportion of 4+ 

precursors identified is 4 times higher with ETD than with HCD/CID. This pattern had already been 

observed previously in the literature285, 529. Indeed, the precursor charge directly influences the 

peptide dissociation for ETD. Firstly, a higher charge state will lead to a better dissociation of the 

peptide, generating more intense fragments, while a lower charge state will poorly dissociate the 

peptide. Secondly, a non-dissociative process can occur when the charge state is too low (e.g., 2+), 

leading to an absence of fragmentation (ETnoD)311. Multiple studies have proposed applying 

supplemental collision energy after ETD to counterbalance the lack of fragmentation observed on 2+ 

precursors due to potential non-covalent interactions. As already demonstrated in the literature530, we 

can observe that 2+ precursors are more efficiently fragmented using EThcD (Figure 37, right). 

Regardless, we can underline that using extra energy does not allow us to obtain the same number of 

identifications as the collision-induced-based techniques (Figure 36). In this case, considering the 

ETD/EThcD reaction time (50 ms), a lower number of MS/MS spectra can be recorded (around 25,000 

for ETD/EThcD against more than 85,000 for HCD/CID for a run of 90 min), consequently leading to a 

poor number of identifications.  

 

Figure 37: Analysis of the identified peptides with respect to their charge state distribution. 

To summarize, we underline that collision-based dissociations, namely CID and HCD, are the most 

suitable for tryptic peptide fragmentation as they lead to more identifications. Because of the long 

reaction time required and the low fragmentation of doubly charged precursors, electron-based 

dissociation is not amenable for analyzing “conventional” bottom-up samples. However, its ability to 
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preserve traditionally labile PTMs and to cleave randomly the precursor backbone bonds make ETD 

appropriate for the analysis of modified peptides, such as phosphopeptides, that are generally highly 

charged. To ensure good coverage of the sample proteome while maximizing the fragmentation and 

the identification of modified peptides, methods based on decision trees can also be set up, with an 

online selection of the fragmentation method depending on the charge and/or the m/z ratio of the 

peptide526, 530.  

C. Optimization of the isolation windows scheme for DIA 

The development of DIA methods requires some parameters to be finely tuned to optimize the 

performances of detection and quantification531-533. First, DIA needs resolving power to distinguish 

fragments from co-isolated precursors. For this reason, the ion trap cannot be used to perform the 

MS/MS acquisition. Then, the number of points per peak is a critical point. To obtain a reliable 

quantification in DIA, it is admitted that at least 6 to 8 points per chromatographic peak are needed. 

Hence, the cycle time is key to ensuring precise quantification. Several factors influence the cycle time, 

such as the transition time (directly linked to the resolution) and the number of isolation windows, as 

described in the following equation: 

𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒 = 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑖𝑚𝑒𝑀𝑆1 + (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ×  𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑖𝑚𝑒𝑀𝑆2) 

Multiple evaluations of the acquisition parameters, like the MS2 resolution and the AGC target, had 

already been carried out in the lab previously. Here, we focused on the isolation windows scheme, 

which includes the number of isolation windows affecting the cycle time and the size of these windows, 

defining the number of precursors simultaneously fragmented. 

 

Figure 38: Distribution of the precursors identified from the analysis of a HeLa Pierce™ digest in 

nanoLC-DDA as a function of mass to charge ratio (m/z). 

The isolation windows scheme was evaluated on a 100 ng HeLa Pierce™ (Thermo Fisher Scientific) 

digest. First, a DDA analysis was run on the same sample with the same gradient length. It allows 

appraising the repartition of the precursors among the m/z range and then defining accordingly the 

mass range to be used for DIA. Based on DDA results, we could notice that 97.5% of the precursors 

identified were between 375 and 1,050 m/z (Figure 38). Then, we decided to use these values as the 

mass range for DIA acquisition. Extending the mass range to 1,400 m/z will significantly increase the 

cycle time while only a few additional precursors could be detected. In this sense, three isolation 

schemes with fixed windows were evaluated (Figure 39.A): 30 windows of 22.5 Da, 45 windows of 15 

Da, and 60 windows of 11.3 Da. Two isolation schemes with variable window widths were also tested 
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(Figure 39.B). The first one with 4 DIA methods composed of 45 windows from 10.5 to 40 Da, and the 

second one with 6 DIA methods composed of 45 windows from 9 to 41 Da. The goal of using variable 

windows is to limit the number of co-isolated and co-fragmented precursors in the same window by 

adapting its size as a function of the precursor density along the mass range (Figure 38). 

 

Figure 39: DIA isolation schemes. (A) Fixed isolation windows schemes: 30 x 22.5 m/z (yellow), 45 x 15 

m/z (blue), and 60 x 11.3 m/z (orange). (B) Variable isolation windows schemes: 1 isolation width (blue), 

4 isolation widths (green) and 6 isolation widths (red). 

For the fixed isolation windows, the width reduction increases peptide and protein identifications. 

(Figure 40) However, it causes the number of points per chromatographic peak to decrease due to the 

expansion of the cycle time (Figure 41, left). Whereas we quantified similar proportions of precursors 

with a CV <20% for the three schemes, isolation windows of 11.3 Da allow us to quantify up to 15% 

more (Figure 41, right). 

 

Figure 40: Results from HeLa Pierce™ DIA acquisition. Number of precursors (blue), peptides (yellow) 

and protein groups (red) quantified according to the different isolation schemes. Bar heights represent the 

number of quantified features and error bars the standard deviation. 

In addition to this, variable windows provide peptide and protein identifications close to what is 

obtained by the 11.3 Da fixed windows (Figure 40) while maintaining the cycle time and, thus, the 

number of points per peak to reasonable values (Figure 41). Even so, no apparent gain in 

quantification reproducibility can be observed, with similar proportions of precursors quantified with 

a CV <20%. 
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Figure 41: Results obtained according to the different isolation schemes in DIA for a HeLa Pierce™ 

digest. Average number of points per chromatographic peak and the associated cycle time are illustrated 

for each condition (left) and proportion of quantified precursors with a CV < 20% (light blue, right) 

Given these points, we show that using small windows increases the number of identifications by 

restricting competing precursors, thus limiting interference and improving sensitivity534. However, we 

obtain this gain at the expense of the number of points per chromatographic peak impacting the 

reproducibility of the signal. Using variable isolation windows allows counterbalancing the low 

number of points per peak while identifying a comparable number of peptides and proteins to the 11.3 

Da isolation windows. It demonstrates the importance of optimizing the isolation scheme to get the 

best results from our samples. 

D.  Application of the optimized methods to a mixture of well calibrated samples 

In quantitative proteomics, the development of new methods, and especially their validation, is 

generally performed with reference samples. In this context, model proteomes are commonly used as 

standard samples. Here, we used Arabidopsis thaliana as a reference proteome because of its 

availability and complexity, allowing us to mimic real complex biological samples. Hence, we spiked a 

mixture of 48 UPS1 human proteins in known quantities to the reference matrix to obtain a range of 

perfectly calibrated samples. The objective was to test the previously optimized quantitative 

proteomics methods, i.e., DDA and DIA, and to evaluate their performance in terms of the numbers of 

quantified features, quantification precision and accuracy.   

The strength of global proteomics approaches lies in their ability to identify, in a single analysis, several 

thousands of proteins in complex biological mixtures. However, limitations regarding reproducibility 

and quantification precision have already been reported134. The recent advancements in 

chromatography, mass spectrometry, and bioinformatics have considerably improved their 

performances, particularly since the development of DIA. It appears very promising, providing deep 

proteome coverage and robust and accurate quantification535, 536. 

First, the number of quantified proteins in all replicates with a CV < 20% from the background 

proteome, i.e., Arabidopsis thaliana, is represented in Figure 42.A. Globally, DIA shows comparable 

results to those obtained with DDA; low variability is observed between the runs for both approaches 

(Figure 42.B).  
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Figure 42: Results obtained for Arabidopsis thaliana proteins quantified in all the replicates with a 

CV < 20%. (A) Number of Arabidopsis thaliana proteins quantified in all replicates with a CV <20% for each 

condition using DDA (blue) and DIA (yellow). (B) Boxplot representing the distribution of the number of 

Arabidopsis thaliana proteins quantified in all replicates with a CV <20%. Number above the boxplot 

represent the median and crosses the mean numbers of proteins. 

The number of quantified UPS1 proteins at each point of the range is represented in Figure 43. DIA 

demonstrates better results regarding the proteins quantified in all replicates for the low quantities, 

i.e., 25 and 125 amol, than DDA. Indeed, 43 out of the 48 UPS1 proteins are identified at 25 amol for 

DIA against 32 for DDA. Additionally, we quantified all UPS1 proteins in all replicates from 250 amol 

in DIA against 1,250 amol in DDA. The trends of slightly better results in DIA is maintained when 

filtering with proteins quantified in the three replicates with a CV <20%. 

 

Figure 43: Results obtained from UPS1 protein quantification. The number of UPS1 proteins quantified 

in all the replicates is represented in blue for DDA and yellow for DIA. The number of UPS1 proteins 

quantified in all the replicates with a CV <20% is represented in hatched blue for DDA and hatched yellow 

for DIA. The theoretical number of UPS1 proteins (48) is represented by the red dashed line. 

Second, we evaluated the quantification accuracy of UPS1 peptides for DDA and DIA (Figure 44). Both 

approaches present a dispersion of the experimental ratios around the theoretical values, which 

increases with the theoretical ratio, revealing the limits of quantification accuracy for global 

approaches. Nonetheless, median experimental ratios are close to the theoretical values, except for the 

highest ratio (5,000 vs. 25 amol).  
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Figure 44: Evaluation of the precision of quantification of XIC-MS1 and DIA as global quantification 

approaches. Experimental ratios, calculated from the highest point of the range, were represented as a 

function of the theoretical ratios of UPS1 peptides for XIC-MS1 (A) and DIA (B) approaches. 

In addition, volcano plots represented in Figure 45 attest for the differential expression of UPS1 

proteins. We observed a good accuracy for a log2 (theoretical ratio) up to 5.3 for DIA and 4.3 for DDA. 

Even if proteins cluster together, the experimental fold change of the 5,000 vs. 2,500 amol ratio is not 

aligned with the theoretical fold change, undoubtedly because of the slight difference between both 

concentrations. 

 

Figure 45: Differential analysis of the UPS1 proteins quantified in an Arabidopsis thaliana mixture. 

Volcano plot of the experimental fold-change as a function of the p-value for each protein for XIC-MS1 (A) 

and DIA (B). Light blue dots stand for Arabidopsis thaliana proteins and colored dots for UPS1 proteins. 

Theoretical ratios were calculated from the highest point of the range, represented by vertical dashed lines. 

These results confirm the interest of DIA as a global approach for quantitative proteomics. Indeed, the 

spectrum-centric approach displays comparable identification results to XIC-MS1 from DDA for UPS1 

peptides and protein groups. Furthermore, the accuracy of UPS1 peptides quantification is comparable 

for both strategies, with even an improvement in the number of quantified UPS1 proteins at low 

concentrations, i.e., 25 and 125 amol, with DIA. Finally, we demonstrate the need to optimize the 

isolation windows scheme to get the best results from the samples. Although encouraging results, 

some limitations regarding the quantification accuracy and signal extraction still need to be mentioned 
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for low-level proteins. Altogether, this work reveals that evaluating optimized methods with well 

calibrated samples is very useful to assess overall performances of an LC-MS/MS system.  

4. Optimization of high-field asymmetric waveform ion mobility 

spectrometry (FAIMS) compensation voltages for quantitative proteomics 

Today, mass spectrometers can collect tandem mass spectra at great speed and sensitivity. Their 

combination to cutting-edge chromatographic systems and advanced precursor characterization77  

increases the number of precursors and, consequently, the depth of analysis. Still, a single-shot DDA 

analysis does not identify more than half of the expressed proteome91. Indeed, the mixture complexity, 

the large dynamic range and the inability to correctly separate precursors are limiting the 

identifications. To circumvent these limitations, approaches based on mixture complexity reduction 

using online (e.g., 2D LC-MS/SM) or offline (e.g., 2D-gel) fractionation had been developed. Although 

improving the number of identified features, they also require high sample amounts and considerable 

effort during the sample preparation step. Hence, ion mobility mass spectrometry (IM-MS) revealed to 

be a promising alternative to increase peak separation capacity without additional efforts during 

sample preparation. 

The high-field asymmetric waveform ion mobility spectrometry (FAIMS) technology allows a fast and 

efficient gas phase separation of precursor ions as they leave the electrospray emitter before entering 

the mass spectrometer. Ions are transmitted between the inner and the outer electrodes of the FAIMS 

source as a function of their mobility in a high or low electric field generated from an asymmetric 

waveform77. While ions with no or limited difference in mobility are transmitted, ions with a significant 

enough difference in mobility between the high and low electric fields collide onto the electrodes. The 

ion path may be modified by adding a dc voltage, named compensation voltage (CV). The selection of 

an appropriate CV will compensate for the trajectory of a specific ion or group of ions, allowing them 

to pass through the device and enter the mass spectrometer. By switching the CV, alternate groups of 

ions will pass (Figure 46). Thus, the choice of the compensation voltage value, determined empirically, 

allows for controlling which population of ions is passing through the FAIMS device. Thanks to the 

quick transition between two CVs values (around 25 ms per transition), switching between several 

CVs in a single MS analysis is possible. Hence, ions with different charges can be analyzed separately. 

 

Figure 46: Scheme representing the capacity of the FAIMS to switch between compensation voltages 

during a MS analysis77. 

Given these points, we used a 100 ng HeLa Pierce™ digest (Thermo Fisher Scientific) to optimize the 

compensation voltage values of the FAIMS device and compared the results to no FAIMS analysis. The 

study was performed in DDA mode, and HCD fragmentation using both ion trap and Orbitrap MS2 

detection were tested. Recommendations from the literature and the manufacturer state that a 

maximum of two CVs must be used for runs between 1 and 2h when using Orbitrap detection. Because 
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of its higher speed of analysis, ion trap-based MS2 detection methods would allow the use of an 

additional CV, i.e., 3 compensation voltages. Values tested were selected from the literature and are 

displayed in Table 6. 

Table 6: List of compensation voltages evaluated 

 Orbitrap MS2 detection Ion trap MS2 detection 

Compensation voltages 

evaluated 

No FAIMS No FAIMS 

-45V | -60V -40V | -60V | -80V 

-50V | -70V -50V | -65V | -85V 

As explained above, depending on their mobility, each CV will favor a different group of ions. Hence, 

base peak chromatograms extracted from the analysis without FAIMS and runs with different CV 

values are entirely different (Figure 47). In addition, the total ion chromatogram intensity is 2 to 9 

times lower, depending on the CV value, when the FAIMS is used. Indeed, some ions, particularly singly 

charged ones, are not entering the mass spectrometer, reducing background noise and signal intensity. 

 

Figure 47: Base peak chromatogram of a 100 ng HeLa Pierce™ digest obtained without the FAIMS 

(black) and with the FAIMS for CV of -50 V (orange), -65 V (blue) and -85 V (green). 

The results from the CV optimizations are represented in Figure 48. First and foremost, they confirm 

what has been previously observed (Part I, Chapter 1.3.A) with more identified features when the 

MS2 detection is performed in the ion trap compared to the Orbitrap. On average, we identified 13% 

and 25% more proteins with the ion trap compared to the Orbitrap without and with the FAIMS, 

respectively (Figure 48.B). The best CV combinations allow identifying up to 3,600 proteins (-50 V 

and -70 V) with Orbitrap detection and 4,500 proteins (-50 V, - 65 V, and -85 V) with ion trap detection. 

It represents an 8% and 20% increase compared to results without the FAIMS, respectively. In 

opposition, we detected fewer peptides when the FAIMS device was used compared to its absence. 

Indeed, the FAIMS prevents some precursors from entering the mass spectrometer because of their 

mobility. Nevertheless, precursors that could not be detected in the absence of FAIMS because of their 

low abundance or co-elution with other precursors can now be observed, thanks to the cleaner signal 
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obtained once the FAIMS is up. Background noise reduction and selection of precursors with specific 

charges and/or ion mobility increase the diversity of precursors, resulting in a gain in the number of 

protein groups identified. 

 

Figure 48: Identification results from 100 ng HeLa Pierce™ digest. Number of (A) peptides and (B) 

protein groups identified according to different acquisition methods: using Orbitrap (OT) MS2 detection 

(orange) without the FAIMS and with CV -45V/-60V and -50V/-70V, and ion trap (IT) MS2 detection (green) 

without the FAIMS and with CV -40V/-60V/-80V and -50V/-65V/-85V. 

When selected cautiously, CVs maximize the number of precursor ions passing through the device 

(Figure 49). To clarify, we saw that the more different the chosen CVs values are in an analysis, the 

lower the overlap between precursors selected by multiple CVs and the higher the number of proteins 

identified. As an example, the analysis with CVs of -50 V/-70 V, where only 4% of the peptides are 

detected with both, leads to the identification of 170 additional proteins compared to the analysis with 

CVs -45 V/-60 V, where 11.9% of the peptides are shared between both CVs values. 

 

Figure 49: Venn diagrams representing the proportion of peptides identified by each CV in FAIMS 

MS analysis. (A) Ion trap MS2 detection with CV -50V, -65V and -85V. (B) Ion trap MS2 detection with CV -

40V, -60V and -80V. (C) Orbitrap MS2 detection with CV -50V and -70V. (D) Orbitrap MS2 detection with CV 

-45V and -60V. 
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To correlate what have been stated, the proportion of each precursor charge state depending on the 

FAIMS compensation voltage is represented in Figure 50. Higher CVs (i.e., -40 V – -50V) favor the 

transmission of doubly charged ions while lower values (i.e., -70 V – -85 V) favor triply charged ions. 

Higher charge state precursor (i.e., ≥ 4+) are mostly transmitted for CVs around -50 V – -60 V. 

Comparisons with the charge state repartition for analysis without FAIMS point out the benefits of low 

CVs values to transmit additional peptide ions, as depicted in Figure 49. Indeed, CVs of -40 V and -45 

V present the same charge state repartition, contrary to lower values, explaining the low overlap 

between two distant CVs.  

 
Figure 50: Repartition of precursors charge state depending on the CV. (A) Ion trap analyses. (B) 

Orbitrap analyses.  

We also looked at the quantification results along with these observations on the identified features. 

The same trends can be noticed for all analyses, in which 97%-99% of the identified proteins and 94%-

96% of the identified peptides were quantified (Figure 51). Notably, the distribution of the coefficient 

of variations is comparable between analyses with and without the FAIMS (Figure 52), and a 

comparable proportion of features is quantified with a coefficient of variation <20% (Figure 51). 

However, multiple CVs induce a drop in the median number of points per peak when FAIMS is used, 

from 22 to 11 and from 20 to 13 with IT and OT detection, respectively. 

 
Figure 51: Quantification results from 100 ng HeLa Pierce™ digest. Number of quantified peptides 

(orange) and protein groups (green) and quantified with a coefficient of variation < 20% (light colors) from 

100 ng HeLa Pierce™ digest analyzed according to different acquisition methods: Orbitrap (OT) MS2 

detection in the absence of the FAIMS and its presence with CV -45V/-60V and -50V/-70V, and ion trap (IT) 

MS2 detection in the absence of the FAIMS and its presence with CV -40V/-60V/-80V and -50V/-65V/-85V. 



  Part I: Methodological developments in quantitative proteomics 

104 
 

 

 

Figure 52: Boxplot representing the distribution of the coefficients of variation calculated from the 

average abundance of the proteins quantified in all the replicates from analysis with and without 

the FAIMS using Orbitrap (OT) or ion trap (IT) for MS2 detection. Values displayed correspond to the 

median CV and crosses to the mean of the CVs. For clarity purpose, outliers were removed. 

In summary, implementing the FAIMS in front of the mass spectrometer increases the number of 

identified and quantified proteins, allowing for the detection of more than 4,500 protein groups in a 

single-shot analysis. When using FAIMS, selecting suitable compensation voltages is the key to perform 

a good analysis, and these values need to be determined empirically. Even if the use of multiple 

compensation voltages causes a decrease in the number of points per peak, their careful optimization 

allows obtaining reproducible quantification results with a higher proteome depth. 

5. Evaluation of acquisition strategies dedicated to TMT-labelled samples 

Tandem Mass Tag (TMT) is a chemical labeling quantification strategy based on isobaric labels. These 

isobaric labels are composed of a group that reacts with the primary amines of the peptides (i.e., N-

terminus of the peptides and lysine side chain) and another group that cleaves during fragmentation. 

The latter includes so-called reporter and balance groups, which will present several variants but keep 

an identical global mass. Thus, these different isobaric variants are only differentiated by the masses 

of the fragments produced. Multiple TMT labels are available today, from TMT0 containing a unique 

label to TMTpro™ 18plex131 with 18 quantification channels. The mass difference between two 

neighbor channels in TMTpro™ kits (e.g., 130N and 130C) is only 0.00632 Da. Hence, their analysis 

requires extreme resolving power. 

Considering the benefits of multiplex approaches for analyzing large cohorts or for specific 

applications such as thermal proteome profiling537, we decided to optimize acquisition methods 

dedicated to TMT. On the one hand, we fine-tuned the collision energy required for TMT analysis. On 

the other hand, we evaluated the potential of the tribrid geometry that allows MS3 and real-time search 

(RTS) MS3 analyses to improve quantification. 

A. Optimization of the fragmentation energy 

Peptide quantification using TMT labeling relies on accurately measuring low-mass reporter ions 

generated during the MS2 fragmentation process. Regarding the absence of low-mass cutoff, high-

resolution detection, and high-quality MS/MS spectra generated, the combination of HCD 

fragmentation with Orbitrap detection is most commonly used for isobaric-based quantification523, 538. 

Even so, a low fragmentation energy will result in low reporter ion intensity, decreasing the 

quantification precision, while high HCD fragmentation energy can lead to less confident 
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identifications539. Hence, optimizing the collision energy is crucial to ensure precise and accurate 

peptide quantification without compromising identifications540, 541. 

 

Figure 53: Number of TMT-labeled quantified (A) protein groups and (B) peptides quantified in all 

the replicates depending on normalized collision energy.  

We decided to test several HCD normalized collision energy values (NCE) from 27% to 40% on a digest 

of HeLa cells labeled with TMT0. We quantified a comparable number of protein groups, between 

2,451 and 2,535, independently of the NCE (Figure 53.A). Differing from protein groups, a maximum 

of 17,715 peptides were quantified for a NCE of 35%, representing an 8% increase compared to 

peptides quantified with a NCE of 27% (16,362 peptides), as represented in Figure 53.B. A too-high 

NCE induces a drop in quantified features, with up to 1,200 fewer peptides quantified at NCE 40%. 

In addition, the distribution of the S/N ratio is displayed in Figure 54. As expected, we see the 

correlation between the rise of the S/N ratio and a higher NCE. We observed a 3-fold increase in the 

S/N ratio between NCE 27% and NCE 40%. Similarly, values are more centered on the median for 

higher NCEs than lower ones. 

 

Figure 54: Distribution of the S/N ratio of the TMT-labeled peptides depending on the collision 

energy. Values below horizontal lines are the median, represented by the lines and crosses 

represent the average S/N ratios.  
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Therefore, a normalized collision energy of 35% appears to be the optimal value, leading to the highest 

number of quantified peptides with a median S/N ratio of 870. This corresponds to the values found 

in the literature where the optimal normalized collision energy is generally between 35% and 45%540, 

542, depending on the instrument's geometry.  

Indeed, an increase in the normalized collision energy leads to a higher S/N ratio, but a too-high NCE 

also decreases the number of identifications. Hence, a reasonable compromise should be found 

between reporter ion intensity and peptide identification to give the highest number of quantified 

features. Some groups also discussed concomitant HCD and CID MS/MS acquisition modes as a 

valuable alternative for improved identification and quantification of TMT-labeled peptides showing 

comparable results to what is obtained with optimal HCD fragmentation540, 541. 

B. Comparison of MS2 and MS3 methods for TMT quantification 

Multiplexing quantitative analyses using isobaric channel labeling demonstrates excellent results for 

high throughput, increasing coverage by avoiding missing values, and deepening analysis. 

Nevertheless, TMT ratio compression resulting from the co-isolation and co-fragmentation of 

interfering ions remains one of the main limitations of TMT quantification543. Several approaches, 

including the reduction of the precursor isolation window and the use of MS3-based quantification, 

were developed133  to mitigate the negative impact of interfering signals. Precursor ions are 

fragmented using CID and analyzed in the ion trap. Then, a subsequent HCD fragmentation of the MS2 

fragment ions leads to the release of the isobaric tag for quantification in a MS3 scan (Figure 55.A). 

While drastically lowering the ratio interference, MS3 methods cause a decrease in the number of 

quantified peptides due to sensitivity loss and significant reduction of the acquisition speed. 

Consequently, several alternatives have been devised to preserve the benefits of MS3-based 

quantification while obtaining as many quantified peptides as with MS2 approaches. First, 

synchronous precursor selection (SPS) using isolation waveform with multiple frequency notches 

increases the number of reporter ions selected for MS3, hence increasing their signal133. Second, real-

time search-assisted acquisition (RTS)544 reduces the cycle time by selecting only MS1 precursors 

leading to peptide identification for the time-consuming MS3 quantification step (Figure 55.B). 
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Figure 55: Acquisition strategies for TMT experiments. (A) Precursor ions for MS2 spectra were 

selected from a full MS scan acquired on the Orbitrap. Fast CID-MS2 experiments were used for peptide 

fragmentation and assignment, followed by the selection of the most intense fragment ions from MS2 

(green) for HCD-MS3, where TMT reporter ion intensities are measured in the Orbitrap133. (B) For classical 

MS3 acquisition, all precursors selected for MS2 are submitted to further MS3 fragmentation while using 

the real-time search (RTS) option, only precursors assigned to a peptide from the database (green) are 

further fragmented in HCD-MS3 to obtain a quantification spectrum. 

We labeled HeLa cells digest with TMTpro™ 16plex and used quantification channels 130N, 130C, 

131N, and 131C in an equimolar ratio for our experiment. First, the MS2 acquisition method 

considered as the reference method quantified up to 2,900 protein groups and 16,500 peptides 

(Figure 56). Compared to MS2, the MS3 approach quantified 35% fewer peptides and 27% fewer 

proteins (i.e., 10,656 peptides and 2,118 protein groups). As mentioned before, the reduced acquisition 

speed can explain this difference. Indeed, only 40,000 MS2 spectra (used for peptide identification) 

were acquired in the MS3 method, against more than 60,000 with the MS2 method (Figure 56). In 

addition, the proportion of quantifying spectra (i.e., MS2 spectra for the MS2 method and MS3 for the 

MS3 method) is lower using the MS3 method, 20% compared to 28%, meaning that 80% of the time 

used to acquire MS3 spectra does not provide any quantitative information. On the contrary, more than 

2,800 protein groups and 14,700 peptides were quantified by adding the real-time search-assisted 

acquisition MS3 (RTS MS3). These results are similar to the MS2 approach and represent a 39% and 

34% gain at the peptide and protein group levels, respectively, compared to the MS3 approach. Thanks 

to the RTS option, more than 80,000 MS2 spectra were acquired, and the proportion of quantifying 

spectra leading to a quantification result rose to 60% (Figure 56.B). The remaining proportion of MS3 

spectra (i.e., not leading to a quantification result) can be explained by the difference between the 

search engine used for RTS (Comet89) and the post-analysis search (Sequest HT), as well as the 1% 
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FDR filtering performed after the analysis. Nevertheless, these results demonstrate the ability of RTS 

MS3 to circumvent the limitations of the MS3 method by increasing the acquisition speed, resulting in 

a higher number of quantified features. 

 

Figure 56: Results obtained from HeLa cells digest labelled with TMTpro™ 16plex. (A) Number of 

quantified peptides (orange) and protein groups (green). (B) Number of MS2 spectra (orange) and 

quantification spectra, i.e., MS2 spectra for MS2 methods and MS3 spectra for MS3-based methods, (green). 

Percentages indicated stand for quantification spectra leading to a peptide quantification value in the 

results (hatched green). 

In the same fashion, a comparison of the quantification accuracy of each method, i.e., MS2, MS3, and 

RTS MS3 was conducted. Therefore, we represented the distribution of the experimental ratios 130N 

vs. 130C, 131N vs. 130C, and 131C vs. 130C for each method (Figure 57). For all methods, the median 

of the experimental ratio is close to the theoretical value (ratio 1:1), and the same trend is observed, 

with a slightly higher median value for the 131C vs. 130C ratio with all methods, probably due to a 

sample preparation bias. Nevertheless, both MS3-based approaches reveal a slightly higher dispersion 

around the median than MS2.  Of note is also that we used a 0.7 m/z precursor isolation window for 

all methods, while 2 m/z windows are generally used in the literature. Using such a narrower isolation 

window helps limiting ratio compression from interfering ions. 

 

Figure 57: Results obtained from HeLa cells digest labelled with TMTpro™ 16plex using channels 

130C, 130N, 131C and 131N. Distribution of the peptide experimental ratios 130N vs. 130C, 131C vs. 130C 

and 131N vs. 130C for MS2 (red), MS3 (green) and RTS MS3 (blue) acquisition methods. Channel 130C was 

selected as reference channel and the theoretical ratio is represented by the dashed black line. Values 

displayed on top of the boxplots are median of the experimental ratio. 
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In summary, MS2 quantification appears to remain the best approach for TMT quantification, despite 

the good performances of RTS MS3. While the MS2 method can suffer from ratio compression from 

interfering ions, a narrow isolation window helps limiting this phenomenon. At the same time, the 

addition of real-time search to a MS3 quantification-based method increases the acquisition speed 

(compared to MS3 only methods) by fragmenting only precursor ions that can lead to a PSM. This 

strategy allows obtaining comparable numbers of quantified features as an MS2-based quantification. 

The study's goal should direct the choice of the method. Today, new features for TMT quantification 

methods are being developed. Papers demonstrated the benefits of adding FAIMS in front of the MS545, 

546 and it is now possible to perform filtering based on the FDR or the score during the real-time search, 

further reducing the chance of fragmenting ions that would not lead to useful quantitative information. 

6. Conclusion and perspectives 

This chapter evaluates several factors in LC-MS/MS for quantitative proteomics. The first part showed 

that the choice of the analyzer and the fragmentation method are critical to ensure the accurate 

quantification of thousands of proteins and peptides. In addition, the cycle time and the isolation 

window scheme were identified as critical parameters of DIA method optimizations. Subsequently, the 

benefits of these optimizations for quantitative proteomics were proven on a set of well-calibrated 

samples. In the second part, it was exposed that the choice of the compensation voltages is of utmost 

importance when FAIMS is implemented to maximize its advantages. In the last part, collision energy 

and quantification strategy (i.e., MS2 or MS3) were identified as the main elements to consider for 

TMT-based quantification. 

Many improvements are continuously achieved at the experimental design or the MS level. Developing 

commercial multiplexing approaches, such as TMTpro™ 18plex131 or DiLeu labeling547 with up to 18 

and 21 quantification channels, allows for performing relative quantification at very high throughput. 

In addition, some studies in the literature reported the combination of two TMT kits to increase the 

multiplexing capabilities to 27plex548 or 29plex549. Regarding MS, new acquisition modes are 

continuously developed to increase proteome coverage with high sensitivity and repeatability. It is 

particularly true for DIA mode, now available in various ways. Some use large, continuously sliding 

precursor windows for fragmentation to enhance the correlation of precursor and fragment ions, like 

SONAR161, 550 or Scanning SWATH162. Recently, the sequential release of ions from high to low m/z 

using an ion trap before the TOF analyzer, the ZenoSWATH technology551, produced cleaner spectra 

improving the sensibility. Others combined the benefits of ion mobility as an additional separation 

dimension to decrease the spectral complexity, using FAIMS535 or trapped ion mobility separation 

(TIMS73) for the DIA-PASEF technology163 to improve the depth of analysis. In addition, a study brought 

together sample multiplexing and DIA MS as a new alternative552.  

All these new technologies bear witness to the constant progress in quantitative proteomics. 

Nevertheless, the bioinformatics processing of the data after MS acquisition remains one of the most 

critical steps for the precise and accurate quantification of proteomes. It will be developed in Part I, 

Chapter 2. 
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Chapter 2: 

Evaluation of bioinformatics tools for data 

processing 

 

1. Context of the project 

Data processing is a major step in the success of quantitative proteomics studies. In this chapter, we 

focused on analyzing DDA and DIA data. While the former approach focuses on the fragmentation of 

an intense precursor ion at a time, isolated in a small isolation window, the latter co-isolates and co-

fragments all precursors in a wide isolation window. MS2 spectra generated are then subjected to data 

analysis for peptide identification and quantification. For DDA, experimental precursor and fragment 

ions masses are generally compared to theoretical ones obtained from the in-silico digestion and 

fragmentation of a specific protein sequence database. However, many limitations exist for DDA data 

analysis, including, but not limited to, the stochasticity of MS/MS acquisition, the presence of missing 

values, the co-isolation and co-fragmentation of precursor ions in small isolation windows leading to 

chimeric spectra or the underestimation of the number of modifications carried by the peptides92. To 

circumvent these limitations, multiple strategies were developed, taking advantage of the power of 

artificial intelligence and machine learning. Numerous tools are available to date, drastically increasing 

the number of features identified. Rescoring tools use additional predicted features, such as theoretical 

ion fragmentation patterns and retention time predictions, to calculate and assign more accurate 

scores, resulting in a gain of identifications at the same confidence level. Nevertheless, many spectra 

remain unidentified in a standard DDA proteomics experiment91, 93. One main reason identified for this 

is the presence of unexpected modifications of peptides, resulting either from post-translational 

modifications (PTMs)553 or chemical modifications induced during sample preparation554. Indeed, 

classical identification search engines restrict the search space to something manageable by only 

considering a limited number of modifications. Consequently, many relevant modifications may be 

missed and result in false negatives. Several open modification search (OMS) tools have been 

developed to identify these peptides, such as Open-pFind95, MSFragger94, and SpecOMS555. The 

CompOmics group (Ghent, Belgium) recently developed an OMS tool named ionbot96. It combines all 

the relevant matching information, including retention time and fragmentation predictions, in a 

machine learning-based score to confidently identify peptides with unexpected modifications.  

Given that the link between fragment ions and their corresponding precursors is lost, conventional 

data processing strategies cannot be employed for DIA data173, 556. As a result, two main approaches 

have been developed to overcome the complexity of these data: the peptide-centric and the spectrum-

centric approaches. The first one, proposed in 2012 by Gillet et al.6, enables the identification and 

quantification of peptides using information contained in a spectral library generated from MS2 

spectra acquired in DDA and for which peptide sequences have been assigned with confidence557. 

Finally, the quality of the signals is controlled by the use of scores to validate peptide detection. The 

second one, known as spectrum-centric, is designed to eliminate the limitations induced by using a 

spectral library. Indeed, it is important to emphasize that only peptides and proteins present in the 

spectral library can be identified during DIA analysis. To this end, MS2 pseudo-spectra are typically 

generated from a fasta file. From there, conventional searches are performed using DDA search engines 

and protein inference tools.  

Since its introduction in 2003150, many bioinformatics advances have been made, with the 

development of new algorithms based on the use of deep neural networks and machine learning for 
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the spectrum-centric approach148, 180, 183, 184, 558, 559. They predict fragmentation and retention time 

more accurately, increasing the number of identified and quantified peptides. 

In this context, we appraised recent DDA and DIA data processing tools. In the first step, we compared 

classical DDA database search strategies (Mascot and Sequest HT) to approaches including commercial 

(Inferys120) and open-source (MS²Rescore119) rescoring tools as well as innovative search engines for 

the improved identifications from deconvolution of chimeric spectra (Chimerys, MSAID) or the ionbot 

algorithm for open modification search. In the second step, we assessed the capabilities of spectrum-

centric approaches for DIA data processing. We compared the library-free approaches search 

parameters of commercial and open-source solutions, namely Spectronaut Pulsar™ and DIA-NN183, for 

proteins and peptides identification and quantification. 

2. Analytical strategy applied for data processing optimizations  

The overall analytical scheme is shown in Figure 58.  

 

Figure 58: Analytical scheme used for the evaluation of innovative bioinformatics tools for DDA and 

DIA data processing. (A) HeLa Pierce™ digest was analyzed in five replicates using a Top20 DDA 

acquisition strategy. First, we evaluated rescoring algorithms. Data were searched against classical search 

engines, Mascot and Sequest HT, and then PSMs were rescored using MS²Rescore (for Mascot output) and 

Inferys (for Sequest HT output). Data were then validated at 1% and 0.1% FDR to evaluate the performances 

of the search engines. Second, the raw data were processed with ionbot, allowing open modification 

searching, and Chimerys (MSAID, Proteome Discoverer 2.5), and enabling chimeric spectra deconvolution, 

to evaluate their performances. (B) Raw data from Arabidopsis thaliana digest spiked with UPS1 proteins 

analyzed in DIA mode (see Part 1, Chapter 1) were processed by two library-free search engines, 

DirectDIA™ (Spectronaut v.17) and DIA-NN183 (v1.8.1). For the searches, three approaches were tested, 

either using the default parameters implemented in the software or by setting the MS tolerances or 

retention time (RT) extraction windows. Finally, the quantification of UPS1 proteins and peptides was 

appraised.  
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First, we used a HeLa Pierce™ (Thermo Fisher Scientific) cells digest injected in five replicates to 

compare the different DDA data processing strategies. NanoLC-MS/MS analyses were performed on 

an Orbitrap Eclipse Tribrid instrument operated in Top20 DDA mode with both MS1 and MS2 spectra 

detection using the Orbitrap to ensure high-quality data. Data were searched with classical 

identification search engines, and the results were compared with those obtained after the addition of 

a rescoring step, performed by multiple algorithms. As the combination of all rescoring algorithms 

tested is not possible with the same search engine, we used two different associations (Figure 58.A). 

On the one hand, we used the search results from Mascot followed by the validation using Proline138 

as the standard before rescoring. Then, output from Mascot were rescored using the open-source 

MS²Rescore (CompOmics, Ghent, Belgium) algorithm. On the other hand, results from Sequest HT 

followed by Percolator validation, both included in Proteome Discoverer 2.5 software (Thermo Fisher 

Scientific), were used as reference for Inferys (MSAID) commercial rescoring tool evaluation. Inferys 

was added to the workflow to perform rescoring of the data obtained from Sequest HT. To ensure a 

clear understanding of the workflows used, they will be named in this chapter as follows: 

- Mascot workflow: raw data were searched using the Mascot search engine and FDR estimation 

was performed using the target/decoy strategy based on the score in Proline. 

- MS²Rescore workflow: raw data were searched using the Mascot search engine, and all the 

PSMs from Mascot were rescored by MS²Rescore, before FDR estimation using Percolator. 

- Sequest workflow: raw data were searched using the Sequest HT search engine and using 

Percolator for FDR estimation, both implemented in Proteome Discoverer 2.5. 

- Inferys workflow: raw data were searched using the Sequest HT search engine, and all the 

PSMs from the search were rescored by Inferys (also implemented in Proteome Discoverer 

2.5), before FDR estimation using Percolator. 

In addition, we compared Chimerys, a commercial solution from MSAID (Munich, Germany) 

implemented in Proteome Discoverer 3.0 (Thermo Fisher Scientific) using an algorithm taking 

advantage of artificial intelligence-based predictions from Inferys directly during the search, to the 

aforementioned strategies. Moreover, we appraised the capability of ionbot developed by the 

CompOmics group (Ghent University, VIB, Belgium) to perform open modification searches. Searches 

were performed with open modification searching enabled and results were compared in terms of 

identifications with those obtained with classical search engines (Figure 58.A). 

Second, raw data acquired on a mixture of the 48 UPS1 proteins spiked into a total Arabidopsis thaliana 

lysate were used to appraise DIA data analysis tools in terms of identification and precision of 

quantification. Two software were compared: Spectronaut Pulsar™ (Biognosys, Schlieren, 

Switzerland) and DIA-NN (Demichev lab, Munich, Germany). Searches were performed using the 

default parameters defined directly by the  algorithm based on the data and with defined parameters 

regarding the mass tolerances (5 ppm for MS search and 20 ppm for MS/MS) or the retention time 

extraction window (10 min with DirectDIA™ and 5 scan windows in DIA-NN). All data were validated 

using a 1% FDR at precursor level. Numbers of identified and quantified features, as well as the 

precision of quantification, were evaluated (Figure 58.B).  

Additional details on sample preparation, LC-MS/MS methods and data processing are provided in the 

Experimental Section. 

3. Evaluation of innovative tools for DDA data processing 

For the evaluation of DDA data processing tools, we used five replicates of HeLa Pierce™ samples 

acquired on an Orbitrap Eclipse Tribrid instrument using a Top20 strategy. For all the data processing 

approaches, samples were processed independently and only identification results were considered, 

as the quantification is not amenable for some of the tools.  
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A. Evaluation of rescoring algorithms for peptides/proteins identification 

Classical identification search engines try to match experimental tandem mass spectra to theoretical 

ones in silico calculated for all sequences contained in the searched database. However, they generally 

do not consider other features including the fragment ion intensities or the expected retention time, 

to calculate the scores used for FDR discrimination. As the only way to have access to this information 

before was the use of spectral libraries, major improvements in machine learning and publication of 

high-quality datasets have enabled the development of multiple rescoring tools. Fragment ion 

intensities predictions from deep learning algorithms today allow the generation of in-silico spectral 

libraries that can be used to perform rescoring. 

 MS²Rescore: an open-source algorithm for peptide spectrum matches rescoring 

Different groups are developing multiple algorithms to bring out the best of the tens of thousands of 

MS/MS data acquired during a run. In the frame of a collaboration with the CompOmics group (Ghent, 

Belgium), we used MS²Rescore to increase the number of identifications after a Mascot search with 

validation based on the score in Proline. MS²Rescore performs PSMs rescoring by combining predicted 

spectra properties using MS²PIP99 for MS/MS peak intensities predictions and DeepLC97, a retention 

time predictor for peptides that uses deep learning. All features from these two algorithms (more than 

80 features in total) were aggregated to features from the Mascot search engine in Percolator102, 560 to 

discriminate between target and decoy PSMs. 

The results before and after rescoring of Mascot identifications are presented in Figure 59. After 

rescoring, the number of identified protein groups rises by 21%, and peptides and PSMs by around 

25% at 1% FDR validation, for a total of around 3,900 protein groups, 27,000 peptides, and 30,800 

PSMs detected using the MS²Rescore workflow. Two main reasons explain this huge increase in 

identifications. First, Mascot data were validated using a classical score-based target-decoy strategy 

without Percolator, which would have slightly improved the number of identifications. Second, 

MS²Rescore compares experimental PSMs to their theoretical counterpart on multiple features, 

including retention time and fragment ion intensities predictions. It strongly improves the confidence 

compared to the Mascot score, based only on the probability that the observed match between the 

experimental data and the theoretical sequence is a random event.  

 

Figure 59: Results obtained after data processing using Mascot and MS²Rescore workflows. (A) 

Number of identified PSMs, peptides and protein groups for Mascot (blue) and MS²Rescore workflows 

(yellow) at 1% FDR (dark colors) and 0.1% FDR (light colors). (B) Venn diagram representing the overlap 

between peptides identified at 1% FDR with Mascot and MS²Rescore.  
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The benefits of MS²Rescore are even higher when the FDR cutoff is lowered to 0.1% (Figure 59.A). 

Higher numbers of identifications are still achieved compared to the Mascot workflow at 1% FDR, 

demonstrating the power of the algorithm. Conversely, a 0.1% FDR threshold applied to Mascot results 

validated in Proline leads to a significant drop in identifications, with 40% fewer PSMs and peptides 

and 20% fewer protein groups. The drop is limited to 15% for peptides and PSMs and 10% for protein 

groups with MS²Rescore. 

Thanks to numerous features, MS²Rescore can better discriminate between targets and decoys, as 

presented in Figure 60. It illustrates that a better separation is performed, reducing the risk of false 

positives and increasing the number of PSMs passing the FDR cutoff. 

 

Figure 60: Target and decoy PSMs distribution. (A) Distribution of the target (orange) and decoy (grey) 

PSMs as a function of the log(Mascot score) for the Mascot workflow. (B) Distribution of the target (orange) 

and decoy (grey) PSMs as a function of the Percolator SVM score for the MS²Rescore workflow. 

In addition, identified peptides show a very high overlap, with 79% of the peptides common to both 

workflows (Figure 59.B), as expected because the input for MS²Rescore is based on the output of the 

Mascot search.  

 

Figure 61: Characteristics of PSMs identified in both workflows (green), Mascot workflow only 

(blue) or MS²Rescore workflow only (yellow). (A) Violin plots representing the distribution of the 

Mascot scores. (B) Violin plot representing the distribution of the Percolator SVM scores. Horizontal black 

lines represent the median values.  

While PSMs identified in both workflows present high scores with a median score of 42, PSMs unique 

to one workflow display a completely different distribution having lower median scores of 25 and 11 

for Mascot and MS²Rescore workflows, respectively (Figure 61.A). This observation is consistent with 

the hypothesis that high-score PSMs are more likely expected to be detected by both workflows, as the 
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score reflects the confidence of the identification. Lowest scores are obtained for PSMs only identified 

in MS²Rescore, in accordance to their rejection during the validation in Proline, based on the score. 

Then, we looked at the Percolator SVM scores obtained after rescoring by MS²Rescore: PSMs identified 

by both approaches demonstrate similar distributions as the ones identified by MS²Rescore only, with 

median scores of 1.4 and 0.6, respectively. In opposition, PSMs identified in Mascot only keep low 

scores (median score of -0.3) and present an opposite distribution (Figure 61.B). The SVM Percolator 

scores distribution underlines the potential of MS²Rescore to increase confidence in identifications 

and remove potentially bad hits. Score refinement using additional features enables us to either 

strengthen the reliance on the Mascot identifications or remove low score matches that are not 

corroborated by the retention time and fragment ion intensities predictions. In the end, MS²Rescore 

increases the number of identifications and the confidence in the matches, thanks to additional 

features combined with finer scoring functions. Theoretically, output from MS²Rescore can be 

combined to a quantification algorithm, such as FlashLFQ561 for example, to perform quantification of 

the peptides and proteins identified.  

 Inferys rescoring for Sequest HT data 

Inferys120 is another rescoring algorithm developed by MSAID, and it was implemented in PD 2.5, 

commercialized by Thermo Fisher Scientific. This algorithm rescores Sequest search identifications, 

and Percolator is applied to calculate the FDR. It was compared to the classical Sequest search, 

followed by Percolator for FDR estimation to assess its performances (Figure 62). First, comparing 

the results at 1% FDR demonstrates a minor gain of identified features, with an increase of the 

identified features only between 2% to 3%, with a total of more than 33,000 PSMs accounting for 

28,500 peptides and 3,500 protein groups.  

 

Figure 62: Results obtained after data processing using Sequest and Inferys workflows. (A) Number 

of identified PSMs, peptides and protein groups for Sequest (blue) and Inferys workflows (yellow) at 1% 

FDR (dark colors) and 0.1% FDR (light colors). (B) Venn diagram representing the overlap between 

peptides identified at 1% FDR with Sequest and Inferys. 

Second, reducing the FDR threshold to 0.1% logically leads to a decrease in identifications. While the 

number of protein groups remains almost the same for both workflows (less than a 2% decrease 

compared to 1% FDR), the number of peptides and PSMs was reduced by 13% for Sequest and 8% for 

Inferys (Figure 62.A). In the end, Inferys identified more than 30,000 PSMs and 26,400 peptides from 

more than 3,450 protein groups at 0.1% FDR. For both FDR thresholds, the slight gain observed is 

explained by the minor differences between the workflows. FDR estimation of Sequest search results 

is already performed by Percolator, which considers multiple features for the score calculation. With 
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Inferys, only a few pieces of information regarding the fragment ion intensities are added, with a 

limited influence on the global score and, consequently, not enabling to increase the number of 

identified features drastically. Inferys algorithm does not use retention time predictions (used in 

MS²Rescore, for example), which would have helped to rescore PSMs and increase the identification 

numbers. Nevertheless, the few additional features added by Inferys identified up to 9% peptides and 

PSMs at 0.1% FDR. 

The comparison of the peptides identified using a 1% FDR reveals that 94% are identified by both 

strategies (Figure 62.B). As previously explained for MS²Rescore and Mascot, Inferys uses the Sequest 

search results without filtering as input. Consequently, we expect the results to be similar to the hits 

from the same search. As mentioned above, Inferys rescoring benefits for identifications are limited 

because of the few differences in the features used during the FDR calculation step with Percolator. 

Nevertheless, as illustrated in Figure 63, it still allows for better discrimination between target and 

decoy PSMs. 

 

Figure 63: Target and decoy PSMs distribution. (A) Distribution of the target (orange) and decoy (grey) 

PSMs as a function of the Percolator score for the Sequest workflow. (B) Distribution of the target (orange) 

and decoy (grey) PSMs as a function of the Percolator score for the Inferys workflow. 

In the PD 2.5 output, multiple features are available. We selected three of them to characterize PSMs 

depending if they are identified by both workflows or only one or the other. First, the study of the 

isolation interference – referring to the relative amount of ion current within the isolation window 

that is not attributed to the precursor itself, in percent – reveals that PSMs identified by both 

approaches have a lower isolation interference (median value of 38%) compared to those detected 

only with Sequest or Inferys workflows only (median values of 67% and 61%, respectively, Figure 

64.A). Similarly, the same trend is observed for the Sequest score distribution (i.e., score attributed by 

the Sequest search engine only), with comparable distribution and median scores, 1.2 and 1.1, for PSMs 

identified only by Sequest or Inferys, respectively (Figure 64.B). In comparison, PSMs identified in 

both approaches present a median score of 2.5. In short, the study of these two parameters reveals 

that PSMs identified by only one approach are low-quality spectra intricate to validate using a classical 

search engine and that are potentially false positives. Hence, we looked at the spectral angle562, 

reflecting the spectral similarity between experimental and theoretical intensities of fragment ions 

(Figure 64.C). Contrary to what was observed for the two previous features, PSMs identified by both 

approaches and by Inferys only depict similar trends, with relatively high median spectral angles of 

0.87 and 0.63, respectively. In opposition, PSMs identified only with Sequest have low spectral angle 

values (median of 0.25). It underlines those fragment ion intensities predictions, and their comparison 

with the experimental spectra enables us to differentiate between PSMs having similar properties 

using the isolation interference and the Sequest score. Hence, the Percolator score of the PSMs with 
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good spectral correlation will be increased, allowing them to pass the threshold, while those with bad 

spectral angles will have their score reduced and then not be identified after the FDR cutoff. 

 

Figure 64: Characteristics of PSMs identified in both workflows (green), Mascot workflow only 

(blue) or MS²Rescore workflow only (yellow). (A) Boxplot of the distribution of the isolation 

interference. (B) Violin plot representing the distribution of the Sequest scores. (C) Violin plot representing 

the distribution of the spectral angles. Horizontal black lines represent the median values. 

Briefly, Inferys does not drastically increase the number of identifications compared to Sequest, 

followed by Percolator. Indeed, Percolator is already a powerful semi-supervised machine learning 

algorithm that uses twenty features to discriminate target from decoy PSMs102, 560. Nevertheless, it 

increases the confidence in the identified PSMs thanks to considering the similarities between 

experimental and predicted spectra. In addition, quantification can be directly done in the PD 2.5 using 

the quantification nodes provided. Nevertheless, Inferys prediction model presents limitations 

regarding the data that can be processed. Only a few PTMs can be searched, namely 

carbamidomethylation on cysteine residues, TMT/TMTpro-labeled peptides, and oxidized 

methionines, even if models are currently under development for the analysis of other common 

modifications, such as phosphorylation, for example. Similarly, only CID and HCD data can be 

processed with this algorithm, reducing its potential when looking for specific PTMs.  

B. Chimerys, a new artificial intelligence-based search engine 

To take advantage of the ion intensities predictions from the Inferys algorithm, MSAID developed an 

artificial intelligence-based search engine capable of identifying multiple PSMs per spectrum. First, it 

runs an initial coarse search. It uses the Inferys algorithm to perform recalibration and refinement of 

the prediction model to maximize the prediction accuracy563. Then, MS/MS spectra are analyzed 

without any pre-processing or precursor selection from MS spectra. All candidates in the isolation 

window of a given MS/MS spectrum are searched simultaneously and compete for measured fragment 

ion intensity in a concerted step. Chimerys aims to explain as many measured intensities with as few 

candidate peptides as possible by doing the deconvolution of chimeric spectra. Finally, the FDR control 

is performed using Percolator. This strategy enables the identification of co-isolated precursors. 

Indeed, from a previous analysis, it has been found that around 45% of the MS/MS spectra acquired 

display an isolation interference higher than 50%, i.e., that the selected precursor intensity accounts 

for less than half of the total intensity in the isolation window. Moreover, previous work demonstrated 

that 50% of all spectra contain more than one peptide564.  

We evaluated this software using the same five raw files used for previous data analysis in this chapter. 

Chimerys identified 66% and 54% more protein groups and peptides, respectively, compared to the 

Inferys workflow and increased by 2.6 times the number of PSMs identified (Figure 65.A). At 1% FDR, 

more than 86,000 PSMs were detected, leading to 44,000 peptides and 5,800 protein groups.  
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Figure 65: Results obtained after data processing using Inferys and Chimerys workflows. (A) Number 

of identified PSMs, peptides and protein groups for Inferys at 1% FDR (yellow), Chimerys at 1% FDR (red) 

and Chimerys at 0.1% FDR (grey). (B) Venn diagram representing the overlap between peptides identified 

at 1% FDR with Inferys and Chimerys. 

By reducing the FDR cutoff to 0.1%, the contribution of Chimerys remains significant as around 85% 

of the identified features are still below the validation threshold, for a total of 5,200 protein groups, 

39,000 peptides, and 72,000 PSMs detected (Figure 65.A), outperforming Inferys results. It 

demonstrates the strength of Chimerys to increase the number of identifications drastically. The 

results from Inferys and Chimerys reveal a huge overlap of the detected features, with up to 95% of 

the peptides identified using Inferys also detected using Chimerys (Figure 65.B). 

 

Figure 66: Number of MS/MS spectra leading to a PSM. (A) Pie charts of the number of MS/MS spectra 

leading or not to at least one PSM (left) and number of PSMs identified per MS/MS spectra (right) for the 

Inferys workflow. (B) Distribution of the number of MS/MS spectra leading at least one PSM over the 

gradient time for Inferys data analysis. (C) Pie charts of the number of MS/MS spectra leading or not to at 

least one PSM (left) and number of PSMs identified per MS/MS spectra (right) for the Chimerys workflow. 

(D) Distribution of the number of MS/MS spectra leading at least one PSM over the gradient time for 

Chimerys data analysis. 
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Figure 67: MS/MS spectra leading to the identification of five peptides (bottom) and its 

corresponding MS spectrum (top). Attribution of the fragment ions from five different peptides on a 

unique MS/MS spectrum from the precursor selected in the top panel.  

Moreover, the number of PSMs attributed to each spectrum (Figure 66) highlights the importance of 

being able to analyze chimeric spectra. For the Inferys workflow, 41% of the MS/MS spectra lead to at 

least one PSM, against 56% using Chimerys. In detail, almost all (99.5%) of the MS/MS spectra leading 

to a PSM are matched to only one peptide with Inferys. With Chimerys, more than half of the MS/MS 

spectra lead to more than one PSM, with up to eight peptides identified in a unique spectrum. We plot 

the number of MS/MS spectra leading to PSMs as a function of the gradient (Figure 66.D). As expected, 

the highest numbers of PSMs per spectrum are obtained in the middle of the gradient, when co-elution 

and co-isolation are more probable. Thanks to its ability to deconvolute chimeric spectra, Chimerys 

can identify multiple peptides with high confidence from the same MS/MS spectrum. For example, 

Figure 67 shows the MS spectra, with the precursor ion and the isolation window, and the MS/MS 

spectra, leading to the confident identification (FDR < 1%) of four peptides, with multiple fragment 

ions corroborating the identification of the peptides. 
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In essence, Chimerys drastically increases the identified features, leading to more than 5,800 protein 

groups and 44,000 peptides detected in a one-hour gradient. It uses machine learning-based 

prediction of peptide properties (e.g., retention time, fragment ion intensities) combined with the 

deconvolution of the MS/MS spectra to identify a maximum number of peptides in each. Thanks to the 

deconvolution algorithm, the presence of the precursor ion is not required anymore to identify a 

peptide. Indeed, all peptides theoretically included in the isolation window, or even close to the 

isolation window, will be searched against the MS/MS spectra to identify fragment ions. It can result 

on the identification of peptides out of the isolation window and without precursor signal (e.g., peptide 

LNLEHIATSSAVSK, Figure 67, bottom panel). Even if this peptide pass the FDR threshold, there is a 

risk of over interpretation of the MS/MS spectrum, potentially leading to false positives.  

To summarize, wide windows acquisition schemes can be used, to increase the potential number of 

peptides detected, as already shown in few studies565, 566. However, peptides identified without 

detecting their precursor ion will not be quantified, as the quantification is still performed at the MS1 

level. Indeed, for more than half of the peptides identified, no intensity value of the precursor can be 

detected, limiting its use for quantitative proteomics. Moreover, as it uses the prediction model from 

Inferys, Chimerys is limited in the number of PTMs that can be searched, and only CID and HCD data 

can be processed.  

C. Evaluation of ionbot: an open modification search algorithm 

The numerous algorithms developed demonstrate their ability to increase identifications. However, 

they present several limiting factors, including restrictions on the fragmentation methods used and 

the PTMs available for the search, but also from the initial search performed by classical search 

engines. In the frame of the collaboration with CompOmics, we tested ionbot, an open modification 

search engine incorporating all relevant matching information to calculate machine learning-based 

scores. It uses the previously mentioned algorithms developed in CompOmics, DeepLC and MS²PIP, for 

retention time and fragment intensities predictions, respectively. Thanks to machine learning from 

multiple datasets, these algorithms can predict peptide properties for any sequence provided, no 

matter the PTMs potentially present. 

Ionbot was compared to the MS²Rescore workflow, which uses the same algorithms for rescoring 

(Figure 68.A). Ionbot identified, at 1% FDR, 14% more protein groups, 10% more peptide groups (i.e., 

same raw sequence), and 50% more PSMs. In order to have comparable results, we used the peptide 

sequence without any modification as the number of peptide groups identified, explaining why the 

increase in peptide groups is much lower than the one observed for PSMs. At 0.1% FDR, ionbot still 

detects 25% more PSMs than MS²Rescore at 1% FDR, while the number of peptides and PSMs are 

similar. The comparison of the peptide sequences identified shows an overlap of 66% (Figure 68.B). 

On all the 30,000 peptides identified by ionbot, 5,830 are bearing an unexpected modification, i.e., 

another modification than cysteine carbamidomethylation and methionine oxidation. Among these 

peptides bearing an unexpected modification, 54% also have the unmodified peptide counterpart 

identified, and 46% are only identified with their unexpected PTM. Nevertheless, they present median 

q-values of 0.0003, allowing us to be confident in the hits identified. In addition, ionbot enables the 

detection of additional peptides that are detected only under a modified form. Indeed, for 89% of the 

peptides with unexpected PTMs and identified only by ionbot, no unmodified counterpart was 

detected. This proportion drops to 7% for peptides identified by ionbot and MS²Rescore. 
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Figure 68: Results obtained after data processing using MS²Rescore and ionbot workflows. (A) 

Number of identified PSMs, peptides and protein groups for MS²Rescore at 1% FDR (yellow), ionbot at 1% 

FDR (red) and ionbot at 0.1% FDR (grey). (B) Venn diagram representing the overlap between peptides 

identified at 1% FDR with MS²Rescore and ionbot. 

Then, we investigated the PTMs detected by ionbot to determine the relevance of the results obtained. 

More than 200 modifications were found, but most of them are only identified in one or a few PSMs. 

Figure 69 represents the number of PSMs identified for the ten most frequent modifications identified. 

Among them, we noticed the cysteine carbamidomethylation and oxidation, usually added to classical 

searches. Other PTMs identified are mainly chemical artifacts coming from the sample preparation. A 

quick description of the ten most abundant PTMs is provided in Table 7. To confirm the presence of 

these unexpected, we performed a Mascot search by setting carbamylation as variable modification. 

After validation, more than 85% of the peptides bearing a carbamylation identified with ionbot were 

also identified by Mascot, corroborating that these matches are not false positives. A comparable 

results has been found for mesithyloxide, but in lower extent (60%).   

 

Figure 69: Number of PSMs bearing one of the ten most frequently identified modifications. Unimod 

numbers are between square brackets. Orange bars represent the modifications that we look at with 

classical search engines.  
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Table 7: List of the ten most frequently found modifications by ionbot, their Unimod identifier, their 

mass shift and a brief description of the modification.  

Name Unimod Mass shift Description Ref. 

Carbamidomethylation 4 +57.02 Da Iodoacetamide derivative, from the alkylation process. 567 

Amino acid variation / / 
Induced by single nucleotide variation in the protein-coding 

region of the genome. 
568 

Carbamylation 5 +43.01 Da 
Non-enzymatic PTM related to protein ageing. It can be 

potentially introduced during sample preparation with urea. 
569 

Oxidation 35 +15.99 Da 
Methionine oxidation from reactive species (oxidative 

stress) or sample preparation, commonly observed PTM. 

570-

572 

Mesityl oxide 1873 +98.07 Da 
Acetone chemical artefact, from acetone use for 

precipitation step during sample preparation. 
573 

Propionaldehyde 256 +40.03 Da 
Acetone chemical artefact, from acetone use for 

precipitation step during sample preparation. 
574 

Guanidyl 52 +42.02 Da 
Potentially coming from guanidination of lysine by 

O-methylisourea. 
575 

Deamidation 7 +0.98 Da 
Nonenzymatic and spontaneous PTM, associated with 

proteome ageing and degenerative disease. 

576, 

577 

Gln  pyro-Glu 28 -17.03 Da 
Spontaneous rearrangement of N-term glutamine into 

pyroglutamate, frequently found in many proteins. 

578, 

579 

Phosphorylation 21 +79.97 Da 
Common PTM, implicated in multiple processes at protein 

level. 
580 

 

To conclude, ionbot uses machine learning-based predictions to search all possible PTMs. It allows us 

to increase the number of identifications and detect modified peptide forms that we are not looking at 

when performing classical searches. The peptides identified with unexpected modifications appear as 

confident matches as most are kept, even at 0.1% FDR. This tool is interesting for discovery analysis 

in shotgun proteomics. It allows screening of all possible PTMs, and from that, the identification of 

some modifications that can be overexpressed in some specific samples. In addition, the team 

developing this software is currently working on the implementation of quantification from the ionbot 

output to have a quantitative overview of these modified peptides.   

4. Evaluation of library-free approaches in DIA 

The past and current developments of new algorithms make library-free approaches very powerful for 

DIA data analysis. In this context, we compared the performances of two bioinformatics tools working 

in a library-free mode, DirectDIA™ (v.17.5), a licensed algorithm from Spectronaut, and DIA-NN183, an 

open-source algorithm. They both use artificial intelligence-based algorithms to maximize the number 

of identifications, and the algorithm sets many parameters automatically after a first coarse search. 

Hence, we evaluated two key parameters of these algorithms: the MS and MS/MS tolerances and the 

retention time extraction window. Results using optimal parameters found by the algorithm were 

compared to results with user-defined parameters. For this purpose, the optimized method for 

analyzing a total lysate of Arabidopsis thaliana spiked with 48 UPS1 proteins at different 

concentrations (see Part I, Chapter 1) was used to evaluate the identification results and the 

quantification accuracy. Only precursor ions that satisfied a q-value < 0.01 were kept. Finally, peptide 

areas were obtained by summing precursor ion areas and protein areas by summing peptide areas. 

First, we looked at the background proteome results obtained using the default parameters (i.e., 

automatically set mass tolerances and retention time extraction windows), fixed MS tolerances (5 ppm 

for MS and 20 ppm for MS/MS), and fixed retention time extraction windows (10 min for DirectDIA™ 
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and scan window radius to 5). The average number of peptides and proteins identified for each data 

processing strategy is presented in Figure 70. Using default parameters, DIA-NN demonstrates better 

performances at the protein level, with around 10% more protein groups identified, whereas 

DirectDIA™ detected an average of 30% more peptides. The standard deviation observed is also 

slightly higher for DIA-NN results compared to DirectDIA™.  

 

Figure 70: Results obtained with the DirectDIA™ and DIA-NN software. Number of identified 

Arabidopsis thaliana proteins and peptides with the default parameters (red), fixed MS tolerances (green) 

and fixed RT extraction windows (blue).  

Quantification using DIA-NN shows lower CVs, with a median CV of 5.5% against 9.0% using 

DirectDIA™, and consequently a higher number of proteins with a CV <20% (2,106 vs. 1,917, Figure 

71). When MS tolerances and retention time extraction windows are fixed manually, two different 

trends are observed. For DirectDIA™, it resulted in a similar number of peptide and protein group 

identifications, with even slightly better results using fixed MS tolerances compared to fixed RT 

extraction window and default parameters. For DIA-NN, manually set parameters compared to default 

parameters led to a drop of identifications: 10% and 14% less protein group and peptide 

identifications, respectively, using fixed MS tolerances, and 17% and 28%, respectively, using fixed RT 

extraction windows. Regarding quantification, between 73% and 80% of the identified proteins were 

quantified with a CV <20% using DIA-NN, and quantified proteins demonstrate low CVs, around 5 to 

6%, no matter the strategy employed. For DirectDIA™, 76% of the identified protein groups are 

conserved after CV <20% filtering for fixed MS tolerances, comparable to default parameters, while 

70% of the protein groups pass the filter for fixed RT extraction windows. The distribution of the CVs 

corroborates these results, with a slightly higher median CV (9.5%) and a larger dispersion. To 

summarize, DirectDIA™ generally identified and quantified a higher number of proteins and peptides 

compared to DIA-NN. Only the default parameters of DIA-NN allow us to obtain better results than 

DirectDIA™ regarding identified and quantified protein groups. Nevertheless, lower CVs are obtained 

using DIA-NN, increasing the confidence in the quantification. 
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Figure 71: Arabidopsis thaliana quantification results using DirectDIA™ and DIA-NN. (A) Number of 

quantified proteins using DirectDIA™ and DIA-NN with default parameters (red), fixed MS tolerances 

(green) and fixed retention time extraction windows (blue). (B) Box plot of the coefficient of variations for 

each results.  

To go deeper into the quantification assessment with these two algorithms, we looked at the UPS1 

proteins spiked in calibrated quantities. The number of UPS1 proteins quantified in all replicates and 

quantified with a CV <20% are shown in Figure 72.A for DirectDIA™ and Figure 72.B for DIA-NN. 

Taking the results as a whole, DIA-NN shows gaps in the quantification of low-abundant proteins, with 

around 10 proteins quantified at 25 amol and between 14 and 25 at 125 amol, depending on the 

strategy. In comparison, at least 90% of the 48 UPS1 proteins expected are quantified in all the 

replicates regardless of the concentration and the parameters used with DirectDIA™.  

 

Figure 72: Quantification results obtained for UPS1 proteins with DirectDIA™ and DIA-NN. Number 

of quantified UPS1 proteins in all the replicates (dark colors) and with a CV<20% (light colors) using default 

parameters (red), fixed MS tolerances (green) and fixed RT extraction windows (blue) for (A) DirectDIA™ 

and (B) DIA-NN. 

In detail, working with default parameters in DIA-NN allows us to quantify more UPS1 proteins at low 

concentration levels (i.e., 25 to 250 amol) compared to searches with fixed parameters. Filtering out 

of the proteins with a CV >20% gives the same trend, except for 25 amol. From 625 amol, all search 

strategies used in DIA-NN present similar results, with the quantification of almost all proteins 

expected with a CV <20%. In contrast, DirectDIA™ quantified almost all UPS1 proteins, even at low 
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concentrations. However, CV filtering removes an important part of the quantified proteins, showing 

a lack of quantification reproducibility for low concentrations. From 250 amol, all the proteins are 

quantified whatever the search parameters. Even if, results obtained from fixed MS tolerances lead to 

more proteins quantified with a CV <20%, while those from fixed RT extraction windows are lower, 

particularly for 250 and 625 amol. DIA-NN and DirectDIA™ present similar performances for high 

concentrations (i.e., 1,250 amol to 5,000 amol), but DirectDIA™ is the most suitable for low quantities, 

with no clear evidence of higher performances using manually set tolerances. 

Finally, the accuracy of UPS1 peptide quantification was also appraised. For this purpose, the 

experimental ratios between the highest point in the range (5,000 amol) and the other lower points 

were plotted against the theoretical ratios (Figure 73). Overall, the dispersion of the ratios around the 

theoretical values and the linearity range obtained with the two software packages and parameters 

used are similar. Indeed, a coefficient of determination greater than 0.99 was achieved up to 125 amol 

of UPS1 injected for all searches, demonstrating the precision of quantification, even for low signal 

abundance. Very low concentrations still suffer from an underestimation of their quantity, with signals 

too close to the background noise to be extracted correctly. Last, it is clear that the dispersion of the 

ratios around the theoretical values underlines the fact that quantification accuracy could be better, 

especially for these low-abundance peptides. It is even more noticeable for results obtained with 

DirectDIA™, particularly when the RT extraction window was fixed manually. 

 

Figure 73: Evaluation of the precision of quantification of DirectDIA™ and DIA-NN on UPS1 peptides. 

Experimental ratios, calculated from the highest point of the range, were represented as a function of the 

theoretical ratios of UPS1 peptides for DirectDIA™ and DIA-NN using default parameters, fixed MS 

tolerances and fixed RT extraction window.  

To conclude on DIA data processing using library-free algorithms, both DIA-NN and DirectDIA™ 

demonstrate good overall performances using the default parameters that are not improved with user-

set parameters and even worsen for DIA-NN. DirectDIA™ is the solution providing the highest number 

of identified and quantified peptides and protein groups, including with a CV <20%, but it displays 

higher CVs. On the contrary, DIA-NN while not providing the maximum number of quantified features, 
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but the results obtained are very reproducible, with a median CV of 5%. The high coefficients of 

determination observed evidence of the accuracy of quantification up to 125 amol, even if imperfect, 

as established by the dispersion around the theoretical value. These results clarify the potential of 

library-free approaches to perform accurate quantification in complex mixtures, as well as their limits. 

Despite the energy employed by the community to develop more efficient tools, allowing to quantify 

higher numbers of protein, library-based approaches remain more sensitive and accurate than library-

free approaches, as demonstrated in several studies148, 172, 181, 581. 

5. Conclusions and perspectives 

This chapter assessed several new data processing algorithms and tools for improved identification 

and quantification of proteins in complex mixtures. The first part showed the benefits of artificial 

intelligence and machine learning to increase the number of identifications in DDA. Prediction models 

built from already published datasets or synthetic peptides analyses allow to extend the number of 

features considered for the scoring functions of the PSMs. Hence, after rescoring with Inferys or 

MS²Rescore, a more accurate score is obtained allowing to better differentiating between true and 

false positives. These prediction models combined to artificial intelligence also demonstrate their 

performances to identify multiple peptides in chimeric spectra. Moreover, once the models are trained, 

they can be applied for many features, including peptides bearing uncommon modifications. The 

consideration of these unexpected modifications drastically improves the number of PSMs detected, 

by identifying modified peptides. Nevertheless, if peptide and protein quantification is available after 

rescoring, XIC-MS1 quantification cannot be performed after the use of Chimerys for identified 

peptides that have no precursors detected. Regarding ionbot, quantification using FlashLFQ561 after 

open modification is normally available but still presents some issues that need to be fixed.   

The second part of the chapter highlights the high capabilities of library-free search DIA data 

processing in terms of identification and quantification. Default parameters appear the best to obtain 

optimal results. Indeed, they are calculated independently for each run after a first search, and 

supposed to fit best with the data. By setting some parameters manually, one induces eventual biases 

in the algorithms that most of the time lead to a loss of identifications. Furthermore, both software 

tested, DirectDIA™ and DIA-NN, present high quality and precision quantification results. 

Nevertheless, while DIA-NN shows lower CVs than DirectDIA™, the latter is performing better for low 

abundant proteins.  

The colossal quantity of information acquired in a single shotgun proteomics run by state-of-the-art 

mass spectrometers requires the data processing step to be adapted in order to get the best from what 

has been acquired. This chapter underlines the potential of artificial intelligence and deep learning to 

tackle this challenge, using the amount of data generated to train the models. The development of 

innovative tools is growing fast, with the release of multiple algorithms per year for peptide properties 

predictions. Since the first example for retention time predictions by Petritis et al.582, 583, artificial 

neural networks have been employed by many groups for the development of methods demonstrating 

good accuracy, such as an algorithm from Guan et al.118, DeepRT110 and DeepLC97. Other algorithms 

have been developed for peptide fragmentation predictions, which are key features of rescoring 

strategies. While retention time predictions can be based on the peptides chemical composition, tools 

for fragmentation pattern prediction, including pDeep115, MS²PIP99 or DeepMass117, generally require 

high-quality data to be trained on. In addition, some solutions (e.g., Prosit116, AlphaPeptDeep584) are 

also combining the benefits of both retention time and peptide fragment intensities to increase 

identifications. Deep learning can also be used to predict other properties, such as collisional cross-

sections585. All these solutions can be implemented either for DDA data processing to improve the 

scoring functions, but also in DIA for high-quality spectral library generation. They appear very 

promising to take the best of the data acquired by the mass spectrometers. 
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Despite this, keeping a critical eye on these new tools is crucial. They are not infallible, and the 

biological conclusions drawn from these results should always be verified. In addition, these 

algorithms are developed by people from bioinformatics who apply these technologies to proteomics. 

On the other hand, proteomists only sometimes have the background to understand how these deep-

learning solutions work. From my point of view, it is essential to include bioinformatics in their 

training to ensure that they will use these tools correctly and understand how they are built. Close 

collaborations between bioinformatics specialists and proteomists is always the best configuration to 

ultimately implement fit-for-purpose solutions that answer the community's needs.  
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Part II 

Methodological developments for the 

identification and quantification of trace level 

host cell protein impurities in drug products 

1. Context of the project 

Therapeutic monoclonal antibodies (mAbs) constitute a significant biopharmaceutical market with 

more than 125 approved products today3, 372. Despite the multiple purification steps performed during 

the downstream process (i.e., Protein A affinity chromatography, ion exchange chromatography, 

hydrophobic interaction chromatography, and multiple filtration steps), low levels of HCPs may co-

purify with the therapeutic protein and thus remain in the drug products (DPs). Because of their 

potential adverse action on patient safety or mAb stability, HCPs have been considered a critical quality 

attribute (CQA) in DPs, and their total amount should be minimized to trace levels and monitored by 

highly sensitive analytical methods403, 473. Currently, enzyme-linked immunosorbent assays (ELISA) 

are commonly used for HCP impurities analysis for their ease-of-use and high precision483. However, 

ELISA has some limitations: certain HCP species are not targeted by the assay and thus cannot be 

detected, and only global quantification is possible, with neither individual HCP identification nor 

quantification possible482, 586. In addition, developing fit-for-purpose product-specific immunoassays 

to measure HCPs in DP is a long, expensive, and fastidious process, as they must satisfy numerous 

criteria (accuracy, precision, range, linearity, etc.) to be validated587. Therefore, LC-MS/MS has 

emerged as a promising alternative, orthogonal and complementary method to precisely identify and 

individually quantify trace-level HCP impurities in final drug products, and multiple studies point out 

its benefits521, 588. In addition, previous work performed in the lab by Dr. Gauthier Husson, Dr. Nicolas 

Pythoud, and Dr. Steve Hessmann demonstrated the performances of DIA compared to DDA for HCPs 

quantification across the downstream process503-505. Nevertheless, quantifying low-abundance HCPs 

in drug products remains challenging due to the extreme dynamic range observed. While the latest 

generation LC-MS/MS couplings reach 3 to 4 orders of magnitude, quantifying ppm-level HCPs in DPs 

requires six orders of dynamics. A few studies have been devoted to optimizing sample preparation509, 

511 or LC-MS/MS steps516, 589. 

In this context, we focused on optimizing LC-MS/MS workflows to quantify HCPs in drug products 

accurately. First, considering the work already presented in Part I, Chapter 1.4, we assessed the 

implementation of the FAIMS DDA approach in the context of HCPs and compared its results to 

classical DDA. Second, DIA methods were finely optimized to characterize HCPs in drug products. 

Third, we appraised gas phase fractionation (GPF) DIA for the generation of a chromatogram library 

from DIA runs with very narrow isolation windows, in terms of depth of analysis compared to classical 

DIA approaches. All developments mentioned above were performed on the NIST mAb Reference 

Material (Sigma Aldrich), and the optimized methods were then applied to two FDA/EMA-approved 

mAbs, namely trastuzumab, and nivolumab. Finally, the potential benefits of open-modification 

searches for enhanced impurities detection was discussed. 

2. Analytical search  

The overall analytical scheme is shown in Figure 74.  
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Figure 74: Analytical scheme used for nanoLC-MS/MS methods optimization on an Ultimate 3000 

coupled to an Orbitrap Eclipse for HCPs profiling. NIST mAb Reference Material was prepared in 

triplicate following a native digestion protocol for all four workflows. Quantities injected represent the 

equivalent protein quantity before the mAb digestion. (A) In DDA mode with or without the FAIMS device 

and using ion trap (green) or Orbitrap (blue) MS2 detection for the evaluation of the acquisition methods. 

Identification, validation and quantification results were obtained from Sequest and Percolator, both 

implemented in the Proteome Discoverer 2.5 software and then filtered using stringent validation criteria. 

(B) In DIA mode with fixed isolation windows (green) or variable isolation windows (blue) for the 

evaluation of the acquisition methods. For variable isolation windows, isolation schemes using a 

combination of 4 and 5 different windows widths were used. Identification, validation and quantification 

results were obtained from Spectronaut Pulsar™ using the library-free DirectDIA™ approach and then 

filtered using stringent validation criteria. (C) in DIA mode with six runs of a 100 m/z mass range and 25 x 

4 Da isolation windows to generate a chromatogram library using Spectronaut Pulsar™ (green). Data from 

DIA variable windows isolation scheme were processed using the library-free approach or the 

chromatogram library using Spectronaut Pulsar™ (blue) before being filtered with stringent validation 

criteria. (D) NIST mAb Reference Material, trastuzumab and nivolumab were prepared in triplicates 

following the native digestion protocol509 and analyzed on a nanoLC-Orbitrap Eclipse Tribrid coupling in 

both DDA (green) mode with and without the FAIMS and DIA mode (orange) using optimized methods. 

Identification, validation and quantification results were obtained from Sequest and Percolator, both 

included in the Proteome Discoverer 2.5 software for DDA and obtained from Spectronaut Pulsar™ using 

the either the chromatogram library-based or the library-approaches. All results were stringently validated.  

For MS methods optimizations on the Orbitrap Eclipse Tribrid (Thermo Fisher Scientific), the NIST 

mAb Reference Material (Sigma Aldrich) was used. Samples were prepared in triplicates following the 

native digestion protocol509, followed by the addition of HCP-PROFILER peptides (Anaquant, Lyon, 

France) and iRT peptides (Biognosys, Schlieren, Switzerland). All the injected quantities indicated in 

this part refers to the theoretical quantities considering the absence of mAb depletion during the 
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native digestion, they do not represent the real quantity injected on the column. Data analysis was 

performed against a database containing all Mus musculus entries (17,050 entries, TaxID = 10090, 

2021/05/26) extracted from UniProtKB/SwissProt, as well as the common contaminants, iRT 

retention time standards, HCP-PROFILER standard sequences, and NIST mAb heavy and light chain 

sequences. Finally, we used the number of identified/quantified HCP features and the R² 

determination coefficient to compare the acquisition methods. 

In the first step, we evaluated the potential benefits of FAIMS implementation in DDA to increase the 

number of quantified HCPs (Figure 74.A). For that, we compared 4 MS methods: two without FAIMS 

(one using ion trap MS2 spectra detection and the other using Orbitrap detection) and two with FAIMS 

(-50V|-65V|-85V for ion trap and -50V|-70V for Orbitrap). Indeed, the fastest acquisition speed of the 

ion trap analyzer allow to use an additional CV compared to Orbitrap. The three technical replicates 

were analyzed with each method. Peptide and protein identifications were performed using the 

Sequest search engine, and validation using the Percolator algorithm, both implemented in Proteome 

Discoverer software (Thermo Fisher Scientific), applying a 1% FDR threshold at PSM and peptide 

levels. XIC-MS1 quantification was performed by summing the peptide intensities of each protein. 

In the second step, the same samples were used to compare 4 DIA-based MS methods (Figure 

74.BFigure 74): two isolation schemes with fixed isolation windows (27 x 20 Da and 44 x 13 Da) and 

two methods with variable isolation windows (4 and 5 isolation widths per method). These methods 

will be detailed later in this chapter. Data were processed using the default parameters of the 

Spectronaut Pulsar™ software (Biognosys, Schlieren, Switzerland) working in DirectDIA™ library-free 

mode. A 1% FDR threshold was applied at the PSM and peptide levels. 

In the third step, we pooled the three technical replicates of NIST mAb to appraise the capabilities of 

chromatogram library-based DIA data processing after gas phase fractionation (Figure 74.C). A total 

of 6 DIA methods were used with an MS1 range of 100 m/z followed by 25 narrow isolation windows 

of 4 m/z covering the mass range. Data obtained were searched with Pulsar™ implemented in 

Spectronaut (Biognosys, Schlieren, Switzerland) to generate a chromatogram library. Then, DIA data 

obtained from the optimized method in the previous section were searched against this chromatogram 

library. The optimized methods were applied on the NIST mAb Reference Material as well as on two 

FDA/EMA-approved mAbs, trastuzumab, and nivolumab, allowing the characterization and the 

quantification of trace-level HCPs (Figure 74.D). 

Finally, we appraised open-modification search tools for the detection of new HCPs bearing 

unexpected modifications. 

Additional details concerning the sample preparation, nanoLC-MS/MS methods and data processing 

are listed in the Experimental Section.  

3. Implementation of a stringent data filtering workflow 

The precise characterization of HCP impurities in drug products requires stringent validation. 

Considering the potential adverse effects of some HCPs with their eventual clinical consequences and 

potential economic impact, strict guidelines and criteria must be followed before drug product release 

and it is necessary to ensure that detected impurities are true positives. However, the manual checking 

of all the extracted signals is not feasible and gave rise to the implementation of rigorous validation 

criteria to end up with only confident and reproducible signals. Therefore, the following validation 

workflow was implemented, including five stages of data filtering, adapted from a workflow developed 

in the lab by Dr. Nicolas Pythoud (Figure 75.A). 

First, we removed oxidized and acetylated precursors with their unmodified counterparts and kept 

only +2 and +3 precursors. These modifications and +4 precursors generally show poor-quality signals 
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regarding intensity and peak shape. Second, we add a filter on the signal quality with the removal of 

precursors without values for quantification or that are shared between protein groups. Precursors 

with more than one q-value >0.01 and/or “profiled” (DIA)/“peak found” (DDA) were also eliminated. 

Third, precursors with a CV above 20% were filtered out to ensure signal reproducibility. Fourth, we 

applied a homology filter using BLASTP590 (v.2. 10.0+) against mAb light and heavy chain sequences 

to remove HCP peptides that can potentially arise from unspecific cleavage or mAb degradation. HCP 

peptide sequences containing a minimum of 6 amino acids, 80% coverage, and 100% identity were 

eliminated. 

To appraise the influence of stringent data filtering on our data, we tested it on two sets of three 

technical replicate runs of 2 µg (starting quantity before native digestion) NIST mAb Reference 

Material injected: data from DDA runs with ion trap MS2 detection and from DIA runs with 45 variable 

isolation windows. Figure 75.B and C present the multiple filtering step results. In detail, while the 

DDA approach demonstrates a continuous diminution of the number of features at each step of the 

filtering process, some filters do not affect this number for DIA data. It is particularly true for signal 

quality and blast filters. Although we are not expecting more than a few sequences to be removed due 

to poor signal quality using the DIA strategy – thanks to its ability to, in theory, detect every precursor 

that is present in a selected mass range – the stochasticity of precursor selection in DDA induces 

missing values between replicates, responsible for the removal of multiple sequences (from 278 to 175 

peptides and 120 to 89 protein groups, Figure 75.B and C). As expected, the blast filter has no effect, 

no matter the strategy used. Indeed, we use it as a security filter to prevent the quantification of a 

highly abundant peptide from the mAb as an impurity and the probability of having an HCP sequence 

meeting this criterion is very low. The reproducibility criterion, filtering out precursors with a CV 

<20%, is the most impactful filter. It removes between 25% and 35% of the features in DDA and 45% 

of the protein groups, and 65% of the peptides in DIA, compared to the previous filtering step.   

 

Figure 75: Impact of consecutive validation criteria applied on the number of HCP protein groups 

and peptides quantified using DDA and DIA acquisition methods. (A) Description of each step used to 

filter the raw list of HCP peptides. Number of HCP peptides and proteins groups remaining after each filter 

applied to the data obtained from (B) a DDA method, and (C) a DIA method. 

In the end, the number of peptides and protein groups decreases by 67% and 50%, respectively, after 

all the filtering steps compared to the raw results in DDA, and by 60% for peptides and 37% for protein 

groups in DIA. It drastically reduces the number of HCP impurities but allows us to be confident in 
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their characterization and assume that the ones remaining are true positives. This high level of 

confidence is imperative when working on a drug product as the detection/quantification of a high-

risk HCP, even at a low amount, can prevent the drug product from being released and generate 

considerable time and money costs for the company to get rid of this HCP. 

4. Internal calibration curve-based quantification of host cell proteins 

Residual HCPs passing all the validation filters are considered confidently characterized and require 

precise quantification. With this objective, multiple strategies have been employed in the lab. During 

his Ph.D., Dr. Gauthier Husson developed an innovative Top3-ID-DIA503 method combining a Top3 

quantification strategy146 for global HCP monitoring and isotopic dilution (ID) for key HCPs accurate 

quantification. The Top3 strategy assumes that the average MS signal response for the three most 

intense peptides per mole of protein is constant within a coefficient of variation of less than 10%. An 

internal standard is used to calculate a signal response factor (Top3 peptides signal/mol) and to 

perform HCP quantity estimation (HCP Top3 peptides signal/signal response factor). This approach 

has also been employed by Dr. Nicolas Pythoud, using a mix of four standard proteins (i.e., PYGM, ADH, 

ENL, BSA), previously reported for HCP quantification in several studies513, 514, considering the PYGM 

protein as a reference and the three other proteins to calculate ratios, as an internal control504. 

Recently, a growing interest in standard proteins use has been observed, either using a single reference 

protein or based on an average amount calculated from the quantity obtained from each standard 

protein505, 509. In this regard, Dr. Steve Hessmann evaluated the HCP-PROFILER standard, developed 

by the French company ANAQUANT, and demonstrated its reproducibility and ability for accurate HCP 

quantification. It is composed of 54 synthetic peptides (deriving from the sequences of 18 Escherichia 

coli proteins) that are grafted on a water-soluble bead (READY-BEADS technology)591. Once added to 

the sample, they are released at six different concentration points (9 peptides per concentration point), 

from 1 to 500 fmol. It allows the building of an internal calibration curve of the log2 (Top3 abundance) 

as a function of the log2 (HCP-PROFILER theoretical quantity (fmol)), used to quantify HCPs. 

The experimental details for HCP-PROFILER sample preparation and the list of peptides, sequences, 

and concentration points are mentioned in Experimental Section. 

Compared to other approaches, ANAQUANT provides a ready-to-use kit, limiting bias on 

reproducibility potentially introduced when performing homemade standard mixture sample 

preparation. In addition, it ensures confidence and quantification accuracy over 2.7 orders of 

magnitude, a reasonable range for HCPs. With this in mind, we used the HCP-PROFILER standard to 

quantify HCP impurities in drug products. The influence of acquisition methods on the quantification 

accuracy will be discussed in the following sections of this chapter. 

5. Evaluation of FAIMS DDA methods to dig deeper into the HCP landscape 

The use of DDA for trace-level HCPs detection in drug products is limited by the bias induced by 

selecting a fixed number of abundant precursors. Indeed, HCPs are present in very low amounts, and 

in the case of co-elution of precursors from mAb and HCP, only the mAb precursor will be selected for 

further fragmentation. In Part I, Chapter 1, we demonstrated the benefits of FAIMS implementation 

to act as an orthogonal separation technique for co-eluting precursors and reduce the background 

noise to enhance low-abundant peptides detection. Furthermore, the addition of this ion mobility 

device does not reveal any loss in terms of quantification compared to analyses without the FAIMS. 

Hence, it is a promising approach to reduce the extreme dynamic range of drug product samples while 

allowing precise quantification of trace-level HCP impurities. 

First, we appraised the precision of quantification, performed thanks to the HCP-PROFILER standard. 

We quantified more than 90% (50 over 54) of the HCP-PROFILER peptides in each method, except for 
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the one combining FAIMS to Orbitrap MS2 detection, with the quantification of only 46 over 54 

peptides. For low abundant HCP-PROFILER standards (i.e., 1 and 2.5 fmol), only 1 or 2 peptides instead 

of the 3 expected are observed. However, the XIC-MS1 signal extraction of missing peptides 

corroborates their presence as chromatographic peaks are observed at their expected retention time. 

We saw that some are co-eluting with superabundant mAb peptides. Then, we supposed that their low 

abundance prevents them from being selected for fragmentation in the presence of mAb peptides at 

the same retention time. In addition, no apparent effect of FAIMS implementation can be observed on 

the detection of the peptides. Internal calibration curves built using HCP-PROFILER standards are 

presented in Figure 76. Two main patterns are observed, based on the presence or the absence of the 

FAIMS: for analyses without the FAIMS, ANAQUANT-4 standard (2.5 fmol) is less intense than the two 

other standards at this quantity, while this is the case for ANAQUANT-9 (10 fmol) and ANAQUANT-17 

(500 fmol) for analyses with the FAIMS. For ANAQUANT-9 and ANAQUANT-17, FAIMS implementation 

can be responsible for a lower MS signal response, as these two proteins got their three peptides 

quantified and presented good signal response without the FAIMS. Overall, the R² determination 

coefficient calculated is between 0.86 and 0.93, with lower values for methods with the FAIMS, 

probably related to the low response signal of standards ANAQUANT-9 and ANAQUANT-17. 

 

Figure 76: Representation of the HCP-PROFILER-based internal calibration curves obtained from 

DDA optimizations using ion trap and Orbitrap MS2 detection combined or not with the FAIMS. 

Internal calibration curve of the log2 of Top3 HCP-PROFILER abundance as a function of the log2 of the 

HCP-PROFILER theoretical quantity (fmol) for replicate 1 (red), 2 (blue) and 3 (yellow). For each replicate, 

R² determination coefficient are displayed at the bottom-right of the plot. 

The assessment of the DDA methods with and without the FAIMS was realized with ion trap and 

Orbitrap MS2 detection. As expected, the number of HCP features detected is higher using the ion trap 

MS2 detection than the Orbitrap. In detail, Orbitrap MS2 detection identified 148 and 205 peptides 

from 82 and 89 HCP protein groups, with and without the FAIMS, respectively (Figure 77). The higher 

number of features identified without the FAIMS indicates that using two compensation voltages is not 

optimal for HCP detection. Contrarily, using ion trap MS2 detection, FAIMS implementation increases 

the number of identified HCP protein groups by 40% and peptides by 26% (Figure 77). The best 

conditions, using three compensation voltages (-50V, -65V, and -85V), result in the identification of 
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more than 420 peptides originating from up to 200 HCPs. Then, we applied confidence filters 

mentioned in Section 3.  These filters eliminate a non-negligible part of the features identified, as 

previously observed and discussed. In essence, less than 50% of the proteins and around 30% of the 

peptides from analyses without FAIMS were conserved only, in contrast to 65% and 50%, respectively, 

for analyses with the FAIMS, highlighting the ability of FAIMS methods to perform good quantification. 

The same trends as before filtering are observed, and FAIMS combined to ion trap MS2 detection 

appears as the best approach, with the confident characterization of 221 peptides and 130 HCP protein 

groups. We used the internal calibration curve obtained for each method to quantify HCPs that have 

passed stringent validation criteria. A total quantity between 330 and 570 ng of HCPs per mg of mAb 

(ppm) was found, with lowest quantities detected with methods without the FAIMS and higher with 

those with the FAIMS implemented (Figure 77. A). On the one hand, it can be explained by the 

considerable increase in the number of HCPs between analyses in the absence and presence of the 

FAIMS with ion trap MS2 detection. On the other hand, as the number of HCPs quantified with the 

FAIMS is not significantly higher than without, only one HCP, representing more than 15% of the total 

amount and not found by any other approach, appears to be responsible for the global quantity rise 

with Orbitrap MS2 detection (Figure 78).  

 

Figure 77: Results from NIST mAb Reference Material DDA methods optimizations. (A) Number of 

HCP protein groups and (B) number of HCP peptides before filtering (red), after precursors and signal 

quality filtering (blue) and after reproducibility and blast filtering (yellow) for MS2 spectra detection 

performed in the ion trap and the Orbitrap, without FAIMS and with the FAIMS (-50V|-65V|-85V for ion 

trap, -50V|-70V for Orbitrap). Values in the boxes represent the average quantity of ng of HCP per mg of 

mAb (ppm) calculated for the three technical replicates after all the filtering steps. 

Above all, FAIMS implementation allows us to dig deeper into the HCP landscape, as we can quantify 

more HCPs, predominantly detected at trace-level quantities. In Figure 78, most of the HCPs quantified 

only with the FAIMS are low abundant, with up to one order of magnitude gain compared to analyses 

without FAIMS. 
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Figure 78: Violin plot representing the density of HCPs as a function of their concentration in drug 

products. (A) Comparison between acquisition methods with and without the FAIMS using Orbitrap MS2 

detection. (B) Comparison between acquisition methods with and without the FAIMS using ion trap MS2 

detection. Green dots stand for proteins quantified in both approaches (without and with the FAIMS) and 

orange dots for proteins quantified only with one approach or the other. 

In summary, ion trap MS2 detection remains the best approach for HCPs characterization. Its 

combination with the FAIMS allows drastically increasing the identified and quantified HCPs features. 

It demonstrates the benefits of digging deeper into the HCP landscape by quantifying HCPs down to 

the sub-ppm level. Even if its use slightly decreases the precision of quantification, lowering the 

response signal of some standards used for the calibration curve building, it remains the most powerful 

approach to accurately quantify trace-level impurities in drug products and increase the depth of 

analysis, thanks to background noise reduction and orthogonal separation of the co-eluting precursor 

ions.  

6. Evaluation of DIA strategies for HCP characterization in drug products 

A. Optimizations of acquisition methods 

Characterization of HCP impurities in a drug product represents a significant analytical challenge, 

mainly because of the extreme dynamic range present in this sample between the superabundant mAb 

and the trace-level impurities. In the section above, we saw the DDA approach's limits to detecting low-

abundance peptides. With this in mind, DIA-MS appears as a promising approach for HCP study in 

these samples as every precursor present in the selected mass range is fragmented, theoretically 

allowing the detection of all the species, in contrast to DDA, where only the most abundant precursors, 

are selected for further fragmentation. Moreover, in Part I, Chapter 1, DIA demonstrated its capability 

for quantifying low abundant UPS1 proteins spiked in complex samples. In this context, we assessed 

different DIA methods based either on fixed or variable window widths isolation schemes.  

First and foremost, we used a preliminary DDA run to set up the mass range of the DIA methods and 

adapt the isolation windows placement for variable isolation windows schemes. Only the precursors 

from HCPs (i.e., Mus musculus precursors) were kept to focus the DIA approaches on impurities 

precursors and not introduce bias with mAb precursors. The repartition of the precursors over the 

mass range is represented in Figure 79. It shows that most of the HCP precursor ions m/z are in the 

450-750 m/z mass range and that its extension to 380-975 m/z contains about 95% of the Mus 

musculus precursors. Then, we selected this interval to set up our DIA methods. Expanding the mass 

range to 1,100 or 1,200 m/z would have significantly increased the cycle time while only a few more 

precursors could be detected and we therefore decided to not expend the mass range over 975 m/z. 
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Figure 79: Optimizations of DIA acquisition methods in accordance with sample complexity. (A) 

Distribution of the HCP precursors among the mass range for a DDA analysis. (B) DIA isolation schemes 

including fixed isolation windows (27 x 20 Da (yellow) and 44 x 13 Da (blue)) and variable isolation 

windows (using 28 windows of 5 different widths (green) and 45 windows of 4 different widths (red)). 

Provided that two methods with fixed isolation windows were designed: 27 windows of 20 Da and 44 

windows of 13 Da, covering the mass range of 380-920 m/z and 380-952 m/z, respectively. In addition, 

two isolation schemes with variable isolation widths were also evaluated. The first one, in the 380 and 

955 m/z mass range composed of 28 windows from 10 to 175 Da (5 different widths), and the second, 

in the  380-974 m/z mass range, composed of 45 windows from 8 to 50 Da (4 different widths). The 

four isolation schemes are displayed in Figure 79. 

First, we had a look at the HCP-PROFILER peptides that are used for quantification. Depending on the 

isolation scheme, 50 to 54 over 54 peptides were quantified, but at least one peptide was quantified 

per standard in each method. By and large, the isolation schemes with 44 fixed and 45 variable 

windows display more HCP-PROFILER peptides quantified. Then, we verified the quantification 

accuracy by building internal calibration curves for each isolation scheme (Figure 80). First, a similar 

pattern is observed with a low dispersion between the three proteins of the same quantity, except for 

the quantities of 10 fmol and 500 fmol for the approach with 27 fixed windows and the one with 45 

variable windows, respectively. For each replicate, the R² determination coefficient of the internal 

calibration curve is between 0.92 and 0.95, with the approaches mentioned above demonstrating a 

broader dispersion in some calibration points, showing the lowest R² coefficients. These values are 

slightly higher than those observed in DDA, highlighting DIA capabilities in the context of HCP 

quantification.   
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Figure 80: Representation of the HCP-PROFILER-based internal calibration curves obtained from 

DIA optimizations using fixed and variable windows isolation schemes. Internal calibration curve of 

the log2 of Top3 HCP-PROFILER abundance as a function of the log2 of the HCP-PROFILER theoretical 

quantity (fmol) for replicate 1 (red), 2 (blue) and 3 (yellow). For each replicate, R² determination coefficient 

are displayed at the bottom-right of the plot. 

Then, the comparison of the results obtained for fixed isolation windows points out a gain of 6% and 

15% of HCP peptides and protein groups identified, respectively, using the 20 Da windows compared 

to the 13 Da ones, for a total of 93 HCPs (Figure 81. A and B). Isolation schemes with variable isolation 

windows present two different trends. While the scheme with 28 windows of 5 different widths 

resulted in the detection of fewer than 150 peptides and 71 protein groups, the strategy with 45 

windows of 4 different widths allowed the identification of 177 peptides from 88 HCPs, close to the 

results obtained with fixed isolation windows. After data filtering using stringent signal quality and 

reproducibility criteria, we noticed that the proportion of features that passed the filters is low, 

between 20% and 35%, for most isolation schemes. Only the isolation scheme with 45 variable 

windows from 4 DIA methods presents slightly better results with 45% of the protein groups and 40% 

of the peptides that are kept after stringent filtering (Figure 81. A and B). In light of these results, the 

cycle time of 2 s used for the method with 45 isolation windows, resulting in 7 points per 

chromatographic peak on average, does not seem to significantly impact the reproducibility of the 

quantification (Figure 81. C). Further, HCP amounts between 180 and 310 ppm were calculated, with 

the highest quantity retrieved from the method with 45 variables windows, in line with the high 

number of features quantified with this approach (Figure 81. A). Thus, this method emerges as the 

best compromise to confidently characterize HCPs in drug products, with 69 peptides from 39 HCP 

protein groups quantified. 
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Figure 81: Results from NIST mAb Reference Material DIA methods optimizations. (A) Number of HCP 

protein groups and (B) number of HCP peptides before filtering (red), after precursors and signal quality 

filtering (blue) and after reproducibility and blast filtering (yellow) for DIA isolation schemes with fixed 

window widths and variable window widths. Values in the boxes represent the average quantity of ng of 

HCP per mg of mAb (ppm) calculated for the three technical replicates after all the filtering steps. (C) 

Average number of points per chromatographic peak and the associated cycle time are illustrated for each 

acquisition method. 

The DIA isolation scheme needs to be optimized to keep a compromise between the number of 

windows, their placement, and the cycle time. Using DIA, we can also accurately quantify the HCPs 

detected, as internal calibration curves show good linearity over the whole range. Then, the isolation 

scheme with 45 variable windows allowing a cycle time of around 2 s is the best approach to quantify 

HCP impurities, and it can be used for their monitoring in FDA/EMA-approved drug products.  

B. Influence of the quantity injected and comparison to DDA  

Globally, results obtained from the DIA mode present fewer HCPs than DDA (Part II-5). This 

observation can be explained by the lower quantity injected in DIA (1 µg in DIA vs. 2 µg in DDA, starting 

quantities before native digestion). Hence, to have a fair comparison, we injected the same amount of 

NIST mAb Reference Material (i.e., 2 µg) in DIA. Briefly, the method with ion trap MS2 detection 

without the FAIMS was used as a reference for DDA and with 45 variable isolation windows for DIA. 

The quantities indicated are theoretical quantities considering the absence of mAb depletion during 

the native digestion, they do not represent the real quantity injected on the column. 

The results of the comparison are presented in Figure 82.  
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Figure 82: Results from NIST mAb Reference Material for DIA and DDA. (A) Number of HCP protein 

groups and (B) number of HCP peptides before filtering (red), after precursors and signal quality filtering 

(blue) and after reproducibility and blast filtering (yellow) for the optimized DIA method (45 variable 

windows) for the injection of 1 µg and 2 µg of NIST mAb Reference Material and for DDA using ion trap MS2 

detection without the FAIMS for the injection of 2 µg. Values in the boxes represent the average quantity of 

ng of HCP per mg of mAb (ppm) calculated for the three technical replicates after all the filtering steps. 

First and foremost, the injection of 2 µg instead of 1 µg in DIA resulted in a gain in the number of 

features detected. Regarding the data before any filtering, the number of detected protein groups 

raised by 60%, and the peptides were increased by 2.6 times by injecting 2 µg. After stringent filtering, 

a significant gain is still observed, with 2.5 and 2.7 times more protein groups and peptides confidently 

quantified, respectively. A similar proportion, around 60%, of the features was removed after stringent 

filtering, independently of the quantity injected. Although the increase of HCPs impurities quantified 

when 2 µg was injected, the total concentration (ng of HCP per mg of mAb, ppm) increased only by 

10%. Indeed, the four most abundant HCPs, which are the same for 1 µg and 2 µg, account for around 

75% of the total quantity (Table 8). Consequently, even if more proteins are quantified, their low 

amount does not significantly affect the total HCP quantity. 

Table 8: Concentration of the four most abundant HCPs found for each method and their 

contribution on the total HCP quantity calculated. 

 

Results from 2 µg NIST mAb Reference Material DDA and DIA injections were compared (Figure 82). 

A comparable number of HCP protein groups was detected (142 for DDA vs. 139 for DIA), but DIA 

detected up to 120 additional peptides compared to DDA (453 vs. 335). After stringent filtering, DIA 

allows us to confidently quantify 186 peptides from 88 HCPs against 111 from 67 HCPs for DDA. 

Specifically, the criteria on the precursor modifications, charge states, and missing values filtered out 

48% of the peptides and 38% of the protein groups in DDA. In comparison, less than 10% were 

removed in DIA. This trend, already observed before in this chapter, highlights the limitation of DDA 

to identify low abundant peptides in a reproducible way between runs because of the stochasticity of 

the approach and, consequently, the advantage of DIA to circumvent this issue. Similarly, DIA 

demonstrates a better reproducibility of the identified features, as 41% of the peptides and 63% of the 

proteins detected before any filters were confidently quantified compared to 33% and 47% in DDA, 
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respectively. Ultimately, a similar concentration of HCP, around 350 ppm, was found for both DDA and 

DIA strategies. They show the four most abundant proteins, accounting for 79% in DIA and 66% in 

DDA of the total amount (Table 8), explaining that additional proteins are not increasing the total HCP 

amount considerably.  

C. Use of a chromatogram library from gas phase fractionation for DIA data processing 

Several strategies are available to process DIA data: the “peptide centric” approach, based on a spectral 

library generated from DDA runs, or the “spectrum centric” approach, where DIA data are directly 

searched against in-silico predicted libraries. In the context of HCP characterization in drug products, 

the spectral library-based approach is hard to implement. Indeed, spectral library generation is time 

and sample-consuming and requires access to the null cell line to build the most comprehensive 

spectral library possible in DDA before DIA data analysis. To circumvent these limitations, the use of 

gas phase fractionation to generate chromatogram libraries was recently described by Pino et al.172. 

The workflow is composed of the following steps and detailed in Figure 83: (i) pooling of the samples 

of interest to be the most representative of the samples; (ii) analysis of the pool in six independent DIA 

runs, covering each one a 100 m/z range and composed of 25 windows of 4 m/z; (iii) data analysis of 

these six runs using the Pulsar™ search engine and generation of the chromatogram library; (iv) 

analysis of the previously acquired DIA data from each sample against the chromatogram library.  

 

Figure 83: Chromatogram library generation using gas phase fractionation DIA. First, samples are 

pooled together (①) and analyzed in six independent DIA runs of 100 m/z using narrow isolation windows 

of 4 m/z (②). Results from these runs are merged together and search and a library using the Pulsar™ 

search engine to generate a chromatogram library (③). Finally, DIA data previously obtained are searched 

against the chromatogram library to give the list of peptides (④).  

To generate our chromatogram library, we pooled the three technical replicates and analyzed them 

using six runs of 100 m/z mass range, from 380-980 m/z. The chromatogram library generated 

contains 1,380 precursors, 1,227 peptides, and 398 protein groups, including the 18 HCP-PROFILER 

standards and the iRT and mAb heavy and light chains sequences. 

We assessed HCP-PROFILER standards detection and the resulting internal calibration curves for both 

strategies. As expected – as we are using the same dataset – we detected all the peptides when 

searching the data against the chromatogram library. Moreover, the calibration curves in Figure 84 

illustrate the similar results obtained for both data processing using the library-free and 

chromatogram library-based approaches, with an R² determination coefficient between 0.92 and 0.93. 
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Figure 84: Representation of the HCP-PROFILER-based internal calibration curves obtained from 

DIA acquisition method with variable windows widths. (A) Data using the library-free approach. (B) 

Data using the chromatogram library-based approach. Internal calibration curve of the log2 of Top3 HCP-

PROFILER abundance as a function of the log2 of the HCP-PROFILER theoretical quantity (fmol) for 

replicate 1 (red), 2 (blue) and 3 (yellow). For each replicate, the R² determination coefficient are displayed 

at the bottom-right of the plot. 

We used the data obtained from 2 µg of NIST mAb Reference Material injected using the 45 variable 

windows already presented in the previous section. The results obtained from the chromatogram 

library and the library-free approach are displayed in Figure 85.A and B. Data processing using the 

chromatogram library doubles the number of HCP protein groups and peptides detected. Overall, we 

detected up to 875 peptides from 281 HCP impurities. In contrast, after stringent filtering following 

the steps mentioned previously in this chapter, the benefits of the chromatogram library approach are 

slightly less significant, with 45% more HCP peptides and 24% more HCP protein groups quantified 

using this approach compared to DirectDIA™ (270 vs. 186 for peptides and 109 vs. 88 for protein 

groups, respectively). Whereas a similar proportion (around 10%) of features is removed after 

precursor and signal quality filtering using both approaches, the reproducibility filter eliminates up to 

65% and 60% of the remaining peptides and protein groups, respectively, for data obtained after 

chromatogram library data treatment. In comparison, solely 35% of the protein groups and 55% of the 

peptides are filtered out because of the reproducibility criteria when using DirectDIA™. The variability 

of very low abundant precursor intensities detected and the difficulty distinguishing between 

precursor signal and background noise result in a lower proportion of validated features at these trace 

level amounts. In addition, the global HCP amount is around 340 ppm for the library-free approach, 

while it increases to 360 ppm using the chromatogram library (Figure 85.A). Importantly, as with the 

FAIMS implementation in DDA, data treatment using a chromatogram library increases the depth of 

analysis, with most of the HCP quantified uniquely with this approach present at concentrations down 

to the sub-ppm level (Figure 85.C). Using the chromatogram library gives obvious evidence of its 

benefits for detecting trace-level impurities with the accurate quantification of proteins below 1 ppm 

that are not found using the library-free strategy.  
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Figure 85: Results from NIST mAb Reference Material DIA data treatment. (A) Number of HCP protein 

groups and (B) number of HCP peptides before filtering (red), after precursors and signal quality filtering 

(blue) and after reproducibility and blast filtering (yellow) for DIA data treatment using the library-free 

approach (DirectDIA™) or the chromatogram library-based approach. Values in the boxes represent the 

average quantity of ng of HCP per mg of mAb (ppm) calculated for the three technical replicates after all the 

filtering steps. (C) Violin plot representing the density of HCPs as a function of their concentration in drug 

products for HCPs quantified using the library-free or the chromatogram library-based approach. Green 

dots stand for proteins quantified in both approaches (without and with the FAIMS) and orange dots for 

proteins quantified only with one approach or the other. 

As demonstrated above, using a chromatogram library presents some advantages, such as the reduced 

time and sample amounts required to generate the library compared to sample fractionation followed 

by DDA analysis. It significantly increases the number of detected HCP features, among which up to 

120 impurities are accurately and confidently quantified. In addition, it proves its ability to dig deeper 

by quantifying proteins level not found in the library-free approach down to the sub-ppm. 

Nevertheless, an essential part of the signals is of poor quality or at too low levels, causing poor 

quantification reproducibility of the detected species and demonstrating the importance of the 

stringent validation criteria. 

The methods optimized in this chapter were applied to the NIST mAb Reference Material and two drug 

products, trastuzumab, and nivolumab, to characterize and quantify HCPs. The results have been 

published this year in Proteomics (see publication in Annexes). Briefly, the same trends were observed 

for the two commercial drug products as the NIST, with the FAIMS DDA approach displaying the 

highest number HCP impurities quantified, around 30, for a total amount around 55 ppm (Figure 86).   

 
Figure 86: HCPs quantified by each method for trastuzumab and nivolumab and total HCP amount. 

Blue bars represent the number of HCPs quantified and black crosses the total HCP amount, in ppm. 
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7. Evaluation of open-modification search tools for HCPs characterization 

The experimental conditions applied throughout the manufacturing process (i.e., upstream and 

downstream) can affect the integrity of the mAb and co-eluting HCPs. Multiple PTMs, part of the CQAs, 

are usually monitored on the mAb. Some of these common PTMs, such as acetylation or oxidation, are 

known to be occurring and are generally included in the database search. However, protein sequences 

can also exhibit other, less known modifications that people are generally not seeking, as these 

complicate general database searches because of the vast search space expansion. Nonetheless, the 

presence of these modifications is non-negligible and thus should be considered when monitoring HCP 

impurities. Hence, we used ionbot to perform an open modification search (OMS) on triplicate DDA 

runs from the NIST mAb sample prepared by native digestion. These data have been obtained from 

Orbitrap detection as the ionbot requires high-resolution data.  

The results from OMS led to the detection of more than 200 PTMs, among which more than half are 

amino acid variations, considering all the replicates. An average number of 190 modified HCP peptides 

were identified in each replicate. The comparison of the list of these modified peptides between 

replicates underlines that 60 of them (~30%) are common to the three replicates. In addition, the 

major part of the peptides identified with a modification is not identified in their unmodified form. 

Hence, it highlights the benefits of using OMS to identify new peptides. 

After that, we had a look at the modifications detected after OMS. Figure 87 illustrates the average 

number of modified peptides identified in each replicates for the most common modifications found 

with ionbot. Two significant modifications are found: oxidation and deamidation. These modifications 

are part of the most expected PTMs for the HCPs and can be induced during the manufacturing 

process592. Oxidation and deamidation are CQAs that should be monitored for the mAb, as they can 

reduce the efficiency of the mAb.  

 
Figure 87: Average number of peptides bearing one of the most detected modifications. Modifications 

are indicated using their Unimod code and name. 

Other modifications such as methylation, deoxydation, sodium adduct, or pyro-Glu are also detected. 

These modifications are either part of the common modifications occurring on the mAb during the 

manufacturing process593, such as pyro-Glu or deoxydation, or are common modifications found on 

proteins, such as methylation, ammonia-loss, or sodium adducts. These results evidence the ability of 

OMS to detect biologically relevant modifications, allowing the identification of additional peptides. It 

could be of great interest to HCPs, as these proteins undergo multiple experimental conditions during 

the mAb manufacturing process that can affect their integrity and lead to PTMs. Hence, considering all 
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the possible PTMs opens the door to identifying these modified HCPs and providing a more 

comprehensive overview of the HCP content in the sample. 

Nevertheless, it should be noted that the identification of false positives is still possible with OMS. 

Indeed, for this study, it has been found that carbamidomethylated peptides are present in the sample. 

However, samples were prepared using the native digestion protocol, theoretically avoiding the 

presence of carbamidomethylation (i.e., because no alkylation step is performed).   

To conclude, OMS is a promising tool in the context of HCPs. It allows the detection of new HCPs 

identified only thanks to modified peptides but can also point out the presence of unexpected 

modifications. Suppose a specific unexpected modification is found on many HCPs. In that case, it might 

suggest some issues regarding the bioprocessing and imply a closer look at these modifications on the 

therapeutic protein. A paper further investigating the potential of OMS for HCP detection is in 

preparation in collaboration with the CompOmics group (Ghent, Belgium).  

8. Conclusion and perspectives 

After demonstrating the value of FAIMS implementation and DIA for quantifying proteins in complex 

mixtures in Part I, this chapter aimed to test these approaches for the characterization of HCP 

impurities in drug products. Considering the potential consequences of high-risk HCPs in final drug 

products, we adopted a strategy combining stringent validation criteria and internal calibration curve-

based quantification. Hence, only highly-confident features are kept to be accurately quantified thanks 

to the internal calibration curve, allowing us to provide reliable results. 

Afterwards, the addition of a further separation dimension was considered in order to increase HCP 

detection sensitivity. The combined use of ion mobility and MS was therefore evaluated on the Orbitrap 

Eclipse Tribrid coupled to the FAIMS device. Compared with analyses without ion mobility, the 

implementation of the FAIMS demonstrates very encouraging performances in this context, with a 

significant increase in the number of HCP quantified. In addition, it shows the ability to overcome the 

extreme dynamic range of drug product samples and dig deeper into the HCP landscape, with the 

quantification of HCPs down to 1 ppm. 

Then, DIA methods were optimized to provide the best parameters for HCP detection, and two data 

treatment strategies were employed. Compared to the library-free approach, using a chromatogram 

library drastically increased the number of detected impurities, pointing out its potential benefits for 

trace-level analysis. Nevertheless, the reproducibility of the MS2 signals extracted with this approach 

remains a downside to ensuring the confident and accurate quantification of such trace-level amounts 

of impurities. 

Finally, OMS was used for the detection of HCP peptides. A few hundred peptides were identified, with 

a significant part identified only under a modified form (i.e., bearing a PTM). Modifications found on 

these peptides are, for the most part, related to the mAb manufacturing process. Hence, OMS appears 

to be a promising approach to identifying additional HCPs.   

This section has highlighted the potential of MS for monitoring HCPs in highly challenging samples. 

Given the importance of these impurities in drug substances, other alternatives and improvements are 

continuously being considered. Numerous recent studies have focused on optimizing innovative 

sample preparation to reduce the dynamic range between the HCP impurities and the mAb, including 

HCP enrichment strategies with Protein A affinity chromatography517 or molecular weight cutoff510. In 

addition every ongoing innovation in MS has quickly been evaluated for its HCP profiling capabilities. 

As for instance, diaPASEF163, in which the addition of ion mobility measurements to a high-resolution 

accurate mass (HRAM) instrument (TimsTOF Pro, Bruker) operating in DIA mode was leveraged. 

Unlike FAIMS, which only filters ions, this instrument features an ion mobility tube, giving access to 
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measurements at this level. The  capability of the novel  Astral™ – for Asymmetric Track Lossless – 

mass analyzer coupled to an Orbitrap (Thermo Fisher Scientific) allowing a scan rate of up to 200 Hz594 

was also evaluated for HCP profiling595. 

Ultimately, the implementation of MS-based methods is becoming widespread for HCP 

characterization, with the submission of MS data to health authorities as part of the approval 

procedure for new biotherapeutics. For instance, while the previous chapter of the United States 

Pharmacopeia (USP) dedicated to HCP measurement in biopharmaceuticals473 was almost only 

focused on immunoassay methods with little discussion about orthogonal methods, a new chapter 

named <1132.1> Residual Host Cell Proteins Measurement in Biopharmaceuticals by Mass Spectrometry, 

containing guidance and best practices for MS-based HCP identification and quantification is currently 

being written. This certainly highlights the importance of mass spectrometry for HCP monitoring. 
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Chapter 1: 

Workflow optimization of top-down and middle-

down mass spectrometry approaches 

 

1. Context of the project and analytical strategy 

Mass spectrometry is a core tool in biomolecule identification and characterization. While MS analysis 

of intact proteins gives access to their intact mass, the use of peptide mapping fingerprinting (PMF) 

enables the determination of the primary structure of the proteins. It has been considered the gold 

standard method for protein sequencing, PTM identification, and sequence variant characterization. 

However, since PMF is a peptide-centric technique, the information obtained from the LC-MS/MS 

analysis cannot be directly correlated with the intact mass of the protein, which precludes the 

characterization of proteoforms253. Thus, top-down and middle-down mass spectrometry (TD/MD-

MS) have emerged as complementary techniques since these strategies envision the fragmentation of 

the proteins at the intact level (TD-MS) or after a limited proteolysis process (MD-MS)9, 10, 439, 596. These 

strategies allow correlating the information derived from the fragmentation spectrum with the intact 

mass of either the protein or the different subunits. However, the fragmentation of intact proteins is 

still considered a challenging task, especially when dealing with proteins with molecular masses 

greater than 30 kDa, thus requiring the use of complementary fragmentation techniques in order to 

enhance the characterization of the primary sequence.  

The introduction of various fragmentation techniques relying on different principles, such as collision-

based dissociation, electron-based dissociation or photodissociation played a key role in the 

development of TD/MD-MS methods. While their fragmentation performances vary depending on the 

activation time, the experimental conditions or the sample, combination of results obtained from 

different dissociation modes demonstrates a substantial increase of the sequence coverage10, 441. It 

illustrates the complementary nature of the fragmentation pathways specific to each technique for 

protein fragmentation, and its benefits for extensive protein characterization.  

For all these reasons, it is of utmost importance to dispose of versatile MS platforms accommodating 

multiple and complementary fragmentation techniques. In our particular case, the geometry of the 

Orbitrap Eclipse Tribrid (Thermo Fisher Scientific) instrument allows to use multiple activation 

techniques, namely HCD, CID, ETD, EThcD/ETciD, UVPD, and PTCR, which can be combined for 

comprehensive protein characterization (Figure 88).  
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Figure 88: Schematic representation of the Orbitrap Eclipse Tribrid instrument (Thermo Fisher 

Scientific). 

HCD is performed in the ion routing multipole (IRM) while other activations take place in the dual-

pressure linear ion trap. For ETD fragmentation, fluoranthene radical anion (202 m/z), generated right 

after the source glow discharge, is used as electron carrier/donor. Similarly, PTCR reactant 

(perfluoroperhydrophenanthrene, PFPP, 623.9 m/z) is also located in the source and ions are 

produced using the same discharge ion source as ETD. The instrument is also equipped with a UVPD 

source employing a 213 nm laser with 2.5 kHz rate delivering >1.2 µJ/pulse, located at the back of the 

instrument. The Orbitrap Eclipse Tribrid also enables to select fragment ions from MS2 to apply 

additional fragmentation steps (MSn). Therefore, the Orbitrap Eclipse platform was chosen as the 

reference system for TD-MD/MS experiments, taking into account all the aforementioned 

fragmentation capabilities.  

Extensive protein sequence characterization requires numerous parameters to be finely tuned. We 

optimized some key parameters to maximize the sequence coverage in this context. First, the 

activation time and/or energy required for each fragmentation technique and the influence of 

precursor ions selection were carefully optimized on the analysis of reference proteins by infusion. In 

addition, we selected potentially informative fragment ions obtained after the first fragmentation of 

the intact protein to undergo an additional fragmentation step (Figure 89.A). Second, similar 

optimizations were performed for MD-MS experiments using LC separation prior to MS analysis 

(Figure 89.B). In addition, we assessed the complementarity of the various fragmentation techniques 

as well as the repeatability between technical replicates of TD-MD/MS experiments. Finally, we 

implemented PTCR after fragmentation and evaluated its benefits to reduce spectral complexity 

(Figure 89.C). 
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Figure 89: Analytical strategy used for the optimization of top-down and middle-down approaches. 

(A) Myoglobin and carbonic anhydrase analyzed by infusion to optimize the choice of the precursor ion and 

the fragmentation energy. In addition, MS3 fragmentation was evaluated on carbonic anhydrase to see the 

potential benefits of an additional fragmentation step. (B) Trastuzumab subunits were analyzed by LC-

MS/MS to assess precursor ion multiplexing and evaluate the influence of liquid chromatography prior to 

MS analysis. Repeatability and complementarity of fragmentation methods were also investigated. (C) 

Trastuzumab subunits were submitted to PTCR using wide and narrow isolation windows. All MS/MS 

spectra were deconvoluted using Xtract and fragment ion matching was performed with ProSight Lite. 

2. Optimization of the key parameters for top-down data acquisition by 

infusion of reference proteins 

A. Influence of the fragmentation parameters 

Many parameters must be tuned to obtain a broad sequence coverage. First, we focused our efforts on 

specific parameters related to each fragmentation technique, i.e., the activation energy (for collision-

based fragmentations), the reaction time (for electron-based fragmentations), or the activation time 

(for UVPD). We also evaluated the influence of the charge of the precursor ion on the fragmentation 

techniques. All these parameters are crucial to obtain optimal fragmentation and directly influence the 

number of fragments generated as well as the quality of the signal308, 351, 432. We first performed these 

optimizations on myoglobin, a reference protein usually used for method development. It was 

analyzed by infusion to ensure a constant signal over a long enough period, thus maximizing the S/N 

ratio.  
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 Optimization of the precursor ion charge and intensity 

Myoglobin from Equus caballus comprises 153 amino acids and has a monoisotopic molecular weight 

of 16,940.96 Da. Figure 90 depicts the MS spectra of myoglobin in denaturing conditions. Peaks 

corresponding to the myoglobin charge state envelope from 9+ to 26+ are observed. Typically, a good 

trade-off between ion intensity and charge is well suited for TD fragmentation. On one hand, this 

selection relies on the fact that some fragmentation techniques are sensitive to the net charge state of 

the precursor ion, with generally slightly better sequence coverage associated to ions with higher 

charge states. On the other hand, intense precursor ions are preferred in order to obtain fragment ions 

with enough intensity to be precisely deconvoluted and then identified. For this reason, low abundant 

high and low charged states ions are generally excluded  

 
Figure 90: Full MS spectrum of myoglobin. 

Here, we selected three precursors (24+, 22+ and 20+), with a significant intensity to ensure fragment 

ions with an optimal S/N ratio, in order to evaluate the influence of the charge state. Very different 

fragmentation patterns were observed for the three charge states selected and a different fragment 

ions distribution after deconvolution using HCD and ETD fragmentation (Figure 91). HCD activation 

of the 24+ precursor generates more low-mass fragment ions than the 20+ and 22+ precursors using 

the same collision energy. Similarly to HCD, ETD fragmentation of the 24+ charge state provides a very 

rich MS/MS spectrum with intense fragment ions distributed all over the mass range, while the lower 

charge states fragmentation spectra (20+ and 22+) are dominated by charge reduced species and less 

efficient fragmentation(i.e., non-dissociative ETD (ETnoD)) (particularly charge state 20+). It results 

in low-intensity fragment ions compared to the remaining amount of intact precursor ion, as depicted 

in Figure 91. Contrary to ETD and HCD, UVPD fragmentation spectra are similar independently of the 

charge state, leading to similar deconvolution results.  
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Figure 91: Fragmentation spectra and deconvoluted spectra obtained for charge states 20+, 22+ and 

24+ of myoglobin using HCD 30% NCE (upper panel), ETD 3 ms (middle panel) and UVPD 40 ms 

(lower panel).  

Because of the differences observed in the fragmentation patterns, we compared the sequence 

coverage obtained for each charge state and the cleavage site distribution (Figure 92). The sequence 

coverage is improved with the fragmentation of a higher charge state precursor ion for ETD, while 

more intense ions give the maximum backbone dissociation for HCD. Using UVPD, comparable 

sequence coverages are obtained independently of the charge state. Low mass fragments observed in 

HCD with precursors 22+ and 24+ are helpful to improve sequence coverage near the N- and C-termini 

, whereas the 20+ precursor give higher mass fragments along the protein (Figure 92). Nevertheless, 

the unidentified low mass fragments obtained from deconvolution can also result from the over 

fragmentation of some ions, and do not bring additional information. 
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Figure 92: Cleavage sites map of each charge state using HCD (upper panel), ETD (middle panel) and 

UVPD (lower panel). For each charge state, the upper line represent N-terminal fragment ions (i.e., a, b 

and c) and the lower line C-terminal fragment ions (i.e., x, y and z). Total sequence coverage for each charge 

state is displayed on the right hand side of the figure. 

The complementarity of the cleavage sites for HCD depending on the charge state allow increasing the 

sequence coverage to 57% when results from each precursor ion are combined. Indeed, different 

fragmentation channels are induced as a function of the charge state, giving complementary 

information259, 271, 285, 597. Similarly, combination of results from each charge state in ETD and UVPD 

results leads to a total sequence coverage of 85%. The gain in sequence coverage observed for these 

two techniques is lower considering that both techniques provide an extensive backbone 

fragmentation obtained with an unique charge state.   

According to the results, the selection of highly charged precursors provides a high sequence coverage, 

particularly for ETD, according to the fact that the electron transfer cross section is proportional to the 

square of the charge277, 288. For HCD, a too-highly charged precursor submitted to high energy will 

undergo over-fragmentation, leading to non-informative fragment ions and decreasing the sequence 

coverage. Thus, the charge state precursor is not the only parameter to play with to increase the 

sequence coverage, as it should be combined with fine-tuning the activation energy.  

 Optimization of the fragmentation parameters 

As mentioned, various fragmentation techniques are available on the Orbitrap Eclipse Tribrid. After 

selecting the best precursor ions for fragmentation, we optimized the activation parameters for HCD, 

ETD, EThcD, and UVPD fragmentations.  

For each fragmentation technique, multiple collision energies (HCD and EThcD), reaction time (ETD 

and EThcD), and activation time (UVPD) have been tested. Figure 93 displays the sequence coverage 

and the number of fragment ions generated by each fragmentation method and for each reaction 

conditions. First and foremost, we observe that all the techniques behave mainly in the same way. At 

the beginning, when low amounts of energy are used, the sequence coverage correlates almost linearly 

with the number of fragment ions. Then, the sequence coverage starts decreasing upon reaching the 

maximum value while the number of fragment ions continuously rises. Indeed, large amounts of 

energy will lead to an over-fragmentation of the precursor, concomitantly generating shorter terminal 

fragments along with the generation of internal fragments that will not contribute to the 

characterization of protein sequence (taking into account that only terminal fragments are used in this 

case). In contrast, too-low energy conditions will result in limited fragmentation, which will lead to the 

generation of the most favored fragmentation pathways.  
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Figure 93: Myoglobin fragmentation energy optimizations results. Sequence coverage obtained (A) 

after HCD (10%-35% NCE) on precursor 22+, (B) after ETD (1-15 ms) on precursor 24+, (C) after EThcD 

(2-4 ms, 5%-20% NCE) on precursor 24+, and (D) after UVPD (10-150 ms) on precursor 22+. 

To further illustrate this phenomenon, the fragmentation spectra of myoglobin upon fragmentation 

with several ETD reaction times are displayed in Figure 94. Only very low abundant fragment ions are 

observed for the lowest reaction time (1 ms), with principally charge reduction occurring. With the 

increase of the reaction time, more fragments are generated, making the spectra more complex. The 

results for the longest reaction times (8 and 15 ms) show smaller fragments with an increase in the 

number of unmatched fragment ions due to over-fragmentation, hampering the identification of 

cleavage sites on the mid-region of the sequence (Figure 94). 

 
Figure 94: ETD fragmentation spectra of charge state 24+ of myoglobin using ETD reaction time 

from 1 to 15 ms (left) and the associated map of the cleavage sites (right). 
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Considering these results presented above, we can identify the optimal parameters for each technique 

(Figure 93). HCD leads to the lowest sequence coverage, with a maximum of up to 39%. In contrast, 

UVPD provides more than 65% of backbone cleavage, while ETD and EThcD allow the characterization 

of more than 80% of the sequence. These findings have been also corroborated in previous 

publications, highlighting the suitability of electron-driven and photo-fragmentation to provide 

extensive sequence characterization257, 310, 350, 598.  

It is worth noticing that the most efficient fragmentation technique in terms of depletion of the 

precursor ion, does not provide the most informative fragmentation spectrum as illustrated in Figure 

95. HCD is a very efficient fragmentation technique, giving rise to the complete depletion of the 

selected precursor ion, whereas UVPD is much less efficient.  Conversely, this approach is not the most 

informative as few and most favored fragmentation channels are observed, resulting in low sequence 

coverages. On the contrary, the UVPD MS/MS spectrum displays a highly abundant peak corresponding 

to the precursor, revealing the difficulty of fully fragmenting the precursor with this technique. 

However, this method is very informative as it more closely reflects statistical fragmentation. Spectra 

obtained from electron-based techniques (i.e., ETD and EThcD) are rich, exhibiting many intense 

fragment ions over a wide mass range. These methods combine a relatively high efficiency while being 

very informative.  

 
Figure 95: Fragmentation spectra of myoglobin after (A) HCD NCE 30% (ion 22+), (B) ETD 3 ms (ion 

24+), (C) EThcD 4 ms + 15% NCE (ion 24+) and (D) UVPD 40 ms (ion 22+). 

 Parallel optimization between precursor ion charge and energy reaction for an 

enhanced sequence coverage 

The results presented in this section demonstrate the importance of the choice of the precursor ion 

and the fragmentation parameters optimizations to obtain the maximum sequence coverage. However, 

the choice of fragmentation to obtain a comprehensive backbone fragmentation is directly linked to 

the precursor selected, and vice versa. None of the parameters can be optimized before the other. 
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Hence, we monitored the sequence coverage evolution by varying the precursor charge state and the 

activation energy simultaneously, as displayed in Figure 96. 

First, the best sequence coverage is obtained with charge state 22+ for HCD (39%) and UVPD (67%) 

and with charge state 24+ for ETD (80%) and EThcD (84%). The result from HCD corroborates the 

previous assumption that the numerous small fragment ions (< 800 Da) observed with the high charge 

state are not bringing extensive information on the sequence and mostly come from the re 

fragmentation of larger fragments332. Second, all fragmentation techniques underline that a higher 

charge state precursor requires less energy to reach a maximum sequence coverage, except for UVPD. 

 
Figure 96: Myoglobin sequence coverage of charge states 20+, 22+ and 24+ depending on the 

dissociation energy. Sequence coverages obtained using (A) HCD, (B) ETD, (C) EThcD and (D) UVPD.  

Indeed, for HCD, with higher charge states, more mobile protons are available to allow charge-directed 

cleavages, and consequently, less acceleration voltage will be required to promote fragmentation59. 

Similarly, as electron-based dissociation relies on an ion/ion reaction, the number of charges within 

the protein molecular ion are crucial to undergo fragmentation. The higher charge states result in an 

increased energy surface on which the reaction can occur, and consequently, a lower reaction time is 

required597. Nevertheless, a too-highly charged precursor submitted to high energy will undergo over-

fragmentation, leading to non-informative fragment ions and decreasing the sequence coverage. 

Conversely, UVPD fragmentation is not a charge-dependent reaction, explaining the similar sequence 

coverages obtained throughout all the different precursor charge states, with variation of the 

percentage of cleavages mostly related to the activation time. 

However, myoglobin is a small protein containing neither cysteines nor PTMs. Hence, the same 

strategy was used to characterize a larger protein, carbonic anhydrase (Bos taurus, UniProt ID 

P00921), a 29 kDa protein bearing an acetylation in the N-terminal site. Therefore, two precursors 

with different charge states (42+ and 34+) were fragmented at multiple energies. A summary of the 

results is presented in Figure 97. Other charge states and activation energies have been tested but are 

not detailed in this manuscript.  
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Figure 97: Carbonic anhydrase sequence coverage of charge states 34+ and 42+ depending on the 

dissociation energy. Sequence coverages obtained using (A) HCD, (B) ETD, (C) EThcD and (D) UVPD. 

Globally, carbonic anhydrase data present the same trend observed for myoglobin. Lower charge 

states require more energy to fragment efficiently. In addition, the high charge states selected (42+ 

and 34+) directly influence the reaction time for electron-based dissociation, with optimal 

fragmentation obtained with 2 ms of reaction, against 3-5 ms for myoglobin. In addition, sequence 

coverage obtained by UVPD is similar for the two charge states. Even if electron-based methods 

provide the best results, the global sequence coverage observed is relatively low (< 50%)351; pointing 

out the difficulty of fragmenting comprehensively the protein backbone for large molecules599.  

B. Development of MS3 approaches to increase protein sequence coverage 

Extensive characterization of large proteins by TD-MS cannot be achieved straightforwardly using 

conventional TD-MS strategies. To tackle this challenge, an additional fragmentation step on ions of 

interest generated by the fragmentation of a precursor appears as a promising approach to increase 

the sequence coverage. It consists of the selection of a specific ion of interest to undergo an additional 

fragmentation step and then increase the backbone cleavage of the protein. The whole process is 

briefly illustrated in Figure 98. Full MS spectra are acquired to verify the mass of the protein. Then, a 

precursor charge state is selected for fragmentation (e.g., HCD or ETD in this case). It is essential to 

mention that the selected precursor for MS3 analysis must be highly charged for a better 

fragmentation, and relatively intense to mitigate the fragment ion loss during the subsequent isolation 

and fragmentation. After the deconvolution of the MS2, we obtain a fragmentation map. Finally, one 

fragment ion that could be one potential interest – because it bears a PTM or it contains a bunch of the 

sequence that is not well characterized- is selected and fragmented again, using either the same 

activation technique or an alternative one.  

 
Figure 98: Schematic representation of the MS3 fragmentation approach. 
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For the proof of concept, we used bovine carbonic anhydrase II. We selected charge state 36+ (807.22 

m/z) for fragmentation using HCD (30% NCE) and ETD (1.5 ms), resulting in a sequence coverage of 

21% and 40%, respectively. UVPD was not selected to fragment the protein ion precursor for different 

reasons including its long reaction time and the low intensity of the generated fragments. After 

combination of HCD and ETD results, the sequence coverage increases to 52% (Figure 99.A and B). 

Nevertheless, some regions of the sequence remain poorly characterized (e.g., residues 1-13, 100-130, 

or 150-190). We selected a fragment ion from the MS2 spectra to be fragmented again and generate 

residue cleavages in these regions. Several criteria drove the choice of the MS2 ion that will undergo 

further fragmentation. It should be a terminal fragment containing the poorly sequenced region, which 

is intense and charged enough to allow further fragmentation and does not overlap with other ions. 

Indeed, precursor’s co-isolation would give a more complex spectrum containing fragment ions from 

multiple precursors that could potentially increase the risk of false positive. In our case, numerous ions 

from the mid-region of the sequence (i.e., amino acids 110-160) are potentially available, as exhibited 

in Figure 99.B.  

 

Figure 99: Carbonic anhydrase fragmentation using the MS3 approach. (A) Full MS spectrum of 

carbonic anhydrase. (B) Fragmentation map of the combination of HCD and ETD fragmentation of the 36+ 

precursor. (C) HCD MS2 fragmentation spectrum of the 36+ precursor and zoom on the b138 fragment (917 

m/z, 17+) selected to undergo further fragmentation (inset). (D) HCD and (E) ETD MS3 fragmentation map 

of b138 fragment. (F) Fragmentation map combining results of ETD/HCD MS2 and MS3 fragmentation on the 

residues 1-138 of carbonic anhydrase. 

However, only a few of them meet the requirements for a good MS3 precursor candidate. Ions from 

ETD fragmentation (i.e., c and z ions) are generally low abundant and overlapping with other fragment 

ions (as already described in Part III, Chapter 1.4), making them unsuitable for further fragmentation. 

In contrast, some fragments ions from HCD have an intense signal, with no interference from other 
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fragment ions, and highly charged, making them suitable for MS3analysis. Here, we selected the 

intense and isotopically resolved 17+ ion at 917.91 m/z, corresponding to the b138 fragment (15,578.52 

Da) to perform MS3 using HCD and ETD (Figure 99.C). Deconvolution of the MS3 spectra obtained 

results on sequence coverage of 37% for HCD and 60% for ETD on the region of the sequence selected 

(Figure 99.D and E). Once combined, 80% of backbone cleavage is observed on this part of the 

sequence (residues 1-138), while only 60% of sequence coverage was achieved using MS2 (Figure 

99.F). Considering the whole sequence, residue cleavages were improved by 11%, from 52% to 63%. 

In addition, MS3 allows for characterizing previously poorly fragmented regions, particularly for the 

fifteen amino acids on the N-terminal part and for residues 100 to 110. It also evidences the position 

of the acetylation on the N-terminal side of the protein. The choice of two complementary activation 

techniques for MS2 and MS3 fragmentation is also beneficial, given the differences in the 

fragmentation pathways.  

Regarding these results, the potential of MS3 to improve the sequence coverage of specific regions of 

the sequence of a protein, and thus having an impact overall sequence coverage ratio is clearly 

illustrated. Furthermore, additional fragmentation steps can be of great interest to confirm the 

presence of sequence variants modifications and strengthen the confidence to elucidate their precise 

location. MSn workflows could find their utility when dealing with the fragmentation of large intact 

proteins (> 30 kDa) since the sequence coverage normally decreases with the mass of the proteins257, 

338, 600. Nevertheless, the use of MS3 is restricted to certain conditions, particularly regarding the choice 

of the precursor that will undergo the second fragmentation step. Finally, while suitable for working 

in infusion conditions, it is intricate to implement this approach using liquid chromatography 

separation. Under the latter conditions, the fragmentation spectra can be recorded during the elution 

time of the analytes, which reduce the acquisition time and the S/N ratio, will be lower after MS3. More 

particularly, depending on the activation technique and the experimental parameters, the number of 

spectra recorded during a LC-MS/MS/MS could be reduced between 2-5 times.  

3. Optimization of the acquisition parameters for middle-down LC-MS/MS 

analysis of monoclonal antibody 

A. Implementation of LC separation before MD-MS for mAb analysis 

While analysis of reference intact proteins by infusion is reasonably straightforward, mAb analysis is 

considerably more challenging for many reasons. Samples are often provided in specific buffers 

containing salts or detergents, to maintain their structure and ensure their stability, that are 

incompatible with MS analysis. Moreover, they are biomolecules around 150 kDa, and many studies 

have already demonstrated the limitations of TD-MS for exhaustive sequencing of intact mAbs428, 433, 

601. They also contain disulfide bridges between cysteines, preventing the unfolding of the molecule 

and, consequently, an efficient fragmentation.  

Several strategies can be employed to tackle these challenges and allow mAbs analysis. Middle-down 

MS, consisting on the analysis of mAb subunits of 25-50 kDa is the most widely used approach. Here, 

we performed limited proteolysis of our mAb, trastuzumab, followed by the reduction of the disulfide 

bridges using DTT (Figure 100.A). This workflow allows the release of three subunits around 25 kDa, 

namely light chain (Lc), fragment crystallizable region (Fc), and Fd (N-terminal part of the heavy chain) 

subunits. Thus, we used reverse-phase LC (HPLC) with a short gradient of 12 min on a 2.1 x 50 mm 

column (Zorbax 300 SB-C8, 1.8 µm diameter particles, Agilent) with a flow rate of 100 µL/min to 

separate the three subunits (Figure 100.B). The different masses corresponding to each 

chromatographic peak allowed to identify the three subunits (Figure 100.C-E). For the Fc/2 subunit, 

4 glycoforms were observed (G0F-N/G0F, G0F/G0F, G0F/G1F and G0F/G2F, Figure 100.C), but only 

the most intense (G0F/G0F) was selected for further fragmentation.  



  Part III: Structural mass spectrometry to characterize mAb-based biotherapeutics 

163 
 

 

 

Figure 100: Trastuzumab analysis by LC-MS. (A) Intact trastuzumab IdeS digestion and DTT reduction 

to obtain mAb subunits, i.e., Fc/2, Lc and Fd. (B) TIC chromatogram of the subunits analysis. (C) Fc/2, (D) 

Lc and (E) Fd intact subunits MS spectra. 

Chromatographic separation before MD-MS limits the time available for fragmentation, and 

consequently, fewer MS/MS spectra can be averaged, potentially leading to a lower sequence coverage. 

In this context, optimizations regarding the isolation window width and the number of precursor ions 

selected (multiplexing) were performed to take full advantage of the different fragmentation 

propensity of precursor ions with different charge states (Part III, Chapter 1.A.1). Moreover, the 

chromatographic conditions were also modified to extend the time available for fragmentation.  

 Influence of precursor ion multiplexing 

Considering that the fragmentation of several precursors using the same activation method can 

increase the sequence coverage432, we evaluated the influence of performing ion multiplexing. For this 

purpose, 2 and 4 charge states were selected prior to MD-MS analysis and compared the results 

obtained with the fragmentation of one single charge state (Table 9). The best activation conditions 

were selected for each fragmentation technique. 

Table 9: Precursor charge states selected for multiplexing experiments. 

 Fc/2 Lc Fd 

Single charge state 23+ 22+ 21+ 

2 charge states multiplexing 23+ & 22+ 22+ & 21 + 21+ & 20+ 

4 charge states multiplexing 23+, 22+, 21+ & 20+ 22+, 21+, 20+ & 19+ 21+, 20+, 19+ & 18+ 

Independently of the subunit, it was observed that multiplexing of precursor ions does not improve 

the sequence coverage (Figure 101). When two different charge states are selected, the sequence 

coverage of the different subunits decreases of 2%, 6%, and 7% on average with HCD, ETD, and UVPD 

respectively. The outcome is similar for HCD, and ETD fragmentations when four different precursor 

ions are selected. However, in the case of UVPD this effect is even more marked since 13% of sequence 

coverage decrease was obtained.  
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Figure 101: Sequence coverage results for the Fc/2, Lc and Fd subunits after single charge state, 2 

charge states and 4 charge states multiplexing fragmentation. 

The sequence coverage drop observed, mainly when using ETD and UVPD, results from implementing 

the multiplexing on a chromatographic time scale. Therefore, the chromatographic peak width limits 

the number of scans that can be accumulated. In detail, ETD, and UVPD even more, require greater” 

activation times to induce the fragmentation of the precursor ions. Consequently, they lead to fewer 

spectra averaged over the chromatographic peak than HCD. For instance, 20 MS/MS spectra from HCD, 

18 from ETD, and 11 from UVPD are acquired over the Fc/2 chromatographic peak. Moreover, ETD 

and UVPD techniques are less efficient than HCD (in terms of depletion of presence of the precursor 

ion in the MS/MS spectra) and generate more fragment ions (more fragmentation channels) that can 

differ from one precursor to another. Consequently, the resulting fragment ions are of low intensity. 

The combination of low-intensity ions and a low number of averaged spectra induce a lower S/N ratio 

for the fragment ions from UVPD and ETD, directly affecting the sequence coverage. Even so, some 

studies already showed that multiplexing of precursor ions can improve the sequence coverage under 

specific conditions432. 

 Influence of the isolation window width 

To circumvent the limitation of multiplexing, i.e., the lower number of MS/MS spectra performed for 

each precursor, we decided to use a wider isolation window429. In this case an isolation window of 150 

m/z instead of 2 m/z was selected, thus including multiple charge states simultaneously.  

Results comparing the use of 2 m/z and 150 m/z isolation windows are shown in Figure 102. Globally, 

slightly lower sequence coverages are observed with wide isolation windows. HCD and UVPD 

demonstrate a lower drop in the percentage of residue cleavages, between 2% and 5% (except for the 

LC using HCD, 8%), compared to ETD, with a drop of 8% and 7% for Fc/2 and Lc subunits, respectively. 

Indeed, using 150 m/z isolation windows, we also increase the overall background noise and thus 

affecting the S/N ratio of the fragment ions. These results show that wide isolation can slightly 

compensate for the limitations of multiplexing (more MS2 spectra from the same precursors), but it is 

still insufficient to improve the results obtained by selecting a single precursor in a narrow isolation 

window, which seems to remain the method of choice.  
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Figure 102: Sequence coverage results for the Fc/2, Lc and Fd subunits after single charge state 

fragmentation using 2 m/z and 150 m/z isolation windows. 

 Optimization of the LC separation to improve sequence coverage 

Fragmentation of mAb subunits with molecular masses around 25 kDa requires averaging the largest 

number of scans to extract low-intensity fragments from the background noise. One strategy to cope 

with this accumulation issue is using rpLC conditions to obtain broader peaks, and thus increase the 

acquisition time without affecting the subunit separation. With this in mind, we used a longer column 

(150 mm instead of 50 mm) and a longer gradient (40 min instead of 10 min), enabling us to average 

the spectrum over up to 35 s (FWMH ~12 sec) as shown in Figure 103.A. With the previous conditions, 

the chromatographic peaks were narrower, allowing signal averaging over 12 s (FWMH ~6 s) only 

(Figure 100.B). Consequently, more than 45 spectra are acquired over the whole chromatographic 

peak of the Fc/2 using HCD, for example, compared to 20 with the former chromatographic setup. It 

results in an improvement of the sequence coverage, as illustrated by Figure 103.B. UVPD results are 

not shown because the laser was replaced between the two sets of experiments, inducing bias in the 

comparison. As expected, the increase of residue cleavages is higher with ETD (between 5% and 12%) 

compared to HCD (between 1% and 11%), as the ETD fragmentation is more sensitive to acquisition 

time increase. These results confirmed the choice of these chromatographic parameters, which allow 

averaging many more spectra, improving the subunits sequencing. 

 
Figure 103: Trastuzumab subunit analysis using the BioResolve™ RP mAb column. (A) Fc/2, Lc and 

Fd subunits separation at 300 µL/min. (B) Sequence coverage results for Fc/2, Lc and Fd using the Zorbax 

column and the BioResolve™ column.  

B. Complementarity and repeatability of mAb subunits fragmentation by LC-MD/MS 

The optimization of the previously described parameters allow us to increase the sequence coverage. 

Hence, we used the optimal parameters to compare the benefits of using all the fragmentation 
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techniques to obtain the most extensive sequence coverage of each subunit. Each mAb subunit was 

fragmented with HCD, ETD, EThcD and UVPD to assess the ability of each technique to cleave residues. 

CID was also used to evaluate its ability for intact protein fragmentation. Five replicates of injection 

were performed for each technique. 

Best sequence coverage obtained from each fragmentation is presented in Figure 104. Independently 

of the subunit, electron-based dissociation techniques (i.e., ETD and EThcD) are the ones providing the 

highest sequence coverage while collision-based fragmentations lead to the lowest cleavage residue. 

In detail, EThcD enable the sequencing of 49% of the Fd, 60% of the Fc/2 and 63% of the Lc subunits, 

corresponding to an improvement between 6% and 10% compared to ETD, depending of the subunit. 

This increase of the backbone cleavage with EThcD stems from the additional energy provided by HCD. 

It contributes to dissociate ETnoD products that are already fragmented in the backbone of the protein 

but held together with non-covalent interactions after ETD activation314. For HCD and CID, average 

sequence coverages between 22% and 38% are obtained, with higher average residue cleavages for 

the Lc subunit. UVPD fragmentation gave an average sequence coverage around 40% for all the 

subunits. This sequence coverage observed for UVPD is quite lower than what have been found in the 

literature (around 50%-55%)9, 10, 441. It can be explained by the lower energy of our laser, which 

generates 1.2 µJ/pulse, while lasers generally used in other studies provide higher energies308, 346. 

Another explanation is that the parameters we selected for the deconvolution were more stringent 

(minimum fit factor of 70% and S/N ratio of 3) than those usually used in the literature (minimum fit 

factor of 44% and S/N ratio of 3). When using relaxed deconvolution parameters, the sequence 

coverage observed is around 45%-50%, depending on the subunits, closer to what has been reported 

in the literature. The influence of these deconvolution parameters is discussed in more detail in the 

next chapter (Part III, Chapter 2).  

 
Figure 104: Trastuzumab subunits fragmentation results using HCD, CID, ETD, EThcD and UVPD and 

the combination of one run from each fragmentation technique (“combined”). Error bars are 

calculated using the standard deviation of the sequence coverage, with n = 5. 

In addition, fragmentation maps displayed in Figure 105 revealed that specific cleavage patterns 

occur for each technique. In particular, HCD and CID demonstrate preferential regions for residue 

cleavages. Hence, we combined the results obtained by individual fragmentation technique, rising the 

average sequence coverage to 83% for the Fd, 87% for the Fc/2 and 89% for the Lc subunits. Moreover, 

we compared the proportion of residue cleavages common to each approach. For instance, for the Fc/2 

subunit, a high similarity is observed between fragments obtained from dissociation relying on the 

same principle (i.e., ETD and EThcD for electron-based or HCD and CID for collision-based). Of note, 

no specific cleavages from HCD bring additional sequence coverage. Additionally, EThcD and UVPD 

afford the highest complementary since both of them bring 17 unique cleavages, representing 8% of 
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sequence coverage (Figure 106). These results highlights the complementarity of approaches 

available for TD/MD-MS9, 10. Nevertheless, EThcD remains a technique of choice as it counts for 70% 

of the cleavages identified. 

 

Figure 105: Fragmentation maps of the replicate 1 of Lc subunit for each fragmentation technique. 

(A) HCD 25% NCE, (B) CID 35% NCE, (C) ETD 3 ms, (D) EThcD 3 ms 20% NCE, (E) UVPD 15 ms and (F) 

combined results of the five techniques. 

 
Figure 106: Upset plot showing the overlap of all five fragmentation techniques for trastuzumab Lc 

subunit. The dark bars indicate the total number of residue cleavages per techniques. The blue bars indicate 

the total number of residue cleavages within a fragmentation technique or shared between techniques, 

indicated by black dots present below the x-axis of the plot. Contribution by a single technique would be 

represented as a single dot that horizontally aligns with the respective technique. Black dots connected by 

lines indicate the number of techniques that share residue cleavages represented in the bar plot. 

We also combined the results from the five replicates of each approach to appraise the fragmentation 

repeatability and potential added value coming from signal variability. It indicates that increasing the 

number of replicates from 1 to 5 considerably improves the sequence coverage (Figure 107). A gain 

up to 14% is observed for HCD, 19% for CID, 27% for ETD, 28% for EThcD and 35% for UVPD, and the 

maximum increase is generally associated to the Fd subunit. The differences noticed between 

HCD/CID, ETD, EThcD and UVPD could probably be explained by the fact that electron-based 

techniques and UVPD offer more fragmentation pathways compared to HCD/CID. Indeed, for UVPD, 

more than 50% of the cleavages are found only in one or two replicates, while this proportion drops 

to around 30% for other approaches. This is consistent with the fact that UVPD fragmentation has been 

reported to have a more statistical trend in comparison with HCD or CID fragmentations303, 331. The 
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combination of multiple replicates allow taking the advantage of the fragmentation variability of these 

techniques to increase the sequence coverage. Hence, the maximum backbone coverage obtained from 

EThcD combining the five replicates is 83% for the Fc/2, 82% for the Lc and 75% for the Fd, close to 

what was found by cumulating all the fragmentation techniques (87%, 89% and 83%, respectively). 

However, it is important to keep in mind that fragments identified in only one technical replicate over 

five are more likely to be false positives than ones identified in multiple replicates.  

 
Figure 107: Summed residue cleavages over five replicates for each fragmentation technique of the 

trastuzumab Fc/2, Lc and Fd subunits. 

Multiple parameters must be optimized when performing TD/MD-MS experiments. The choice of the 

precursor ion and the activation energy are two critical parameters, as they will directly affect the 

fragmentation efficiency and sequence coverage. They should be carefully optimized. Using multiple 

precursor ions could improve the sequence coverage regarding the dependence of the fragmentation 

channels on the charge state. However, its implementation on an LC time scale is intricate due to the 

need for multiple spectra accumulation. Combining multiple fragmentation techniques should always 

be considered to obtain extensive backbone fragmentation regarding the complementarity of the 

cleavage pathways of each technique. Finally, using technical replicates is another way to improve the 

sequence coverage due to the signal variability. After combination of different fragmentation 

techniques, up to 90% of residue cleavages can be observed after mAb subunit analysis in LC-MD-MS 

experiments, being closer to sequence coverages typically provided in peptide mapping workflows.  

4. Implementation of proton transfer charge reduction (PTCR) for mAb 

analysis 

Despite the high sequence coverage obtained, especially with electron-based fragmentation (i.e., ETD 

and EThcD), spectra generated by these techniques are generally overcrowded with the possibility of 

different overlapping isotopic profiles from different fragments. It can hinder the deconvolution 

process of the resulting ions and thus lose valuable information to provide a complete sequencing of 

the protein in MD-MS workflows. To circumvent this issue and identify the maximum number of 

fragment ions to increase sequence coverage, proton transfer charge reduction (PTCR) has been 

implemented for mAb subunit characterization. Here, we appraised two different PTCR methods to 

assign the fragment ions better: “wide window” (1,000 m/z isolation window) and “narrow window” 

(5 x 200 m/z isolation window) modes. Isolation windows were selected based on the fragment ions 

distribution over the m/z range after ETD and EThcD, as presented in Figure 108. Similarly, ion 

population in each isolation was roughly estimated to adapt the PTCR reaction time: highly populated 

windows were submitted to a more prolonged PTCR reaction (see Experimental Section). 
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Figure 108: Schematic representation of applied data acquisition schemes. (A) Standard MS2 spectra 

generated from EThcD fragmentation. (B) Product ions isolation using a single, 1,000 m/z-wide isolation 

window and subjected to PTCR prior to their detection. (C) Product ion subpopulations isolation via 

narrower isolation windows (5 x 200 m/z) and subjected one by one to PTCR prior to their detection. 

After ETD/EThcD fragmentation, a complex MS2 spectrum is generated, with many fragments 

distributed only over a relatively small m/z range (600 – 1,600 m/z, Figure 109). For instance, using 

PTCR for 20 ms on this wide window drastically reduced the spectral congestion of this zone of the 

MS2 spectra obtained after ETD 3 ms, spreading the signal over a broader m/z range, up to 3,500 m/z, 

and reducing overlapping signals and interferences.  

 
Figure 109: Fragmentation spectra of trastuzumab Lc subunit. (A) MS2 spectra obtained after ETD 3 

ms fragmentation and zoom on the 1,050-1,100 m/z region (inset). (B) MS3 spectra obtained after PTCR 20 

ms performed on the 600-1,600 m/z range (wide isolation window) after ETD 3 ms fragmentation, and 

zoom on the 1,450-1,530 m/z region (inset). 
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Results from PTCR implementation after ETD/EThcD are displayed in Figure 110. After ETD, wide 

isolation windows improve the sequence coverage by 5%-8% for ETD, and the combination of narrow 

isolation windows by 12%-14%. In contrast, PTCR using a single 1,000 m/z isolation window leads to 

the highest sequence coverage after EThcD compared to narrow ones, with an increase of 10%-16% 

against 5%-12%, respectively. One hypothesis of the counter-intuitive results obtained from PTCR 

after EThcD for narrow windows is that lower charge states (due to additional HCD fragmentation) 

should require lower PTCR reaction time for each window. Indeed, a more extended reaction time 

reaction would result in the neutralization of the fragment ions with low charge states. This is 

particularly the case for windows containing only a few fragments. Moreover, this behavior has already 

been observed in the literature318, and the authors found that results from PTCR on small windows 

lead to lower mass fragments compared to wide windows. An in-depth investigation of our data 

reveals that a comparable trend is observed. Hence, small windows will only improve the sequence 

coverage on the terminal part of the sequence, while using a wide window provides additional 

fragments all over the protein backbone, leading to a higher increase in the sequence coverage. 

Globally, implementation of PTCR after ETD fragmentation leads to an average rise of the sequence 

coverage from 50% to 64%, 56% to 70%, and 43% to 55% for the Fc/2, Lc, and Fd subunits, 

respectively. Similarly, the average percentage of residue cleavages rise from 60% to 73%, 63% to 

76%, and 49% to 65% for the Fc/2, Lc, and Fd subunits using PTCR after EThcD (Figure 110). In 

addition to an increased sequence coverage, implementation of PTCR allows the identification of new 

fragment ions in specific regions of the sequence. For instance, 9 additional cleavages were detected 

between amino acids 176 and 200 of the Fd subunit using PTCR after EThcD (i.e., 10 without PTCR and 

19 after PTCR implementation). 

 
Figure 110: Average sequence coverage (n = 3) obtained after (A) ETD and (B) EThcD and the 

addition of PTCR with wide and narrow isolation windows for trastuzumab subunits. 

In summary, PTCR implementation after fragmentation inducing congested MS2 spectra, i.e., ETD and 

EThcD, improves the average percentage of residue cleavages between 5% and 15%, depending on the 

subunit. Notably, it can enhance the sequence coverage on poorly characterized regions. It can be of 

great interest when dealing with mAbs (or other proteins) bearing modifications (e.g., ADC) localized 

in regions of the sequence that are not extensively characterized because of fragment ion overlapping. 

However, PTCR will not help for regions that are not fragmented, as it will not induce additional 

fragmentation.  Nevertheless, PTCR induces a lower-intensity signal due to the repeated fragmentation 

and analysis of the same precursor ion. Similarly, reaction times for PTCR are between 5 ms to 30 ms, 

increasing the cycle time and consequently lowering the number of spectra acquired. Hence, it is 

critical to keep in mind to average a maximum number of spectra to have a high enough S/N ratio for 

fragments deconvolution. 
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5. Conclusion and perspectives 

This chapter assessed various acquisition strategies for characterizing proteins and biomolecules 

using TD/MD-MS. The first part underlined the influence of the precursor charge state in the 

fragmentation process to obtain the best sequence coverage, as well as the critical need for activation 

time/energy fine-tuning. It also illustrated the ability to perform MD-MS after chromatographic 

separation and highlighted the challenge of working on a chromatographic time scale. In addition, it 

was exposed that combining fragmentation techniques and injection replicates is beneficial to take 

advantage of their complementarity for sequence coverage improvement. The second part 

demonstrated that additional PTCR ion-ion reaction after ETD/EThcD is of remarkable value in 

improving the sequence coverage and identifying additional residue cleavages. In the last part, 

supplementary fragmentation of specific fragment ions was identified as a promising approach to 

obtain information on the region of interest of proteins. 

In top-down and middle-down approaches, fragmentation is crucial to obtain the maximum sequence 

coverage and information from the spectrum. Even if some global trends guiding the choice of the 

experimental parameters can be found in the literature, the high dependency on the fragmentation 

results in the protein of interest (size, amino acid composition, etc.) highlights the need for careful 

optimization of the fragmentation to ensure a maximum sequence coverage. 

As we saw in this chapter, multiple fragmentation techniques are available and implemented in state-

of-the-art MS instruments. Nevertheless, additional fragmentation strategies can be used to perform 

TD/MD-MS experiments. Electron capture dissociation (ECD)271, 277, 602, mainly implemented on FT-

ICR instruments, is based on the reaction between free electrons and multiply protonated molecules 

to obtain fragment ions. It is commonly used in TD/MD-MS to characterize intact proteins and identify 

their proteoforms357, 603-605. Supplemental activation of proteins using infrared irradiation was also 

combined with electron-based dissociation approaches (i.e., ETD and ECD) to enhance protein 

fragmentation (AI-ETD and AI-ECD)292, 294, 428. In addition, hybrid activation techniques (including 

ETuvpD, EThcD, and ETciD) have been developed as they offer a more balanced distribution of ion 

types and decrease the spectral congestion via fragmentation of multiple charge-reduced precursors 

and charge reduction of fragment ions312, 313. Nevertheless, they do not simplify the spectra nor 

improve the sensitivity. Recently, a new platform named Omnitrap (Fasmatech) was released, 

incorporating an extended range of various activation techniques, including external injection of 

reagent ions, radical neutral species, photons, electrons, and collisions with neutrals296. It allows 

multiple-stage tandem processing of ions for in-depth top-down characterization of proteins. 

Information provided by TD-MS experiments is generally very complex, with many fragments 

observed and often overlapping. Consequently, several approaches have been used to “simplify” 

information obtained after TD-MS. We saw previously in this chapter the benefits of PTCR to increase 

sequence coverage by spreading the signal over a broad m/z range. It has been used by multiple groups 

to improve the sequencing of large proteins316, 318 or for more confident characterization of histone 

proteoforms337. Other strategies take advantage of cyclic ion mobility spectrometry (cIMS) to simplify 

the product ions population arriving in the mass analyzer603, 605 or FAIMS to separate proteoforms 

before fragmentation to get rid of signal from multiple proteoforms on the same spectra606. 

All these technological advances substantiate the interest of TD/MD-MS for the characterization of 

intact proteins and their proteoforms. Nonetheless, processing the vast amount of data obtained by 

these experiments is currently a critical point and a challenge that needs to be addressed to ensure the 

identification of the maximum of fragments while limiting the number of false positives. This part will 

be developed in Part III, Chapter 2. 
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Chapter 2: 

Impact of deconvolution parameters and 

fragment ion matching in middle-down MS 

workflows 

 

1. Context of the project and analytical strategy 

In top-down and middle-down experiments, the vast amount of information generated after 

fragmentation needs to be processed to obtain information about the primary structure of the proteins. 

Data processing follows two main steps: the deconvolution of the MS/MS data to obtain the zero-

charge mass of the fragment ions, and the assignment of those masses to the specific ions of a candidate 

sequence. Even though some specific TD/MD-MS software can perform fragment ion matching from 

the raw spectrum (without deconvolution) such as TDValidator, the vast majority of this informatics 

tools require a zero-charge fragment ion mass list to identify the fragment ions. This step is the main 

bottleneck for MS/MS data treatment since it allows obtaining the precise monoisotopic mass of the 

ions from complex and overcrowded MS/MS spectra, and thus, it will directly affect the number of 

fragments identified and the overall sequence coverage. For all these reasons, TD/MD-MS experiments 

require high-resolution data (i.e., at least 120,000 resolution at 200 m/z) to differentiate neighboring 

fragment ions, and obtain a detailed isotopic profile along with a precise experimental mass to 

facilitate the correct identification. Nevertheless, accurate extraction of monoisotopic peaks by the 

algorithms is challenging for many reasons: background noise is generally hampering the overall 

MS/MS quality, fragments of interest with different charge states can potentially overlap, and a vast 

number of fragment ions (depending on the activation technique) are present in  low abundance. 

Various bioinformatics tools exist to deconvolute MS/MS spectra, employing different deconvolution 

methods, all having pros and cons319, 325. Then, the list of deconvoluted spectra is matched to the 

theoretical sequence to identify residue cleavages. Many bioinformatics tools have been developed for 

purified proteins or high-throughput TD proteomics325-327, 329. Depending on the TD experiment, the 

level of characterization of the species varies. On one hand, high-throughput TD proteomics aims at 

identifying the maximum number of proteoforms in a complex sample along a chromatographic 

timescale. Hence, the presence of several fragments specific to the proteoforms is considered enough 

to validate the presence of proteoforms, and discard any spurious identifications330. To this end, 

deconvoluted masses are searched against a database by setting potential PTMs as fixed or variable 

modifications, like in bottom-up proteomics. Hence, all proteoforms of the proteins present in the 

sample can potentially be identified. Currently, these approaches still provide a lower number of 

identified proteins; however, compared to bottom-up approaches, the number of identified 

proteoforms is clearly higher, showing the synergy between both methods.  On the other hand, TD 

experiments on purified proteins seeks to characterize comprehensively the protein, i.e., maximizing 

the sequence coverage by combining different fragmentation techniques and conditions, and obtaining 

information on the precise location of PTM. Thus, fragment assignment and signal quality are generally 

checked manually to ensure a correct identification.  

While the number of tools is growing fast, up to today, no clear guidelines have been established 

neither for parameters affecting the deconvolution of fragment ions, nor for the type of fragment ions 

to consider with each individual activation technique. Indeed, some parameters are experiment 

dependent and must be adapted accordingly, such as ion types297, 439, 601 (e.g., b and y ion types for CID 

and HCD, c and z ion types for ETD, or a, b, c, x, y and z for UVPD)  or deconvolution parameters 
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depending on the fragmentation10, 350, 439. In addition, regardless of the fragmentation used, the 

potential for fragmenting the same protein multiple times must be considered, as sufficiently 

collisional energy can result in secondary fragmentation of product ions or as multiple electrons or 

photons can initiate independent fragmentation events333, 337. Most bioinformatics tools ignore this 

information in the MS/MS spectra during the analysis of fragment ions, as they only consider N- and 

C-termini ions. Nevertheless, previous studies show their potential interest not only to increase the 

sequence coverage332, 334, 607, 608but also to improve the confidence on PTMs localisation442. To account 

for these internal fragments, which are growing in number with the size of the protein331, Loo and 

coworkers developed a Python algorithm named ClipsMS335, allowing the assignment of both terminal 

and internal fragments. 

Considering the lack of guidelines regarding the deconvolution of MS/MS spectra, we decided to assess 

the influence of some deconvolution and fragment ion identification parameters on the sequence 

coverage of proteins, and mAbs. For this evaluation, we used the Xtract324 (Thermo Fisher Scientific) 

deconvolution software based on the TRASH algorithm323 and the ProSight Lite326 software for 

fragment identification (Figure 111). We focused on critical parameters, namely signal-to-noise ratio 

(S/N), fit factor threshold for deconvolution, and fragment tolerance for identification. In the second 

part, we used ClipsMS to appraise the potential of using internal fragments to increase the number of 

residue cleavages and localize PTMs (Figure 111).  

Additional details on sample preparation, LC-MS/MS methods and data processing are listed in the 

Experimental Section. 

 

Figure 111: Analytical strategy used for the evaluation of top-down and middle-down data 

treatment strategies. Evaluation of the influence of S/N ratio and fit factor value on MS/MS spectra 

deconvolution of trastuzumab Lc subunit using the Xtract™ algorithm, followed by the assessment of the 

influence of the mass tolerance used for fragments matching in ProSight Lite326, as well as the risk of false 

positives, using reversed and shuffled sequences. Then, additional data processing considering internal 

fragments for sequence coverage improvements using the ClipsMS335 software on the trastuzumab Lc 

subunit, as well as assessment of the risk of false positives. The potential of internal fragments for PTM 

localization was performed using the G0F species of the trastuzumab Fc/2 subunit. 

2. Evaluation of the risk of false positives 

Before the evaluation of the deconvolution and matching parameters, we assessed the risk of false 

positive when performing fragment ion matching upon deconvolution, using the reverse sequence and 

five shuffled sequences generated from the original one. We used different metrics to interpret the 

data, such as the number of identified fragments, the sequence coverage and the P-Score. This score 

represent the probability that a random sequence could account for the matching ions330, thus a lower 

P-Score will correspond to a lower probability of false matching. Regarding the P-Score, the –log(P-

Score) was used for representation convenience, meaning that the lower the P-Score, the higher will 

be –log(P-Score) value.  
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To evaluate the risk of false positives, the fragmentation of the Lc subunit upon fragmentation with 

HCD, ETD, EThcD and UVPD were used. In the case of the data associated to the shuffled sequences, 

the average of the five shuffled sequences is displayed with the corresponding standard deviation of 

the five sequences. 

Results of this evaluation are presented in Figure 112. As expected, the theoretical sequence logically 

leads to the highest sequence coverage and number of fragments identified. In comparison, sequence 

coverage is 2 to 6 times and 3 to 18 times lower using the reversed and shuffled sequences, 

respectively. In particular, EThcD and UVPD show the highest number of identified fragments using 

false sequences. Indeed, with these fragmentations techniques, we are looking at 4 (b, c, y, and z ions) 

and 6 (a, b, c, x, y, and z ions) types of ions, respectively, increasing the probability of matching a 

fragment by chance. A significant part of the fragments assigned to reverse/shuffled could account for 

false positive assignment. Nevertheless, some of these ions calculated from shuffled or reversed 

sequences can be also isobaric or near isobaric fragments with some fragments of the original 

sequence. In this case, these ions cannot be discarded based on the mass tolerance error used to match 

the fragments.  

 
Figure 112: Identification results of the trastuzumab Lc subunit using the theoretical sequence, the 

reverse sequence or randomly shuffled sequences. (A) Number of identified fragments, (B) sequence 

coverage (%), and (C) –log(P-Score) values. Results from HCD are displayed in blue shades, red for ETD, 

orange for EThcD and green for UVPD. 

The analysis of false positives matching is relevant upon comparisons of the data regarding the 

sequence coverage and the number of identified fragments from the original sequence and the 

reversed/shuffled ones (Figure 112.B). For instance, 3% and 12% sequence coverage are obtained 

with HCD fragments searched against the scrambled and reversed sequences, respectively, compared 

to 32% for the theoretical ones. However, studying the P-Score values for these “false” sequences 

undoubtedly allows us to discriminate between original and reversed/shuffled sequences. Fragment 

matching against theoretical sequences results in –log(P-Score) values 8 to 200 times higher than 

reversed sequence and 145 to 25,000 times compared to shuffled sequences, depending on the 

fragmentation technique (Figure 112.C). 
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To conclude, shuffling or reversing the theoretical sequence shows that it is still possible to match 

some fragments underlying the presence of false positives when analyzing TD/MD-MS data. 

Nevertheless, the –log(P-Score) is an appropriate and suited indicator for false positive evaluation, as 

the probability that the sequence matching is wrong was always close to 1 when dealing with reversed 

and shuffled sequences. Consequently, this metric was used along with the sequence coverage and the 

number of identified fragments to evaluate the relevance of the deconvolution and ion matching 

assignment values used in the different sections.  

3. Evaluation of the deconvolution parameters 

Plenty of parameters are available when performing mass deconvolution. In the FreeStyle™ (Thermo 

Fisher Scientific) interface, hosting the Xtract algorithm, all parameters can be defined (an exhaustive 

list is provided in Table 10). The definition of these parameters depends on multiple factors, including 

the analyzer, the fragmentation method, the spectral quality, and the intrinsic characteristic of the 

precursor ion.   

Table 10: Deconvolution parameters available using the Xtract™ algorithm and values applied for 

the deconvolution of the trastuzumab Lc subunit. 
Parameter Default value Description 

Global parameters 

Fit factor (%) 40%-90% Quality of the match between a measured isotope pattern and an averaging 

distribution of the same mass 

Remainder 

threshold (%) 

25% Height of the smaller overlapping isotopic cluster with respect to the height of 

the most abundant isotopic cluster 

Consider overlaps Yes If selected, the algorithm is more tolerant of errors when the spectrum intensity 

is significantly higher than expected for the theoretical isotopic cluster. 

Minimum intensity 1 Minimum intensity threshold to filter out possible background noise 

Expected intensity 

error 

3 Permissible percentage of error allowed in calculating ratio of the most abundant 

isotope to the next isotope that is higher in mass in the isotope series 

Resolution 120,000 Resolution of the source spectrum 

S/N threshold 3-10 S/N threshold above which the Xtract algorithm considers a measured peak to 

be a real accepted peak 

Spectrum specific parameters 

m/z range Spectra m/z range Portion of the input spectrum to process (automatically defined by default) 

Output mass MH+ Whether the Xtract algorithm returns a single peak at either the monoisotopic 

mass (M) or the monoisotopic with adduct mass (MH+) for each detected 

component 

Adduct element H+ (1.00728) Adduct ions used during ESI processing 

Charge range 1-24 or 1-27 Lowest and highest charge state to be deconvoluted 

Minimum number 

of detected charge 

1 Minimum number of charge states required to produce a component 

Analyzer type Orbitrap Type of mass analyzer that was used to obtain the mass spectral data 

Relative abundance 

threshold 

0% Threshold below which the Xtract algorithm filters out data for data reporting. 

This threshold is applied on the deconvoluted spectrum. 

 

The influence of the deconvolution parameters was assessed with the fragmentation of the Lc subunit 

of trastuzumab. In this case, different precursor charge states were chosen depending on the activation 

technique, i.e. the 24+ charge state was selected for HCD and UVPD fragmentations, while the 27+ 

charge state was isolated to perform ETD and EThcD. MS/MS spectra were recorded at a resolution of 

120,000. Some parameters such as the minimum intensity, the inclusion of isotope ion overlap, the 
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intensity error, and the relative abundance threshold were fixed according to the manufacturer default 

values since no significant differences were observed when they were modified within a rational range 

of values. Then, charge range, analyzer type and resolution have been set according to the 

experimental conditions and were maintained through all the data treatment. Similarly, the minimum 

number of detected charge has been set to 1, as most of the fragment ions exhibit a single charge state 

population. Alternatively, parameters dependent of the precursor ion or the fragmentation method, 

including the maximum charge state and the m/z range were defined accordingly for each spectrum.  

Values used for each parameters are detailed in Table 10. These parameters are usually dependent of 

the user perception and habits and are usually not changed across the experiments. Finally, two key 

parameters were modified along this evaluation: the S/N ratio and the fit factor threshold. Their 

influence on the number of deconvoluted masses and identified fragments, the sequence coverage, and 

the –log(P-Score) was assessed (see Experimental Section). 

A. Influence of the S/N ratio 

In TD/MD-MS experiments, the signal-to-noise ratio is directly linked to the spectrum quality. The 

presence of high background noise can prevent the correct detection, and hence deconvolution, of the 

isotopic profile of fragment ions, particularly for those having a low abundance signal. To improve S/N 

factor of the MS/MS spectra, fragmentation of the Lc subunit was averaged during the elution time of 

the subunit. Even though the number of transient that can be accumulated/averaged in an liquid-

chromatography time scale is limited to the width of the chromatographic peaks, the resulting 

fragmentation spectra showed well-shaped isotopic profiles with S/N values up to 5,000, which led to 

the detection of several hundreds of ions under each fragmentation conditions. 

First, the number of fragments obtained after deconvolution is displayed in Figure 113.A. As expected, 

it can be seen that this number decreases when the S/N value is raised. It is particularly marked for 

UVPD, where the number of fragments is divided by two between 3 S/N and 10 S/N, while this number 

drops by 30% for ETD. For methods including collision (i.e., HCD and EThcD), around 20% fewer 

fragments are observed between the lowest and the highest S/N values. This trend might be explained 

by the lower intensity of the fragments generated upon UVPD fragmentation. Overall, the photo-

fragmentation exhibits the lowest fragmentation efficiency compared to radical- and collision-driven 

dissociation, along with the highest number of fragmentation channels, which lead to the production 

of an array of low-intense fragments. Despite the drop in the number of deconvoluted masses, the 

number of identified fragments and the sequence coverage are less sensitive to the S/N threshold 

compared to the number of deconvoluted fragments (Figure 113.B and C). Thus only limited sequence 

coverage variations (lower than 10%) are observed between 3 S/N and 10 S/N. One probable 

explanation to this is that the S/N ratio of the fragment ions of interest are enough intense to be not 

significantly impacted by the increase of the threshold. For instance, HCD fragments that are known to 

usually be abundant, are almost not affected by a stringent threshold, while this is the case for UVPD, 

which tends to give rise to low-intensity fragments. 
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Figure 113: Identification results of the trastuzumab Lc subunit depending on the S/N ratio used. (A) 

Number of deconvoluted fragments, (B) number of identified fragments, (C) sequence coverage (%) and (D) 

–log(P-Score) values. Results from HCD are displayed in blue shades, red for ETD, orange for EThcD and 

green for UVPD. A darker shade means a higher S/N ratio. 

For ETD, we observe a lower sequence coverage and number of fragments identified with 3 S/N 

compared to 5 S/N and 7 S/N. No clear evidence explaining this behavior was found. Nevertheless, 

upon a more detailed analysis of the data, it was found that some ions were wrongly deconvoluted 

when using low values of S/N threshold since low abundant fragment ions hinder the deconvolution 

process leading to wrong fragment ion masses. Therefore, isotopomer envelopes will then directly 

influence the number of ions identified, and hence the overall sequence coverage. Similar observation 

have already been mentioned in the literature10, 307. Above that, considering the –log(P-Score) also 

corroborates the excellent quality of the results, independently of the S/N ratio value used. We 

observed –log(P-Score) values of 18-25 for UVPD, 38-46 for HCD, 78-95 for ETD, and 79-88 for EThcD 

(Figure 113.D). The lower –log(P-Scores) obtained for UVPD are due to considering multiple ion types 

(i.e., a/x, b/y, and c/z), increasing the probability of mismatching and consequently decreasing the –

log(P-Score). 

These results illustrate that the S/N ratio parameter only slightly influences the sequence coverage, 

the number of ions identified, and the probability of mismatching. However, by setting a reasonable 

value, i.e., higher than 5 S/N, the confidence of fragment ion matching is enhanced, allowing to discard 

lousy-quality ions that could impair the accuracy of the deconvolution process of fragment ions or 

could have been identified as false positive matching if they were included. In contrast, a too-high value 

(i.e., 10 S/N) will eliminate a significant number of well-identified fragment ions that can improve the 

overall sequence coverage of the proteins, or even provide valuable information about the precise 

position of important PTMs. Hence, S/N value of 5 to 7 is recommended for collisional and electron-

driven fragmentations while S/N threshold of 5 is more suited for UVPD fragmentation since the 

sequence coverage substantially decreases with values above 5.  

B. Influence of the fit factor threshold 

After considering the S/N value as a parameter that can influence deconvolution, we focused on the fit 

factor, representing the match quality between a measured isotope pattern and an averaging 

distribution of the same mass. As said above, we selected a S/N value of 7 to test the influence of the 
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fit factor, and we evaluated values from 40% to 90% to assess its influence on the final outcome in a 

wide range of values. 

Results are presented in Figure 114. Globally, every item studied (i.e., number of deconvoluted masses 

and identified fragments, sequence coverage, and P-Score) demonstrate considerable changes with the 

variation of the fit factor value. In detail, the number of deconvoluted masses drops with the increase 

of the fit factor, especially for values higher than 60% (Figure 114.A). For instance, while more than 

3,000 masses were obtained after deconvolution of EThcD data using a fit factor of 40% or 50%, this 

number dropped lower than 2,000 for 70% and less than 400 fragments for 90%. This point indicates 

the strong effect of the fit factor on the deconvolution process. Indeed, low abundant ions may exhibit 

a wrong isotopic pattern and consequently not be selected when increasing the fit factor cutoff.  

 
Figure 114: Identification results of the trastuzumab Lc subunit depending on the fit factor used. (A) 

Number of deconvoluted fragments, (B) number of identified fragments, (C) sequence coverage (%), and 

(D) –log(P-Score) values. Results from HCD are displayed in blue shades, red for ETD, orange for EThcD and 

green for UVPD. A darker shade means a higher fit factor. 

Despite this decrease in the number of masses available for identification, the sequence coverage and 

the number of identified fragments remain stable for fit factors up to 70%-80% (except for UVPD, 

60%) while dropping when a 90% threshold is used (Figure 114.B and C). In addition, low fit factor 

threshold (i.e., 40% and 50%) result in higher P-Score (i.e., inferior –log(P-Score) values), highlighting 

that these fit factor values are not convenient to limit the risk of false positive matching(Figure 114.D). 

It is particularly important for UVPD fragmentation, as the –log(P-Score) is already low due to the 

multiple ion types that can be matched. Nevertheless, P-Scores obtained with a fit factor threshold of 

70% or higher are already low enough to ensure that most matched fragments are true positives. 

To summarize, using low fit factor values (i.e., 60% or lower) for deconvolution boosts the number of 

deconvoluted fragments, however, the additional fragments do not have a straight impact on the 

sequence coverage of the protein. Consequently, the balance between benefit and potential risk of false 

positive identification is low for low fit factor values as attested by the variation of the –log(P-Score). 

In contrast, a too stringent fit factor (i.e., 90%) decreases the number of deconvoluted fragment ions 

between four and ten-fold factor, reducing drastically the overall sequence coverage (10 to 20% loss). 

Thus, we recommend using fit factor values between 60% and 80% to ensure reliable deconvolution, 

and characterization of the sequence of proteins in TD/MD-MS workflows, even if slightly lower values 
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can be used for UVPD fragmentation, as a more significant impact of the fit factor is observed for this 

fragmentation method. 

In conclusion, the S/N ratio and fit factor are essential parameters to optimize for deconvolution as 

they directly influence the number of deconvoluted fragments and, consequently, the sequence 

coverage. Stringent parameters will increase the confidence in the fragments identified but 

concomitantly will lead to the loss of valuable information contained within the MS/MS spectra. 

Conversely, loose conditions of these parameters will increase the risk of false positive matching. 

However, the additional increase in sequence coverage afforded with low deconvolution thresholds 

can be particularly appealing for TD-MD/MS practitioners. For example, deconvolution of EThcD 

spectra with low deconvolution thresholds (i.e., S/N 3 and fit factor 40%) gives a sequence coverage 

of 69% while using stringent thresholds (i.e., S/N 7 and fit factor 80%) leads to a drop of the sequence 

coverage to 57%. Therefore, this sequence coverage decrease can be a compelling reason to favor the 

choice of loose ion fragment deconvolution parameters when the relevance and suitability of data 

treatment process is relying solely on the final sequence.  

4. Evaluation of the mass tolerance threshold for fragments assignment 

The fragments generated from deconvolution are searched against the theoretical sequence using 

ProSight Lite. In this software solution, only a few parameters can be set, including the type of input 

masses (either neutral (M) or protonated (MH+), depending on how ions were deconvoluted, the type 

of fragmentation, and the mass tolerance. Here, we used MH+ mass as input, and the ion types for 

matching were selected depending on the fragmentation methods (see Experimental section). We 

focused on the fragment tolerance for matching fragments and set tolerances from 2 ppm to 20 ppm. 

As before, we used the number of identified fragments, the sequence coverage, and the P-Score as 

metrics to evaluate the influence of mass tolerance (Figure 115). For all fragmentation techniques, we 

observed a rise in the number of identified fragments and, consequently, in the sequence coverage 

when the mass tolerance is set to higher values. In detail, a stringent mass tolerance of 2 ppm 

significantly affects the sequence coverage, with residue cleavages of 7% for UVPD, 9% for HCD and 

ETD, and 15% for EThcD (Figure 115.A). Extending the fragment tolerance to 5 ppm increases the 

sequence coverage by 4-5.5 times compared to 2 ppm. However, no big differences are observed in 

terms of number of identified fragments and overall sequence coverage between 10, and 20 ppm of 

mass tolerance. The highest tolerance gave rise to an increase of sequence coverage between 4% and 

15% compared to 5 ppm, depending on the activation technique. Conversely to the sequence coverage 

and the number of identified fragments, the –log(P-Score) exhibited different trends. While –log(P-

Score) decreases (except for ETD) when the fragment tolerance increase between 5 ppm and 20 ppm, 

as expected, the lowest score, by far, is obtained for a mass tolerance of 2 ppm with values two- to five-

fold  lower than the one observed for 20 ppm for example (Figure 115.C). This result is a direct 

consequence of the low proportion of identified fragments. 
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Figure 115: Identification results of the trastuzumab Lc subunit depending on the mass tolerance 

used for identification in ProSight Lite. (A) Number of identified fragments, (B) sequence coverage (%), 

and (C) –log(P-Score) values. Results from HCD are displayed in blue shades, red for ETD, orange for EThcD 

and green for UVPD. A darker shade means a higher mass tolerance. 

In summary, a too-stringent fragment tolerance (i.e., 2 ppm) drastically reduced the sequence coverage 

and the number of identified fragments, negatively affecting the P-Score. Conversely, a 20 ppm 

threshold for identification did not improve the percentage of residue cleavages and increased the risk 

of false positives. Hence, 5  and 10 ppm mass tolerance provide the best trade-off between maximizing 

sequence coverage while limiting the number or at least the risk of false positives.  

5. Consideration of internal fragments to increase sequence coverage  

One of the main concerns of TD/MD-MS is the extensive exploitation of the vast amount of information 

generated during the fragmentation of intact proteins or their subunits. Classical algorithms match the 

deconvoluted masses to theoretical sequences by only considering fragments that contain either the 

N- or the  C-terminal sites, called terminal fragments. Nevertheless, there is still a significant amount 

of fragments that remains unmatched upon deconvolution using the terminal fragments. It has been 

found that a substantial portion of these unidentified masses can be attributed to internal fragments334, 

336, 337, 607. Here, we evaluated the benefits of using internal fragments through the ClipsMS software to 

improve the sequence coverage of trastuzumab subunits, along with the particular considerations that 

have to be taken when including these ion fragments.  

A. Evaluation of the mass tolerance threshold for internal fragment matching 

Using ClipsMS, various parameters can be adapted, including the mass tolerance for both terminal and 

internal fragments, the minimum length of the internal fragments, and modifications and ion types to 

consider. The terminal fragments were retrieved from the internal fragment searching to reduce the 

possibility of false positives. 

Searching for internal fragments increases the search space, from 426 possible terminal fragments to 

22,162 terminal and internal fragments for HCD on the Lc subunit for example. Hence, the risk of false 

positive attributions. Hence, a stringent mass tolerance is generally used (i.e., 1 or 2 ppm)333, 335, 337, 608. 

Here, we assessed the variation of the sequence coverage by varying the mass tolerance from 1 to 5 
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ppm, as illustrated in Figure 116. The consideration of internal fragments boosted the percentage of 

inter-residue cleavages from 32% to 48%, 53% to 64%, 66% to 87% and 34% to 78% for HCD, ETD, 

EThcD and UVPD, respectively, when comparing results with terminal fragments only and the addition 

of internal fragments at 1 ppm, in line with a previous study from Loo and coworkers332.  Setting the 

mass tolerance to 5 ppm results in a sequence coverage of around 85% for HCD and ETD and higher 

than 95% for EThcD and UVPD. The additional gain in sequence coverage is more limited when the 

mass tolerance is modified from 3 to 5 ppm (particularly for EThcD and UVPD).  

 
Figure 116: Identification results of the trastuzumab Lc subunit when varying the mass tolerance 

for internal fragments attribution. (A) Sequence coverage (%) and (B) number of internal fragments 

identified. Results from HCD are displayed in blue shades, red for ETD, orange for EThcD and green for 

UVPD. Darker shades indicate a higher mass tolerance. Dashed lines represent the sequence coverage when 

only terminal fragments are considered. 

This improvement of the sequence coverage is directly related to the higher number of internal 

fragments identified when the mass tolerance was increased. Notably, it was multiplied by around 2-

2.5 times when the threshold was raised from 1 ppm to 2 ppm, while the increase was limited to 1.3-

1.6 times switching from 2 ppm to 3 ppm and from 3 ppm to 5 ppm (Figure 116.B). Additionally, the 

number of internal fragments that are detected is widely higher using EThcD and UVPD (160 and 163 

at 1 ppm, respectively) compared to HCD and ETD (32 and 30 at 1 ppm, respectively). Indeed, EThcD 

and UVPD have demonstrated their ability to provide additional fragmentation pathways that are not 

accessible with collision-based dissociation; consequently, the probability of generating internal 

fragments is increased using this technique. Particularly, using HCD as a second activation method 

right after ETD during EThcD increase the internal energy of the protein and can lead to additional 

fragmentation of the backbone. Because these two fragmentation methods have different preferential 

cleavage sites, the potential number of internal fragments generated is also increased.  Moreover, only 

one type of internal fragments is considered for HCD and ETD (by ions and cz ions, respectively), 

whereas four and nine ion types were quested for EThcD (by, bz, cy, and cz) and UVPD (ax, ay, az, bx, 

by, bz, cx, cy, and cz), respectively. It results in a more significant number of matching possibilities, 

estimated up to 21,000 for HCD/ETD (one internal ion type (e.g., by or cz)), up to 84,000 for EThcD 

(four ion types), and 188,000 for (UVPD) nine ion types. The huge number of theoretical internal 

fragments also increase the risk of false positives for these fragmentations.  

Notably, matching one internal fragment results in the identification of two inter-residue cleavage 

sites, while only one site is characterized when considering terminal fragments. For this reason, the 

contribution of the internal fragments to the characterization of the sequence coverage is higher even 

with a low number of internal fragments matched (Figure 116). In addition, the presence of multiple 

isobaric internal fragments can also increase the sequence coverage from a single deconvoluted mass. 

For instance, if two isobaric fragments are matched, they will result in four inter-residue cleavages 

(instead of two for a single internal fragment). The proportion of these isobaric fragments is not 

negligible. For instance, the Lc subunit of trastuzumab exhibits 3,510 by-type internal fragments with 



  Part III: Structural mass spectrometry to characterize mAb-based biotherapeutics 

183 
 

 

at least one isobaric counterpart (1,675 isobaric masses in total), representing 16% of all the possible 

by-type internal fragments for this sequence (21,736 internal fragments). These isobaric fragments 

are found for multiple reasons (Figure 117). First, ax, by, and cz internal fragments of the same amino 

acid sequence are isobaric (complementary ion series) and can be found when using techniques 

providing different multiple ion types (i.e., EThcD and UVPD). Nevertheless, the sequence coverage 

will not be increased, as all the ions correspond to the same inter-residue cleavage. Second, multiple 

internal fragments can have the same amino acid composition, leading to isobaric fragments. Third, 

multiple fragments with completely different amino acid sequences can have the same mass 

(considering or not the same ion type, e.g., ax and bz), resulting in the identification of both fragments. 

For the two last cases, the identification of multiple isobaric fragments lead to an higher increase of 

the sequence coverage, as four inter-residue cleavages are considered instead of two (if there are two 

isobaric fragments). 

 
Figure 117: Types of theoretical isobaric fragments found in the trastuzumab Lc sequence. 

In our example, around 17% of the internal fragments identified were isobaric using ETD 

(representing 9% of the deconvoluted masses detected), independently of the mass tolerance. In 

comparison, this proportion increases to 26% for HCD (14% of the total ions), 49% for UVPD (27%), 

and around 33% for EThcD (36%). Although, for the two latter methods mentioned, a significant part 

of the isobaric fragments identified are from the matching of the ax (UVPD only), by and cz fragments 

of the same amino acid sequence, as expected. Hence, they do not bring any additional sequence 

coverage. 

In addition, as performed for terminal fragments, we searched internal fragments in the MS/MS 

spectra against reversed and scrambled sequences to evaluate the risk of false positive assignment 

with the different parameters. Nevertheless, no score reflecting the probability of mismatching is 

provided by the software. Hence, only the sequence coverage and the number of identified fragments 

are used. Slightly lower sequence coverages are observed than the theoretical sequence using the 

reverse amino acid backbone, with 20% less for ETD, 10% for HCD, 4% for EThcD, and the same 

coverage for UVPD (Figure 118.A). Nevertheless, this decrease was only caused by the reduced 

number of terminal fragments identified, as the same or slightly higher internal fragments were 

detected using the reverse sequence. Indeed, reversing the amino acid series order is not supposed to 

impact the detection of internal fragments because the mass will remain the same, independently of 

the order of the amino acids, as observed for HCD (Figure 118.B). Differing from HCD, other 

techniques depict more internal fragments identified. This slight difference comes from c and z 

fragmentation at proline residues, which the algorithm considers improbable and thus removed. 

Hence, some internal fragments are eliminated depending on the order of the amino acids. In contrast, 

all other internal fragments with no proline at their cleavage site were identified using theoretical and 

reversed sequences. For the scrambled sequences (the identical five shuffled sequences used 

previously), the average sequence coverage is lower for ETD (-28%), HCD (-12%), and EThcD (-7%) 

while comparable for UVPD (-1%) compared to the theoretical sequence. Here again, the decrease of 

the sequence coverage is due to the absence of terminal fragments identifications as comparable (for 

HCD and ETD) or higher (for EThcD and UVPD) number of internal fragments detected. Among these 

matches, it should be noted that some correspond to isobaric masses of the theoretical sequence, as 
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between 150 and 300 internal fragments from the scrambled sequences are isobaric to those of the 

theoretical one. 

 
Figure 118: Identification results of the trastuzumab Lc subunit using the theoretical sequence, the 

reverse sequence or shuffled sequences. (A) Sequence coverage and (B) number of internal fragments 

identified. Results from HCD are displayed in blue shades, red for ETD, orange for EThcD and green for 

UVPD. 

To summarize, considering internal fragments significantly improved the sequence coverage 

independently of the fragmentation technique used, as observed for mAb subunits in Wei et al.336. The 

assessment of the mass tolerance variation corroborates the low threshold generally used (i.e., 1 or 2 

ppm) to mitigate the risk of false positives. Increasing the mass tolerance would drastically raise the 

risk of false positives, as demonstrated by the highest number of ions matched. For instance, analysis 

of the shuffled sequences with a 2 ppm mass tolerance on HCD data gives a sequence coverage of 50% 

for the shuffled sequences, against 41% at 1 ppm, 74% at 3 ppm and 85% at 5 ppm. Similarly, the 

number of internal fragments from the shuffled sequences identified increases with the mass 

tolerance, from 47 at 1 ppm, to 68 at 2 ppm, 132 at 3 ppm and more than 200 at 5 ppm, evidencing the 

increase risk of false positive matching. Because they are fit to isobaric fragments, some deconvoluted 

masses have a non-negligible influence on the sequence coverage. Nevertheless, it is impossible to 

corroborate if the ion detected in the MS/MS spectra is the fragmentation result of either both isobaric 

amino acid sequences or one of them. In addition, scrambling the sequence to evaluate the risk of false 

positives demonstrates that the probability of random mass matching cannot be ignored, with many 

internal fragments identified in these scrambled sequences. In this regard, internal fragments should 

be used with extreme caution for protein identification or sequence confirmation, even when setting 

the mass tolerance to a relatively low level (i.e., ≤ 2 ppm).  

B. Evaluation of internal fragments for sequence modification localization 

One main objective of TD/MD-MS experiments is the identification of proteoforms. However, the 

contribution of terminal fragments sometimes is not enough to identify the position of the 

modification. This task is particularly challenging when the modification is located in the mid-region 

of the proteins Thus, we assessed the use of internal fragments to pinpoint the specific position of some 

PTMs. For this task, the use of internal fragment identification were included to determine the position 

of a well-characterized and common PTM in mAbs structure, i.e. the G0F glycoform of the Fc/2 subunit 

of trastuzumab. 

The position of glycosylation on mAbs is well known, and this modification has been extensively 

studied in the literature375, 609. The G0F glycan is located on the residue Asn61 of the trastuzumab Fc/2 

subunit, with a monoisotopic mass of 1,444.534 Da. We studied the sequence coverage variation upon 

modification of the position of the glycan moiety to other Asn residues in the sequence, namely Asn40, 

Asn89, Asn125, and Asn185. Figure 119.A shows high and comparable sequence coverage with 

internal fragments, regardless of the G0F modification position, except for ETD, where N61 and N89 
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demonstrate the highest sequence coverage. For all fragmentation techniques, the PTM location at 

N125 or N185 slightly lower the sequence coverage observed. Thus, it is impossible to provide clear-

cut evidences of the PTM location at Asn61 based on internal fragments consideration. On the opposite, 

results from terminal fragments only corroborate the position at Asn61, with the highest sequence 

coverage obtained at this position for EThcD (59% for N61 versus <53% for other locations), ETD 

(48% for N61 versus <44% for other positions) and UVPD (30% for N61 versus <28% for other 

locations). At the same time, HCD does not allow to discriminate the position of the modification 

(Figure 119.A). 

 

Figure 119: Identification results of the trastuzumab Fc/2 subunit when changing the G0F 

modification position among the protein backbone. (A) Sequence coverage obtained for HCD, ETD, 

EThcD and UVPD depending on the position of the modification on Asn40, Asn61, Asn89, Asn125, and 

Asn185 residues. (B) Number of internal fragments identified for each position (dark colors) and number 

of internal fragments containing the PTM (light colors) for HCD, ETD, EThcD and UVPD. Black crosses 

represent the number of internal fragments containing the PTM as well as Asn61, its theoretical position.  

Hence, we looked into details to explain why the position of the G0F glycan is not confirmed using 

internal fragments. Figure 119.B illustrates that the total number of identified internal fragments 

raises when the modification is located close to the middle of the sequence (i.e., Asn89 and/or Asn125). 

In contrast, this number is lower for the N- and C-terminal positions (i.e., Asn40 and/or Asn185), 

except for HCD. It could be explained by the higher number of possibilities for amino acids on the mid-

region of the sequence to be involved in internal fragments than those close to the N- or C-terminus of 

the protein, independently of the position of the G0F moiety. Then, we investigated the proportion of 

internal fragments containing the modification. For Asn40, 35%-50% of the internal fragments bear 

the G0F moiety, against 45%-70% for Asn61, Asn89, and Asn125 and 15%-50% for Asn185 (Figure 

119.B), depending on the fragmentation technique used. Additionally, the presence of the Asn61 

residue in most of the internal fragments with the modification hinders to certify the position of the 

G0F moiety on a specific Asn residue (Figure 119.B). For example, between 95% and 100% of the 

internal fragments bearing the PTM located at Asn40 also contain the residue Asn61. This percentage 

logically decreases with the distance between the putative Asn residues that can contain the PTM, 

rising from Asn61 to 60%-85% when the PTM is located at Asn89, to 45%-85% at Asn125, and 30%-

50% at Asn185. On top of that, the intensity and size (90 amino acids on average) of the internal 

fragments bearing the PTM are comparable (within a fragmentation technique) independently of the 

location of the G0F modification, as well as isotopic resolution, disabling to use these criteria to 

discriminate between true and false positives. 
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These results point out that internal fragments alone can provide ambiguous results to decipher the 

positon of PTM's. Internal fragments bearing the modification are generally large (>50 amino acids) 

and contain multiple amino acids that could potentially contain the modification (e.g., 20 Asn residues 

in the Fc/2 sequence distributed all over the protein backbone). On the contrary, terminal fragments 

are much more informative in locating the PTM, as the sequence coverage and the number of fragments 

containing the modification vary significantly with the correct position of the modification when using 

terminal fragments, and the trend of these parameters is not well defined when internal fragments are 

included in the study. 

6. Conclusion and perspectives 

This chapter highlights the importance of data processing for characterizing proteins in TD/MD-MS 

experiments. In each step of analyzing data, crucial parameters significantly influencing the sequence 

coverage and the number of fragments identified must be optimized to mitigate the risk of false 

positives. The first part showed the need for a relatively strict S/N ratio and fit factor values to ensure 

the proper deconvolution of fragment ions, allowing obtaining a high sequence coverage and number 

of fragments identified, but also a low P-Score, evidencing a low probability of ion mismatching. The 

second part underlined that a too-stringent mass tolerance threshold for deconvoluted-ion matching 

should be avoided, as it would discard a significant amount of valuable fragment ions, while a too-large 

cutoff would not provide a significant gain in sequence coverage but increases the risk of false positive 

identification. In addition, after trying to match masses against reverse and shuffled sequences, it was 

observed that the risk associated to false positives identification was relatively low, especially when 

looking at the scores obtained for matching wrong protein backbones. Finally, the last part depicted 

the potential benefits and pitfalls of internal fragments consideration, showing that those ions 

provides a non-negligible benefit regarding the sequence coverage characterization. However, internal 

fragments implies also an increased probability for false positive identification, making them more 

appropriate to boost the sequence coverage and confirm the primary structure of the proteins instead 

of using them for protein identification or PTM localization. In addition, no score is available to 

evaluate the probability of false positives when dealing with internal fragments, which remains a 

drawback of this approach. Consequently, more weight should be given to terminal fragments than 

internal ones to assess the identification confidence. It is in line with the statistical fragmentation of 

proteins, demonstrating that the production of terminal ions is favored over internal ions and that they 

account for at least 50% of the total ion current (because of the signal dilution of internal ions for large 

proteins) increasing the reliability of the matching331. Concomitantly, other strategies such as 

additional MS step (MS3 or PTCR) or the use of more stringent filters, regarding the intensity or the 

type of ions selected to search internal fragments, are potential alternatives to simplify the spectra and 

improve the confidence in terminal fragments identifications.  

In TD/MS-MS experiments, no clear guidelines exist for data processing, making comparing studies 

intricate, even if some consensus ranges of values are commonly accepted regarding some parameters. 

Another point for TD/MD-MS data treatment is the multitude of algorithms available from the 

deconvolution step to proteoform identification. All of them have specific parameters and work 

differently. For deconvolution, noise detection and isotopic signal detection and matching have been 

addressed differently depending on the algorithms. TRASH323, developed in 2000 by Horn and 

coworkers, has been one of the core algorithms for TD-MS data preprocessing. It calculates the S/N 

ratio using noise filtering based on 4 Da windows. Other algorithms, such as AID-MS610 and 

MasSPIKE611, identify the noise on the whole spectra to speed up the process. Another solution, MASH 

Suite327, 612, allows users to adapt the S/N ratio for some specific window to detect low-intensity peaks 

often considered noise and removed them. These tools also employ different strategies to obtain the 

experimental isotopomer envelopes and identify the charge states, as described by Zhong and 
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coworkers319. All these strategies have pros and cons, and none is perfect, as extracting monoisotopic 

peaks in complex MS/MS spectra containing multiple overlapping peaks remains hard. 

Many algorithms have also been developed for experimental deconvoluted masses matching and 

proteoform identification, some more dedicated to identifying proteoforms in complex mixtures (i.e., 

identifying proteoforms is the key, with no need for extensive sequence coverage). In contrast, others 

are more suitable for protein characterization (i.e., working with a unique sequence and trying to 

obtain the maximum coverage). For proteoform identification, multiple tools, including ProSightPD613, 

TopPIC329, 614, 615, pTop616, 617 or MASH Suite327, 612 are generally used and have been recently 

compared325. These tools also include scores that are beneficial to discriminate between true and false 

positives and increase confidence in the identification result618-621. For purified protein 

characterization, ProSight Lite326 and related tools622, 623 are the most used as they allow a rapid 

analysis of the data. 

In addition to the existing tools, new bioinformatics strategies to tackle the challenges of TD/MD-MS 

approaches are developed, as demonstrated by ClipsMS for identifying internal fragments. For 

example, MASH Native624 or ProSight Native625 can be used for native top-down, as it can process both 

isotopically resolved and unresolved MS spectra for deconvolution and protein identification. Several 

nodes available in the Proteome Discoverer software for the processing of low-resolution data also 

allow native TD-MS data analysis. In addition, an R package named TopPICR626 was also recently 

released, enabling to perform label-free proteoform quantification. Other tools are also available to 

visualize better TD/MD-MS-based data, including TopMSV627, MS-TAFI628, VisioProt-MS629, and 

PSpecteR630 or to evaluate and compare experimental conditions, using TDFragMapper631. 

All these tools demonstrate the plethora of solution available for top-down data analysis and the 

multiple possibilities to get the best from the data. One example illustrating the abundance of 

workflows available and settings used to analyze TD/MD-MS is depicted in an interlaboratory study 

from Srzentić and coworkers439, where each group participating in the study had its workflow, 

resulting in more than 20 strategies for characterizing purified proteins. Regarding this, newcomers 

in the field might feel lost by all the solutions at their disposal. For this purpose, it should be noted that 

efforts are being made by the community, and especially by the Consortium for Top-Down 

Proteomics632, to set guidelines and standardized approaches, from the sample preparation to data 

analysis, to make it more accessible for people out of the field596. 
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Chapter 3: 

Case study: Characterization of trastuzumab 

deruxtecan antibody-drug conjugate by MD-MS 

 

1. Context of the project and analytical strategy 

Antibody-drug conjugates (ADC) is a class of therapeutic proteins that is widely employed in oncology. 

Trastuzumab deruxtecan (T-DXd) is an antibody-drug conjugate (ADC) composed of the humanized 

anti-HER2 trastuzumab antibody with a cleavable peptidyl-based linker (GGFG) and a potent 

topoisomerase I inhibitor payload (DXd, 1,033.39 Da) 633, 634 (Figure 120). T-DXd is used as 

monotherapy in third-line treatment for patients with metastatic HER2-positive breast cancer who 

have already received at least two previous anti-HER2 antibody-based therapies 

(trastuzumab/pertuzumab and trastuzumab emtansine (T-DM1)) 635. T-DXd production is performed 

using a conventional conjugated cysteine (Cys) strategy with a maleimide precursor targeting Cys 

residues of trastuzumab633. In a word, cysteines located in the hinge region and involved in interchain 

disulfide bridges of trastuzumab are reduced using tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP-HCl), followed by the addition of the precursor drug linkers to the reduced mAb. It leads to a 

high drug-to-antibody ratio (DAR) of 8 with homogeneous conjugation, enabling the efficient delivery 

of the payload to HER2-overexpressing tumor cells633, 636. 

 
Figure 120: Trastuzumab deruxtecan (T-DXd) structure and zoom on the drug composed of a 

linker and the payload.  

In addition to the intrinsic microvariability of mAbs593, the heterogeneity of the conjugates makes the 

characterization of ADCs much more challenging. Indeed, for these biomolecules, the drug-load 

distribution (DLD), average drug-to-antibody ratio (avDAR), and the amount of unconjugated mAb 

(DAR0), all considered critical quality attributes (CQA) have to be thoroughly monitored397. In this 

context, native mass spectrometry (nMS), either as a standalone technique or in combination with 

liquid chromatography (LC), has significantly contributed to the characterization of ADCs with 

increased complexity giving valuable information about the DLD, DAR0, avDAR405. However, this 

technique only provides a global picture limited to the number and distribution of the payloads at ADC 

intact or middle-level.  

Peptide-mapping fingerprint (PMF) has been considered the gold standard for protein sequencing, 

PTM identification, and sequence variant characterization, but it suffers from some limitations, 

particularly for ADCs analysis, as the information between the DAR value and the identification of the 

conjugation site is lost410. PMF also has evidenced some pitfalls to deciphering the residues where the 
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payload is conjugated. This problem mainly stems from the fact that most often, collisional activation 

techniques are used for peptide sequencing, which leads to the fragmentation of the payload (the ester 

bond between the linker and the drug), preventing the precise localization of the conjugation site441, 

637.  

Consequently, TD/MD-MS have emerged as complementary approaches to PMF since these strategies 

envision the fragmentation at intact (TD-MS) or subunit level (MD-MS) with complementary activation 

techniques596. As mentioned previously in this manuscript, TD/MD-MS approaches allow obtaining 

significant sequence coverages on mAb subunits. Moreover, these techniques have also been recently 

applied successfully to ADCs using different instruments and fragmentation techniques to provide a 

thorough characterization of the primary structure9, 444, 638. In addition, we already evidenced in this 

manuscript the benefits of additional strategies to improve the characterization mAb subunits. Among 

them, using PCTR after ETD and EThcD fragmentation with wide and narrow isolation windows 

increases the sequence coverage up to 15% (see Part III, Chapter 1. 4). Data processing considering 

internal fragments also boosts the number of cleavage residues observed and allow us to characterize 

completely the sequences of trastuzumab subunits after combination of multiple fragmentation 

techniques (see Part III, Chapter 2.5). 

Regarding these optimizations and the results obtained previously, we decided to combine several MS-

based techniques on the Orbitrap Eclipse to achieve the complete characterization of T-DXd, including 

the precise location of the drugs. First, LC-nMS at intact and middle-up levels was used to identify the 

different T-DXd species and thus determine the DLD and the avDAR values of the ADC. Moreover, 

analyses were performed in denaturing conditions to corroborate the position of the payloads on the 

different subunits. Second, TD-MS and MD-MS were performed respectively on the intact and digested 

T-DXd, to obtain comprehensive subunit sequencing and identify payload locations. Finally, we 

evaluated the benefit of internal fragments for sequence coverage improvement and the potential of 

PTCR reaction on subunits bearing payloads to reinforce the conjugation sites' location. 

2. Intact and middle-level analysis of T-DXd for drug-load-distribution 

(DLD) determination and payload location assessment at the subunit level 

A. Intact and middle-up level analysis of T-DXd in SEC-nMS 

The analysis of T-DXd was firstly envisaged at the intact level with the use of the size-exclusion 

chromatography (SEC)-nMS coupling to provide a precise mass measurement to identify all the 

different T-DXd species and thus allow determining the DLD, and the avDAR values of the ADC. The 

combination of SEC with nMS has proven several benefits on the analysis of therapeutic proteins 

among which increased nMS throughput with the possibility to characterize and relatively quantify 

the high (HMWS) and low molecular weight species (LMWS) 206, 639. Similar to standalone nMS analysis, 

SEC-nMS coupling has demonstrated its ability to maintain the non-covalent interactions between the 

different chains, being of utmost importance during the characterization of cysteine-linked ADCs, like 

T-DXd639. These experiments were conducted on the Eclipse Orbitrap Tribrid instrument, enabling to 

assess its performances for native MS approaches compared to other instruments including the 

Orbitrap Exactive Plus EMR (Thermo Fisher Scientific, Bremen, Germany) and Synapt G2 HDMS 

(Waters, Manchester, UK), that were already used in the lab by Dr. Evolène Deslignière to perform T-

DXd analysis in native conditions.  

The chromatogram of intact T-DXd depicted in Figure 121.A exhibits only one peak corresponding to 

the monomeric T-DXd (Figure 121.B). The experimental mass of the most intense peak is 156 338 ± 

1 Da and can be assigned to the G0F/G0F T-DXd glycoform bearing 8 conjugated drugs. Three other 

glycoforms were also detected in different proportions: G0F/G1F, G0F/G2F or/and G1F/G1F and G0F-

N/G0F (Figure 121.C). This result confirms the homogeneity of the T-DXd, with a unique DLD and 
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with the absence of other DAR populations. Moreover, it pinpoints the ability of the experimental 

parameters used throughout the SEC-nMS analysis to maintain non-covalent interactions of intact T-

DXd structure, although the drugs are conjugated on the cysteines usually involved in the inter-chain 

bonds, being consistent with the literature427. Of note, only minor proportions of conjugated Lc is 

observed in the low m/z region of the spectrum, confirming the suitability of the experimental 

parameters to limit the disruption of the non-covalent interactions of the ADC (Figure 121.D).  

 
Figure 121: SEC-nMS analysis of intact T-DXd. (A) SEC-nMS chromatogram of intact T-DXd. (B) nMS 

spectra of the intact T-DXd peak detected. (C) Mass deconvolution of the intact monomer. (D) nMS spectra 

of intact T-DXd including Lc release (around 2,000 m/z) and intact T-DXd with missing Lc, and their mass 

deconvolution (insets). 

Subsequently, middle-up level analysis of T-DXd was performed to provide a more precise location of 

the drugs on the different subunits of the ADC. In this particular case, Fc and Fab’ domains were 

obtained after IdeS enzymatic digestion, degrading the scaffold of the ADC below the hinge region. The 

corresponding chromatogram is composed of two main peaks standing for the Fc and Fab’, 

respectively (Figure 122.A). The deconvolution profile of the Fc domain points out four glycoforms 

with no conjugated drug (50,466 ± 1 Da for the main glycoform G0F/G0F, Figure 122.B) as 

demonstrated with the previous LC-MS data. For the peak at 8.5 min, a single compound was identified, 

corresponding to the Fab’ carrying 4 drugs (52,955 ± 1 Da, Figure 122.C). Observed retention time 

difference between Fc and Fab’ species (similar molecular weight) is explained by the interactions 

between the column stationary phase and the Fab’ compound bearing four drugs, as already 

observed427. These results confirm that the cytotoxic payloads are conjugated on the upper part of the 

mAb (F(ab’)2 domain). Since the bioconjugation strategy provides a homogeneous conjugation of the 

ADC, the avDAR can also be calculated based on the middle-level analysis leading to an avDAR value of 

8 (two Fab’ domains per mAb).  
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Figure 122: SEC-nMS analysis of IdeS digested T-DXd. (A) SEC-nMS chromatogram of IdeS digested T-

DXd. (B) nMS spectra of the T-DXd Fc subunit (peak at 6 min), and the mass deconvolution (inset). (C) nMS 

spectra of the T-DXd Fab’ subunit (peak at 8.2 min), and the mass deconvolution (inset). 

To summarize, SEC-nMS strategies (i.e., intact and middle-level analyses) employed confirmed the 

avDAR and afforded the conjugation location on the F(ab’)2 domain of T-DXd.  

B. Intact and middle-up level analysis of T-DXd in denaturing conditions 

After performing DAR determination and intact as well as middle-up mass analysis in native 

conditions, denaturing conditions were used to separate and characterize the subunits of T-DXd (rpLC-

MS) either after reduction of disulfide bridges (heavy (Hc) and light chains (Lc)) or upon IdeS digestion 

followed by DTT reduction (Lc, Fd, Fc/2 subunits. Indeed, denaturing conditions allow to disrupt non-

covalent interactions and provide additional information regarding the conjugated subunits. 

Reduced T-DXd analysis reveals two main species eluting at 23.6 min and 30.5 min (Figure 123.A). 

The first one corresponds to the Lc carrying one drug (24,476.9 ± 0.2 Da, Figure 123.B and Table 11) 

and the second one to the heavy chain (Hc) with three conjugated drugs (53,703.6 ± 0.4 Da for the 

main glycoform G0F, Figure 123.C and Table 11). 

 
Figure 123: rpLC-MS analysis of DTT reduced T-DXd. (A) rpLC-MS chromatogram of reduced T-DXd with 

two peaks (23.5 min, Lc and 30.5 min, Hc). Mass spectra of the (B) Lc, and (C) Hc (G0F) subunits. 

Both peaks exhibit additional populations at slightly lower retention times corresponding to partial 

payload scaffolds (-475 Da)427. In addition, the deconvoluted masses obtained for the heavy chain 

glycoforms validate the presence of the G0F/G2F species with the identification of the G2F glycoform 

(Table 11). 
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Table 11: Experimental and theoretical masses of the reduced and Ides digested + reduced T-DXd. 

Subunit Experimental mass Theoretical mass Error (ppm) 

DTT reduced T-DXd 

Light chain + 1 drug 

Heavy chain G0F-N + 3 drugs 

Heavy chain G0F + 3 drugs 

Heavy chain G1F + 3 drugs 

Heavy chain G2F + 3 drugs 

24 476.9 ± 0.2 Da 

53 500.0 ± 0.9 Da 

53 703.4 ± 0.4 Da 

53 865.3 ± 0.8 Da 

54 028.1 ± 0.9 Da 

24 477.1 Da 

53 500.8 Da 

53 703.9 Da 

53 866.1 Da 

54 028.2 Da 

8 

15 

9 

15 

2 

IdeS digested + DTT reduced T-DXd 

Fc/2 G0F-N 

Fc/2 G0F 

Fc/2 G1F 

Fc/2 G2F 

Lc + 1 drug 

Fd + 3 drugs 

25 032.8 ± 0.3 Da 

25 235.9 ± 0.3 Da 

25 398.1 ± 0.2 Da 

25 560.2 ± 0.5 Da 

24 476.9 ± 0.2 Da 

28 485.4 ± 0.2 Da 

25 033.1 Da 

25 236.2 Da 

25 398.4 Da 

25 560.5 Da 

24 477.1 Da 

28 485.7 Da 

12 

12 

12 

12 

8 

10 

 

Then, the analysis of IdeS digested and reduced T-DXd showed three main peaks (Figure 124.A), 

corresponding to the Fc/2 (23,235.9 ± 0.3 Da for the main glycoform G0F, Figure 124.B), Lc with one 

drug (24,476.9 ± 0.2 Da, Figure 124.C) and Fd bearing three drugs (28,485.5 ± 0.2 Da, Figure 124.D) 

subunits, respectively. In line with previous results for reduced T-DXd, minor chromatographic peaks 

resulting from Lc and Fd bearing partial drug(s) (-475 Da) are observed prior to the major 

chromatographic peaks of these subunits, but no drug-free species were detected (Figure 124.A). 

 

Figure 124: rpLC-MS analysis of IdeS digested and DTT reduced T-DXd. (A) rpLC-MS chromatogram of 

IdeS digested and reduced T-DXd with three peaks (18.5 min for Fc/2, 23.5 min for Lc and 31.5 min for Fd). 

Mass spectra of the (B) Fc/2, (C) Lc, and (D) Fd subunits. 

For both experiments, no drug-free species were detected at intact and middle-level, in agreement 

with SEC-nMS, corroborating the homogeneous avDAR 8.0 previously calculated. Moreover, they 

pinpoint the conjugation of one and three drugs on the Lc and Fd subunits, respectively. 

3. MD-MS analysis for sequence characterization and precise drug location 

The combination of SEC-nMS and rpLC-MS allowed us to set the global picture of T-DXd by confirming 

its mass and identifying the number of conjugation per subunit. Subsequently, we performed MD-MS 

analysis of T-DXd at the subunit level to locate the drug conjugation sites precisely. The precursor ions 

selected for MS/MS fragmentation are detailed in the Experimental section for each subunit 

considered. In general, abundant precursor (with a significant charge state) was selected for CID. In 
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contrast, highly charged precursors were preferred for electron-based fragmentations (ETD/EThcD), 

as already evidenced in Part III, Chapter I. Conversely to classical MD-MS strategies where sequence 

coverages are optimized, usually leading to accurate identification of drug location, we decided here 

to first address the position of the payloads by monitoring the sequence coverage as a function of drug 

bound to different cysteine residues. Once the “most probable” conjugation site is determined, the 

MS/MS data obtained from multiple fragmentation techniques were combined to increase the overall 

sequence coverage of the subunits. Of note, activation energy optimizations will not be displayed in 

this section, as they are similar to what has been performed in Part III, Chapter 1 for trastuzumab. 

Moreover, UVPD was not used for T-DXd because of the low fragmentation efficiency observed during 

the optimizations; CID was used instead of HCD as it presented higher sequence coverage.   

A. T-DXd Lc and Hc subunits MD-MS analysis 

For reduced T-DXd, Lc+1Dxd or Hc+3Dxd species were selected for further CID, ETD, and EThcD 

fragmentation. In this context, MS/MS spectra of the Lc were matched with 5 different positional 

isomer sequences (5 Cys residues in the Lc sequence). Similarly, those of the Hc were compared to the 

sequences of 165 different isomers (combinations of 3 conjugated Cys residues out of 11, Figure 125).  

 
Figure 125: Putative conjugation sites of the payload on the heavy and light chains.  

Upon fragment ion assignment with the different proteoforms, the conjugation site of the Lc subunit 

can be easily drawn based on the variation of the overall sequence coverage of the subunit when the 

conjugation site is hypothesized at each cysteine residue. From Lc MS/MS data interpretation, it can 

be concluded that the conjugation site is located on the C-terminal part (Cys194 or Cys214, Figure 

126), as highest sequence coverages (14%/38%/42% for CID/ETD/EThcD for Cys194-DXd versus 

14%/39%/42% for Cys214-DXd) where achieved when considering DXd bound to one of those Cys 

residues. However, the z12 fragment obtained in ETD and EThcD replicates, and the z16 obtained in ETD 

allows determining that the payload is precisely located on Cys214 residue (Figure 127.A). 
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Figure 126: Sequence coverage for the T-DXd Lc depending on the conjugated cysteine position. 

Results obtained using (A) CID, (B) ETD and (C) EThcD fragmentation. 

Data interpretation is even more challenging for Hc as the sequence coverage obtained is comparable 

(8%-11%) when considering the theoretical positions (i.e., Cys223, Cys229, and Cys232) of the 

payloads, regardless of the activation technique used to induce the fragmentation. The fragmentation 

map of the combined results for the Hc points out the absence of fragmentation in the middle of the Hc 

sequence, which impairs the reliable location of the conjugation sites in this chain (Figure 127.B).  

 
Figure 127: Fragmentation results for the T-DXd Hc and Lc subunits. Fragmentation maps of the (A) Lc 

and (B) Hc subunits, combining all the replicates. (C) Hc and Lc average sequence coverages obtained by 

CID, ETD and EThcD for three injection replicates, and the combined results from all runs.  

As expected and previously demonstrated, electron-based fragmentations (ETD/EThcD) afforded 

higher sequence coverage for both chains (39% for Lc and 12% for Hc). Finally, sequence coverage 

upon the combination of CID, ETD, and EThcD fragmentation replicates raised to 62% for the Lc and 

33% for the Hc (Figure 127.C), which are still relatively low. Our results align with sequence coverages 

previously reported10, 432, which can be explained by the difficulty of providing a complete sequence 

coverage characterization when fragmenting proteins larger than 30 kDa599. In the particular case of 

the Hc, this limited fragmentation hampers the precise localization of the conjugation sites. 

B. T-DXd Fc/2, Lc and Fd subunits MD-MS analysis 

Regarding the impossibility of obtaining comprehensive sequence coverage and information about the 

precise drug location on the Hc, T-DXd was IdeS digested and reduced to release the three ~25 kDa 

subunits (Fc/2, Lc, and Fd) and subsequently fragmented using the activation modes mentioned above. 

Similarly to results obtained on Lc generated after DTT treatment, MD-MS results obtained after IdeS 

digestion allow concluding that DXd is located on the Cys214 of Lc (Figure 128.A), as the two same 

diagnostic fragments specific to the drug conjugation on Cys214 were identified (z12 and z16, Figure 

128.B) upon ETD/EThcD fragmentation.  



  Part III: Structural mass spectrometry to characterize mAb-based biotherapeutics 

196 
 

 

 
Figure 128: Fragmentation results for the T-DXd Lc subunit. (A) Sequence coverage depending on the 

conjugated cysteine positions for CID (blue), ETD (red), EThcD (yellow). (B) Fragmentation map combining 

all the replicates. Fragments evidencing the position of the drugs are circled in green. 

As IdeS digestion efficiently downsized the Hc chain, we next analyzed the results from the 35 possible 

Fd isomers (3 conjugated Cys residues out of 7 Cys residues in the Fd, Figure 125). It came out that 

proteoforms including conjugated C-terminal Cys (i.e., Cys203, Cys223, Cys229, and Cys 232) led to 

the highest sequence coverage (Figure 129.A), suggesting possible DXd location on abovementioned 

Cys. Nevertheless, 7 fragments (all from ETD/EThcD) corroborated the presence of the payloads on 

the 3 C-terminal Cys residues initially involved in the inter-chain disulfide bridge of the mAb 

counterpart (Figure 129.B). Here, we observed fragment ions confirming the drug location for both 

Lc (Cys214) and Fd subunits (Cys223, Cys229, and Cys232). Moreover, after manual validation, it was 

confirmed that those ions exhibited resolved isotope profiles with no interfering signals and with a 

significant S/N ratio (> 150), thus increasing the confidence in their identification (Figure 129.C). 
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Figure 129: Fragmentation results for the T-DXd Fd subunit. (A) Sequence coverage depending on the 

conjugated cysteine positions for CID, ETD, and EThcD. (B) Fragmentation map combining all the replicates. 

Fragments evidencing the position of the drugs are circled in green. (C) Zoom on the z23 fragment MS/MS 

spectra of the Fd subunit (1,846.5 m/z (3+)). 

In addition, it should be mentioned that CID leads to the fragmentation of the drug, resulting in the 

release of the payload, which is less abundant in electron-based fragmentation (Figure 130).  

 
Figure 130: MS/MS spectra of T-DXd Lc subunit bearing one drug. Fragmentation performed using (A) 

CID 35% and (B) ETD 3 ms. Peak at 494.17 m/z stand for the released payload of the drug. 

This side fragmentation is a critical point to consider for sequence-matching drug location, as it will 

influence the identification of all C-terminal fragments. It appears that fragmentation of the drug is not 

binary, as multiple species bearing the intact drug (i.e., linker + payload), with the release of one or 

various payloads, can be observed. However, the maximum sequence coverage was found without the 

payload (i.e., linker only, +540.233 Da) for Lc and with all the drugs intact (i.e., linker + payload, + 
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1,033.394 Da) for Fd (Table 11), even if an abundant signal corroborates the payload release at 494.17 

m/z, illustrating the coexistence of multiple species. 
 

Compound 
Sequence 

coverage* 

Number of 

fragments* 

Lc + one intact drug (+ 1,033.394 Da) 10 % 26 

Lc + one fragmented drug (+ 540.234 Da) 15.3 % 37 

Fd + three intact drugs (3 x 1,033.394 Da) 19.3 % 52 

Fd + two intact and one fragmented drugs (2 x 1,033.394 Da + 540.234 Da) 18 % 48 

Fd + one intact and two fragmented drugs (1,033.394 Da + 2 x 540.234 Da) 15.3 % 26 

Fd + three fragmented drugs (3 x 540.234 Da) 14.3 % 37 

*average of three replicates 

Table 12: Sequence coverage and number of fragments depending on the drug fragmentation. 

Under those assumptions, the best sequence coverages achieved for T-DXd subunits for each 

fragmentation technique ranged between 29%-61% for Fc/2, 15%-48% for Lc, and 19%-37% for Fd, 

with best results originating from EThcD fragmentation (61%, 48% and 37% with EThcD for the Fc/2, 

Lc, and Fd parts, respectively). Interestingly, combining replicates from all fragmentation modes 

resulted in remarkably high sequence coverage for the Fc/2, Lc, and Fd subunits with 87%, 76%, and 

72%, respectively (Figure 131.A), covering not only both termini of the sequences but also the 

internal regions as expected when fragmenting 25 kDa subunits (Figure 128.B, Figure 129.B and 

Figure 131.B). 

 

Figure 131: Fragmentation results of IdeS digested and DTT reduced T-DXd. (A) Fragmentation map 

of the Fc/2 subunit combining all the replicates. (B) Fc/2, Lc and Fd average sequence coverage obtained 

by CID, ETD and EThcD for three injection replicates, and the combined results of all runs. 

In summary, MD-MS investigations of T-DXd subunits confirm the payloads conjugation on the Cys214 

for the Lc (with z12 and/or z16 specific diagnostic ions). At the same time, DXd binding can be restricted 

to the C-terminal area of the Fd subunit only (Cys223, Cys229, or Cys232) with the detection of 7 

specific fragment ions. As expected and previously observed, MD-MS results regarding sequence 

coverage were better with EThcD and after IdeS digestion, indicating that smaller-sized subunits (~25-

30 kDa) are more adapted to MD-MS analysis. 

4. Contribution of internal fragments for T-DXd subunits sequence 

characterization 

In classical TD/MD-MS experiments, MS/MS spectra contain a vast amount of information. It has been 

shown previously that a significant part of the ions generated corresponds to protein backbone 

cleavages at different sites, giving rise to internal fragments. Regarding the benefits provided to 

increase the sequence coverage on trastuzumab subunits in Part III, Chapter 2, we used ClipsMS335 to 

tackle internal fragments generated after T-DXd fragmentation. Nevertheless, we demonstrated in this 

previous chapter that consideration of internal fragments increases the risk of ion mismatching, even 
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when applying low mass tolerance. We highlighted the lack of precision in identifying modification 

positions using those fragments. In the case of T-DXd subunits, several additional reasons make 

internal fragments not particularly suited to decipher the payloads' locations. Conjugation sites are 

mainly located in the C-terminal region of the Lc and Fd subunits, and hence, a meager amount of 

internal fragments will contain the payload moiety. Conversely, to terminal fragments, the sequence 

coverage variation obtained upon consideration of internal fragment ions is less sensitive to the 

payload's position. For instance, the sequence coverage of the Lc subunit upon ETD fragmentation 

increases from 4% to 45% when the conjugation site is assumed either at Cys23 or Cys214, 

respectively, clearly pinpointing that the conjugation site is located in the latter residue. However, 

upon internal fragment matching, the sequence coverage variation between these two conjugated 

positions is more attenuated (from 51% to 67%), leading to a more ambiguous result. Finally, internal 

fragment consideration was observed to have an increased probability of ion mismatching337. For 

example, the search for internal fragments after ETD by positioning the drug on the Cys23 residue of 

the Lc leads to the detection of more than 20 internal fragments containing the drug (Figure 132.A). 

For instance, one identified internal ion exhibits a clear isotopic profile with a precise mass 

measurement that could correspond with the 21-52 internal fragment bearing the payload (4,523.22 

Da, Figure 132.B). Nevertheless, the Cys23 conjugation site was undoubtedly excluded from our 

previous MD-MS results based on terminal fragment identification because of the low sequence 

coverage assigned to this position. For all these reasons and from what has been previously observed 

on trastuzumab, the characterization of the conjugation sites relied on the identification of terminal 

fragments. In contrast, internal fragment ions were used with the primary purpose of boosting the 

sequence coverage of the different subunits, assuming the theoretical position of the payloads. 

 
Figure 132: Lc subunit with DXd payload located on Cys23. (A) Localization map of internal and 

terminal fragments of the subunit. Dashed line represent the modification (+ 1,033.394 Da) on the Cys23 

residue. (B) Isotopic profile of the internal fragment ion 21-52. 

The results showed that the proportion of internal fragments identified differs from the fragmentation 

method. Depending on the subunit, the average number of internal fragments identified varies 

between 72 and 111 for HCD, 62 and 94 for ETD, and 214 and 327 for EThcD. As expected, EThcD 

provides more internal fragments, as bz and cy ions can be formed, in addition to by and cz . In the end, 

a total number of fragments (terminal and internal) around 130, 200, and 400 for CID, ETD, and EThcD, 

respectively, were detected (Figure 133.A-C, right). Consequently, the sequence coverage drastically 

increased when including internal fragments, reaching 50% to 60% with CID, 70% with ETD, and 90% 

for EThcD (Figure 133.A-C, left). Combining the sequence coverage from replicates of all the 

fragmentation techniques (i.e., CID, ETD, and EThcD) resulted in 100% subunits sequence 

confirmation. Concomitantly, the relative proportion of assigned fragment ions increased by 1.6 to 3 

times when using internal fragment ion searching. 
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Figure 133: Average sequence coverage and number of fragment identified for T-DXd subunits. 

Average sequence coverage (left) and number of identified fragments (right) for (A) Fc/2, (B) Lc and (C) Fd 

subunits. Terminal fragments consideration only is represented in dark colors and terminal + internal 

fragments in light colors, for CID, ETD, EThcD triplicates and combined results from all the runs. 

In summary, these results clearly show that considering internal fragment ion search during MD-MS 

workflows allows to take full advantage of all the information contained in the MS/MS spectra, 

highlighting the contribution of internal fragments to increase the sequence coverage for an improved 

subunit sequence confirmation of T-DXd. Despite this, internal fragments have a limited contribution 

to identifying conjugation sites.   

5. Strengthening drug location using PTCR 

The combination of MD-MS experiments and attribution of internal fragments allows us to obtain a 

complete sequence coverage of T-DXd subunits and find specific ions confirming the presence of the 

payloads at their theoretical positions. While internal fragments are beneficial for sequence coverage 

and allow identifying a significant part of the vast amount of information in MS/MS spectra, more is 

needed to decipher complex MS/MS spectra with numerous overlapping peaks. Thus, we decided to 

combine PTCR with the most efficient fragmentation techniques, i.e., ETD and EThcD, to declutter MS2 

spectra and confirm drug localization. Indeed, PTCR has already proven its benefits to simplify MS/MS 

spectra and make possible the identification of additional fragment ions (see Part III, Chapter 1). 

Here, two different PTCR methods were used: i) the “wide window” (1,000 m/z isolation window) 

method and ii) the “narrow window” (5 x 200 m/z isolation window) mode. As highlighted in Figure 

134.A and B, the combination of PTCR results lead to an average raise of the sequence coverage by 

10%-13% after ETD fragmentation and 2%-7% after EThcD fragmentation, respectively. The practical 

effect of this ion/ion reaction is further illustrated in Figure 134.C and D. After ETD fragmentation, a 

complex MS2 spectrum is generated, with many fragments distributed only over a small m/z range 

(700 – 1,700 m/z, Figure 134.C). Using PTCR for 10 ms on the 1,100 – 1,300 m/z window drastically 

reduced the spectral congestion of this zone of the MS2 spectrum, decreasing the signal interference 

in the lower m/z, where the major part of the fragment ions of interest are observed. For instance, 

overlapping signals and interferences are observed in the ETD MS2 spectrum of the diagnostic 

fragment ion z12 (2,341.00 Da), which allows the precise localization of the DXd on the Lc (Figure 

134.D). Thanks to the addition of PTCR, the same ion could be assigned with a resolved isotope profile 

and a low interfering signal, leading to a more reliable identification of the fragment. 
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Figure 134: PTCR fragmentation results for the T-DXd Fc/2, Lc and Fd subunits. Fc/2, Lc and Fd 

average sequence coverage obtained after (A) ETD only (light red), ETD + PTCR (dark red) and (B) EThcD 

only (light yellow), EThcD + PTCR (dark yellow) for the three injection replicates. (C) Lc ETD (3 ms) 

fragmentation spectra (907 m/z (27+) precursor ion) and zoom on the 1,172.0058 m/z fragment ion (inset). 

(D) Lc PTCR (10 ms, performed on the 1,100-1,300 m/z isolation window of B) fragmentation spectra of 

the Lc and zoom to the 1 172.0058 m/z fragment ion (inset). 

However, the PTCR MS2 spectra decluttering capabilities afforded more confident identification of 

diagnostic ions detected without PTCR and, more interestingly, allowed identification of additional 

specific diagnostic fragment ions on the different subunits. Upon addition of PTCR, a total of 5 fragment 

ions specific of the Cys214 conjugation on the Lc (2 fragments found with ETD/EThcD and 3 additional 

found after PTCR implementation (z13, y19 and y20, Figure 135.A) and 11 signature fragments specific 

of the conjugation of the Fd subunit on the Cys223, Cys229, and Cys232 residues (7 fragments found 

with ETD/EThcD and 4 additional fragments detected after PTCR implementation (z26, z27, z30, and z32, 

Figure 135.B) were finally seen. 

 

Figure 135: Fragmentation maps obtained after PTCR for Lc and Fd subunits. Fragmentation map 

combining ETD/EThcD MS2 and PTCR MS3 results of the (A) Lc and (B) Fd subunits. Fragments found 

uniquely thanks to PTCR are circled in black and those confirming the position of the drugs are circled in 

green. 

These results highlight that PTCR improves the overall sequence coverage to a lesser extent than 

internal fragment ion search but enhances the number and confidence of identified diagnostic 
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fragment ions of the conjugation site, providing additional experimental evidence to localize the 

sequence modifications of interest. 

6. Conclusion and perspectives 

The case study depicted in this chapter fully illustrate the potential of complementary MS-based 

strategies to characterize trastuzumab deruxtecan antibody-drug conjugate. In the first part, SEC-nMS 

experiments evidenced the theoretical homogeneous avDAR 8 expected for T-DXd, pinpointing the 

drug conjugation on the Fab domain exclusively. These findings were corroborated by analysis of DTT 

reduced, IdeS digested, and DTT reduced T-DXd in denaturing conditions, elucidating the position of 

one and three drugs on the Lc and Fd subunits, respectively. In the second part, MD-MS experiments 

combining multiple techniques to fragment the Fc/2, Lc, and Fd subunits have been highly informative. 

They allow comprehensive sequence coverage of ADC subunits, has already experienced with 

trastuzumab previously. Moreover, they also demonstrate great interest for ADC characterization, 

since they enable the detection of several diagnostic fragments certifying precisely the conjugation 

site's location.  Then, the attribution of internal fragments drastically improved subunit sequencing to 

reach a 100% sequence coverage of each subunit, as it has already been observed. In the last part, the 

contribution of PTCR implementation to declutter complex MS2 spectra generated after ETD or EThcD 

slightly increases the number of terminal fragments identified. Along with increasing the sequence 

coverage, it significantly improved the confidence in the location of the conjugation sites thanks to the 

identification of additional diagnostic fragment ions, highlighting the substantial interest of PTCR in 

the case of ADCs.  

With this case study, we evidenced that MD-MS strategies, which have already proved their efficiency 

for the characterization of mAbs, are also particularly suitable in the context of ADC analysis.   

In particular, cutting-edge MD-MS workflows enable to provide a complete characterization of 

complex therapeutic proteins such as ADCs. These strategies can also be employed for other types of 

biotherapeutics including Fc-fusion proteins, bispecific antibodies or therapeutic glycoproteins445, 640-

642. MD-MS is able to give additional information by identifying diagnostic fragment ions containing 

the whole payload thanks to the use of fragmentation techniques preserving labile modifications. In 

contrast, HCD is usually used to fragment peptides in classical bottom-up experiments and can lead to 

drug fragmentation, resulting in the impossibility to identify clearly the conjugation site at peptide 

level.  

In the end, the continuous development of tailored software and the implementation of novel MS 

strategies in last generation instruments are expected to reinforce the use of TD/MD-MS strategies for 

the complete characterization of biotherapeutics, in combination to other classical methods including 

SEC-nMS or peptide mapping fingerprint.  

The results presented in this chapter have been published this year in Analytical and Bioanalytical 

Chemistry. 
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General conclusion 

My Ph.D. work intended to improve the quantification of trace-level impurities in complex samples by 

developing analytical and bioinformatic strategies in mass spectrometry-based quantitative 

proteomics and to develop top-down and middle-down strategies to characterize purified therapeutic 

proteins comprehensively.  

The first part of this manuscript consisted of a bibliographic study on the current state of mass 

spectrometry-based approaches for protein characterization. The classical bottom-up quantitative 

proteomics workflow, including the sample preparation step, the data acquisition by mass 

spectrometry, and the data analysis, have been described, focusing on data-independent approaches 

and innovative bioinformatics tools for data processing. Multiple strategies for analyzing intact 

proteins by mass spectrometry have been detailed, and special attention was paid to describing the 

top-down and middle-down approaches. Finally, monoclonal antibodies and product-related host cell 

protein (HCP) impurities have been introduced, and strategies available for their characterization have 

been addressed.  

In this context, the objectives of my Ph.D. work were the following: 

 The optimization of acquisition parameters on an Orbitrap tribrid instrument for quantitative 

bottom-up proteomics,  

 The evaluation and comparison of various innovative algorithms using machine learning for 

data processing, 

 The development of quantification strategies for trace-level HCP impurities characterization 

in drug products, 

 The optimization of acquisition parameters for intact and subunit protein analysis by top-

down and middle-down and the assessment of the dedicated data processing strategies,  

 The development of analytical strategies for the comprehensive characterization of mAb-

related products. 

The first part of the results gathered several methodological developments for quantitative 

proteomics. First, acquisition parameters specific to the tribrid geometry have been optimized for both 

DDA and DIA acquisition modes, and their performances were evaluated using a range of perfectly 

calibrated samples. This comparison evidenced the interest of DIA as a global approach for 

quantitative proteomics, with accurate quantification of proteins in complex mixtures even at low 

levels. Moreover, the contribution of implementing the FAIMS ion mobility device for DDA analysis 

was discussed. Then, acquisition strategies dedicated to TMT samples available on tribrid instruments 

were assessed. In particular, quantification approaches at the MS2 or the MS3 levels were compared, 

showing that the real-time search for MS3 acquisition is a reasonable alternative to MS2 quantification. 

Second, innovative bioinformatic tools for DDA and DIA data processing were evaluated. The 

performance of several rescoring tools using machine-learning algorithms was examined for DDA. It 

showed that these tools increase identifications and boost confidence in the results obtained by 

considering multiple parameters linked to the LC-MS/MS experiment. In addition, two innovative 

search engines were assessed. Chimerys showed impressive identification numbers by matching 

multiple peptides on a unique spectrum, but the absence of precursor ions for some matches prevents 

these peptides' quantification at MS1 level. Open modification searches with Ionbot led to the 

identification of various, including unexpected, modifications. For DIA, the influence of search 

parameters on library-free approaches was discussed. At the time of the study, both software 

(Spectronaut and DIA-NN) showed comparable good overall performances using the default 

parameters. In this comparison, the advances of library-free strategies regarding identifications and 

quantification reproducibility were underlined.  
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The second part of the results was dedicated to optimizing DDA and DIA strategies in the context of 

HCP impurities characterization. The optimized methods developed in the first part of the results were 

adapted to quantify trace-level HCPs in drug products accurately. This application of proteomics 

methods represent a significant challenge due to the wide dynamic range in these samples. Efforts 

were concentrated on implementing new MS strategies to reduce the intra-sample dynamic range. The 

addition of FAIMS before DDA analysis and the use of gas phase fractionation DIA have significantly 

improved the number of quantified HCPs. Moreover, robustness and quantification accuracy were 

increased by the use of internal calibration curves and stringent data filtering. As a result, a few 

hundred of HCPs were quantified in the NIST mAb sample and tens in FDA/EMA-approved drug 

products, allowing MS to be considered a reliable alternative for HCP monitoring. In addition, recent 

advances in MS, combining ion mobility and HR/AM instruments, represent good added value in this 

demanding analytical context. 

The third and last part of the results was dedicated to analyzing intact proteins using the top-down 

and middle-down strategies. 

First, key parameters influencing the fragmentation, including the precursor ion charge state and the 

activation energy, were evaluated and optimized to maximize the sequence coverage of reference 

proteins, underlying their effect on the fragmentation efficiency, and hence in the final sequence 

coverage. The specificities of each fragmentation technique and their complementarity were shown 

and discussed as well. Furthermore, the potential benefits of performing an additional fragmentation 

step (MS3) to increase the sequence coverage were estimated. In addition, the implementation of LC 

prior to MS for the analysis of mAb subunits was assessed, and the need for further optimizations 

regarding the chromatographic method and the MS acquisition was highlighted. The reproducibility of 

the fragmentation was also appraised using multiple replicates. With these optimizations, high 

sequence coverage of each mAb subunit was achieved. Then, PTCR was implemented to increase the 

sequence coverage by simplifying fragmentation spectra. Substantial improvements in the sequence 

coverage were highlighted, but limitations regarding its implementation on a chromatographic scale 

and the intensity of the fragment ions after PTCR were also evidenced.  

Second, data processing parameters were evaluated, including deconvolution and fragment ion 

matching steps. The significant influence of the deconvolution parameters on the sequence coverage 

was underlined, and ranges of values maximizing the sequence coverage and limiting the risk of false 

positives were recommended. The risk of false positives was also assessed using reversed and shuffled 

sequences. The P-Score was identified as the most reliable metric to estimate the confidence in ion 

identification in TD/MD-MS experiments. Finally, the consideration of internal fragments was 

investigated. Significant improvements allowing the complete sequencing of the mAb subunits were 

observed. However, the increased risk of misattribution and the impossibility of confidently 

identifying modification sites were pinpointed as the main limitations of internal fragments 

consideration. 

Third, a combination of different MS-based approaches, i.e. intact and subunit analysis in both native, 

and denaturing conditions in combination with cutting-edge TD/MD-MS workflows were performed 

to characterize a recently approved antibody-drug conjugate (ADC), trastuzumab deruxtecan (T-DXd). 

The average drug-to-antibody ratio, the drug load distribution, and the number of locations of the 

payloads at the subunit levels were confirmed using native MS and middle-up strategies. Then, the 

precise payload locations at amino acid level were investigated using MD-MS methods combining 

complementary fragmentation techniques (CID, ETD, and EThcD). Thus, the location of the payloads 

on the cysteines involved in inter-chain disulfide bonds was evidenced by several diagnostic fragment 

ions, confirmed by the high sequence coverage observed. Subsequently, the complete sequence 

coverage of each subunit was obtained by looking at internal fragments. Finally, payload locations 

were confirmed by additional diagnostic fragment ions identification afforded by PTCR. In this case 

study on trastuzumab deruxtecan, the promising potential of combining multi-level intact protein-
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based approaches (i.e., native MS, middle-up, and middle-down) for comprehensive characterization 

of an ADC has been established. 

The work described in this manuscript highlights the importance of analytical developments in mass 

spectrometry, from data acquisition to data processing. The contribution of mass spectrometry to the 

characterization of therapeutic proteins and their impurities has been discussed throughout the 

manuscript, and some potential perspectives in this field have been suggested. To conclude, I would 

like to emphasize some points. 

This manuscript has used two main approaches, bottom-up and top-down, facing comparable 

challenges.  

For bottom-up proteomics, continuous improvements in acquisition speed, sensitivity, and sensibility 

drive DIA's democratization. This approach is now becoming more and more popular for various 

proteomic applications. It brings together the advantages of global and targeted methods in a single 

analysis, allowing for reproducible and accurate quantification. Introducing new strategies combining 

ion mobility and DIA boosts the number of identified and quantified features and should undoubtedly 

contribute to the widespread use of this approach in proteomics studies. In addition to data 

acquisition, data processing has seen significant advances in recent years.  

The advent of deep learning and artificial intelligence significantly improved the data analysis step, 

one of the bottlenecks of the bottom-up proteomic workflow. Promising performances of these 

bioinformatics tools have been demonstrated in this manuscript. Predictions of peptide properties, 

such as retention time or theoretical fragmentation spectra, from the vast amount of data available in 

public repositories, bring additional features that increase identifications and overall improve 

confidence. These prediction tools are particularly interesting for DIA, allowing the generation of 

extensive predicted libraries without the need for time-consuming sample preparation and MS 

analysis. While I am convinced that the work from people in informatics or bioinformatics will make 

the current data processing practices evolve, I still believe that biologists or mass spectrometry people 

require a thorough comprehension of these tools. Indeed, these algorithms are not error-free, and 

experts should keep a critical eye on the field to evaluate the results' relevance. 

For top-down analysis of purified proteins, fragmentation techniques providing extensive 

fragmentation of the protein backbone and high-resolution accurate mass instruments allowing the 

detection of hundreds of fragment ions in each spectrum are required. The commercial release of 

instruments enabling multiple fragmentation techniques or the development of devices to upgrade 

existing instruments allows the combination of complementary techniques to obtain significant 

sequence coverages. With these improvements, and regarding the considerable efforts made by the 

community to ensure the spread of this approach, top-down strategies are becoming more accessible 

to people out of the field. In addition, the need for intact proteoforms identification and quantification 

in understanding biological systems would open the door to widen use of top-down in the coming 

years. Nevertheless, additional work is still necessary for the development of multi-stage 

fragmentations (e.g., MS3, MS4), that would improve both the sequence coverage and the confidence 

in the identified fragments.  

A last point I would like to discuss concerns the lack of guidelines for top-down data processing. The 

vast amount of data generated by the fragmentation of intact protein results in complex MS/MS spectra 

deconvoluted to obtain a list of fragments that will be matched to the theoretical sequence. However, 

key steps of the process, including deconvolution and fragment matching, suffer from a total absence 

of standardization, making the comparison between studies difficult. Even if data processing 

parameters should be adapted to the experimental conditions, using too relaxed parameters can 

sometimes raise questions about the proportion of misattributions. A compromise between too-

stringent criteria filtering out half of the identifications and too-relaxed criteria leading to a substantial 

proportion of false positives should be found. I think that the community should propose 
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standardization initiatives, or at least general guidelines, about the key parameters directly affecting 

the results. It would undoubtedly improve the reliability of the results provided and could benefit 

beginners in the field by helping them set up their first experiments.
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Experimental section 

 

Unless otherwise indicated, all products were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Solvents (acetonitrile, methanol) and acids (formic acid (FA), trifluoroacetic acid (TFA)) were 

supplied by Fisher Scientific (Hampton, NH, USA).  

1. Methodological development in quantitative proteomics 

All the LC-MS/MS analyses were performed on a Dionex UltiMate 3000 RSLC nano system (Thermo 

Fisher Scientific) coupled to an Orbitrap Eclipse™ Tribrid™ (Thermo Fisher Scientific) mass 

spectrometer, 

A. Optimization of LC-MS/MS acquisition methods 

 Evaluation of the acquisition parameters 

a) Comparison of Orbitrap and ion trap analyzers 

Sample preparation 

Commercially available Pierce™ HeLa Protein Digest Standard was obtained from Thermo Fisher 

Scientific. A 20 µg aliquot was resuspended with 200 µL of 0.1% FA in water to obtain a final 

concentration of 100 ng/µL. A total of 1 µL (100 ng) was injected in triplicates for each method. 

LC-MS/MS analysis 

Data-dependent acquisitions (DDA) were performed on a Dionex UltiMate 3000 RSLC nano system 

(Thermo Fisher Scientific) coupled to an Orbitrap Eclipse™ Tribrid™ (Thermo Fisher Scientific) mass 

spectrometer, equipped with a FAIMS Pro interface (Thermo Fisher Scientific). Mobile phase A 

contained 0.1% FA in water and mobile phase B contained 0.1% FA in ACN. Peptides were loaded onto 

an Acclaim PepMap 100 C18 20 mm x 0.1 mm, 5 µm diameter particles precolumn (Thermo Fisher 

Scientific) for 3 min at 10 µL/min, and eluted on an Aurora Series C18 UHPLC (250 mm x 75µm, 1.6 

µm diameter particles, IonOpticks) at a 300 nL/min flow rate following a linear gradient: 2% B during 

3 min, 25% B at 53 min, 40% B at 63 min and 90% B from 65 to 70 min. The column was finally re-

equilibrated in 2% B for 19 min.  

Full-scan MS spectra were acquired over a 375-1,500 m/z range at a resolution of 120,000 (at 200 

m/z), with an automatic gain control (AGC) target of 4.105 and a maximum injection time set to 

Automatic. Top20 precursor ions with an intensity exceeding 5x103 ions per second and charge states 

between 2 and 7 were automatically selected from each MS spectrum for higher-energy collisional 

dissociation (HCD) fragmentation at 30% normalized collision energy. MS/MS spectra were collected 

either in the Orbitrap or the ion trap, depending on the experiment. For Orbitrap MS/MS detection, 

fragmentation spectra were collected at 15,000 resolution (at 200 m/z) using an automatic scan range, 

with an AGC target of 5x104 and a maximum injection time set to 22 ms. For ion trap MS/MS detection, 

fragmentation spectra were collected from in Rapid mode using an automatic scan range, with an AGC 

target of 1x104 and a maximum injection time set to 35 ms. 

Data analysis 

DDA data analysis was performed with Proteome Discoverer v. 2.5 (Thermo Fisher Scientific) using 

Sequest HT (Thermo Fisher Scientific) against Homo sapiens entries (20,324 entries, 2021/06/03) 

extracted from SwissProt and common contaminants were included. Trypsin (full) was used as 
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digestion enzyme and one missed cleavage was allowed. Cysteine carbamidomethylation was set as 

fixed modification; protein N-term acetylation and methionine oxidation were set as variable 

modifications. Mass tolerance was set to 5 ppm for precursor ion masses and 0.5 Da or 0.O2 Da for 

fragment ion masses analyzed in the ion trap or the Orbitrap, respectively.  The false discovery rate 

(FDR) was calculated using the Percolator node set to 1% at PSM, peptide and protein levels. XIC-MS1 

quantification was performed using unique peptides only and the chromatographic alignment was set 

to 10 min and 10 ppm between the 3 technical replicates.  

b) Comparison of HCD, CID, ETD and EThcD fragmentation techniques 

Sample preparation 

The same samples as those described in Experimental Section 1.A.1.i. were used. 

LC-MS/MS analysis 

LC-MS/MS analyses were performed using the setup described in Experimental Section 1.A.1.i. with 

MS/MS detection performed in the ion trap. Full-scan MS spectra were acquired over a 300-1,800 m/z 

range at a resolution of 120,000 (at 200 m/z), with an automatic gain control (AGC) target of 4x105 

and a maximum injection time set to Automatic. Precursors ions with an intensity exceeding 5x103 

ions per second and charge states between 2 and 7 were automatically selected from each MS spectrum 

using a 1.6 m/z isolation window for fragmentation and the global cycle time was set to 3 s. MS/MS 

spectra were collected either in the ion trap in Rapid mode with a maximum injection time of 35 ms 

and AGC target of 5x104. For ETD and EThcD fragmentation, ETD target was set to 1x107 with a 

maximum ETD reagent injection time of 200 ms.  

Fragmentation methods used and their corresponding energies are described in Table 13. 

Table 13: Activation energy used for each method. 

Fragmentation technique HCD CID ETD EThcD 

Activation time/energy 30% NCE 35% 50 ms 50 ms + 35% NCE 

 

Data analysis 

The same data analysis parameters as those described in Experimental Section 1.A.1.i. were used. 

c) Optimization of the isolation windows scheme for DIA 

Sample preparation 

The same samples as those described in Experimental Section 1.A.1.i. were used. 

LC-MS/MS analyses 

LC-MS/MS analyses were performed using the setup described in Experimental Section 1.A.1.i. 

Chromatographic conditions are also the same as already described in Experimental Section 1.A.1.i. 

Full-scan MS were acquired over a 375-1,050 m/z range at a resolution of 120,000 (at 200 m/z) with 

an AGC target of 1x106 and a maximum injection time of 50 ms. Fragment analysis (MS/MS) was 

subdivided into numerous windows, described in Figure 136. A resolution of 15,000 (at 200 m/z), an 

AGC target of 1x106 and a maximum injection time of 22 ms were use. HCD fragmentation normalized 

collision energy was set to 30%. 
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Figure 136: DIA isolation schemes used for optimization. 

Data analysis 

DIA data analysis was performed with Spectronaut v. 17.5 (Biognosys) using the Homo sapiens fasta 

file (20,324 entries, 2021/06/03) and the following settings. Briefly, trypsin/P was set as digestion 

enzyme, cysteine carbamidomethylation was set as fixed modification, methionine oxidation and 

protein N-term acetylation were set as variable modifications and one missed cleavage was allowed. 

Other parameters were set as default. Identification was performed using 0.01 precursor and protein 

Q-value cutoffs. Quantification was performed using the default parameters. 

d) Application to a mixture of well calibrated samples 

Sample preparation 

Arabidopsis thaliana cells were solubilized in 500 µL of a 8 M urea and 0.1 M NH4HCO3 solution and 

sonicated for 5 min in an ice bath. The protein concentration of the solution was measured using the 

RC-DC protein assay, and was adjusted to 0.6 µg/µL with a 25 mM Tris-HCl (pH 7) buffer. UPS1 protein 

range was prepared to obtain final concentration of 0.05, 0.25, 0.50, 1.25, 2.50, 5 and 10 fmol/µL in 0.2 

µg/µL Arabidopsis thaliana.  

Protein mixture was reduced with TCEP at a final concentration of 2 mM for 30 min at 37°C and 

alkylated with 10 µL of 100 mM IAM for 1 h at 25°C in the dark. Reduced and alkylated proteins were 

digested using trypsin/Lys-C (Promega) using a 1:10 enzyme:protein ratio for 1 h at 70°C. Digestion 

was quenched with 2µL of FA. Peptides were purified by solid-phase extraction (SPE), dried vacuum 

and solubilized in H2O/ACN 98/2 with 0.1% FA to a final concentration of 200 µg/µL and iRT peprtides 

(Biognosys) were added to the mixture.  

LC-MS/MS analysis 

Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA in ACN. Peptides 

were loaded onto an Acclaim PepMap 100 C18 20 mm x 0.1 mm, 5 µm diameter particles precolumn 

(Thermo Fisher Scientific) for 3 min at 10 µL/min, and eluted on an Aurora Series C18 UHPLC (250 

mm x 75µm, 1.6 µm diameter particles, IonOpticks) at a 300 nL/min flow rate following a linear 

gradient: 2% B during 3 min, 20% B at 63 min, 40% B at 82 min and 90% B from 83 to 85 min. The 

column was finally re-equilibrated in 2% B for 13 min.  
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For DDA acquisition, full-scan MS spectra were acquired over a 375-1,500 m/z range at a resolution of 

120,000 (at 200 m/z), with an AGC target of 4x105 and a maximum injection time set to Automatic. 

Precursor ions with an intensity exceeding 5x103 ions per second and charge states between 2 and 6 

were automatically selected from each MS spectrum for HCD fragmentation at 30% NCE. MS/MS 

spectra were collected in the ion trap in Rapid mode for a total cycle time of 2 s. MS/MS fragmentation 

spectra were collected over an automatic scan range, with an AGC target of 1x104 and a maximum 

injection time set to 35 ms. 

For DIA acquisition, full-scan MS were acquired over a 375-1,250 m/z range at a resolution of 120,000 

(at 200 m/z) with an AGC target of 4x105 and a maximum injection time of 50 ms. Fragment analysis 

(MS/MS) was subdivided into numerous variable width windows, described in Figure 137. MS/MS 

spectra were collected in the Orbitrap at a resolution of 30,000 (at 200 m/z), an AGC target of 5x105 

and a maximum injection time of 54 ms were use. HCD fragmentation normalized collision energy was 

set to 30%. 

 
Figure 137: DIA isolation scheme used for well-calibrated samples analysis 

Data analysis 

DDA data analysis was performed using parameters described in Experimental Section 1.A.1.i. and 

DIA data analysis using Spectronaut (v. 15.7) with the parameters described in Experimental Section 

1.A.1.iii. Searches were performed against a fasta file combining Arabidopsis thaliana (SwissProt, 

16,121 entries, 2021/03/01), UPS1 proteins and common contaminants entries. Differential analysis 

was performed using ProStar v.1.28.0. 

 Optimization of FAIMS compensation voltages 

a) Sample preparation 

The same samples as those described in Experimental Section 1.A.1.i. were used. 

b) LC-MS/MS analyses 

The same LC-MS/MS setup and parameters as those described in Experimental Section 1.A.1.i. were 

used. Experiments with the FAIMS Pro interface were conducted as described in Hebert et al.77. Briefly, 

FAIMS carrier gas flow was 4.7 L/min N2, the FAIMS electrodes were set to 100°C, entrance plate 

voltage was 250 V, asymmetric waveform divert voltage  was – 5000 V, compensation voltage (CV) 

settling time was 25 ms and CVs values were applied successively in the same run. Two CVs were used 

for Orbitrap experiments (-45V|-60V and -50V|-70V) and three for ion trap ones (-45V|-60V|-80V and 

-50V|-65V|-85V). 
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c) Data analysis 

Data analysis was performed as described in Experimental Section 1.A.1.i. 

 Evaluation of acquisition strategies dedicated to TMT samples 

a) Sample preparation 

HeLa cells from human were solubilized in 800 µL of a 8 M urea and 0.1 M NH4HCO3 solution and 

sonicated for 10 min in an ice bath. The protein concentration of the solution was measured using the 

RC-DC protein assay. Protein mixture was reduced with DTT at a final concentration of 5 mM for 30 

min at 37°C and alkylated with 15 mM (final concentration) of IAM for 1 h at 25°C in the dark. Reduced 

and alkylated proteins were diluted to 1 M urea with 100 mM NH4HCO3 and digested using 

trypsin/Lys-C (Promega) using a 1:25 enzyme:protein ratio at 37°C overnight. Digestion was quenched 

with 2µL of FA and peptides were purified by solid-phase extraction (SPE) using a C18 cartridge (Sep-

Pack).   

Peptides were diluted with 50 µL of 100 mM 3-[4-(2-Hydroxyethyl)-1-piperazine]propane sulfonic 

acid (EPPS) to obtain a pH of 8.5. TMT0 reagent was equilibrated at room temperature and dissolved 

in 41 µL of ACN. Then, 4 µL of TMT0 reagent were added to the sample for a protein:TMT ratio of 1:8 

and were incubated for 1 h at room temperature. The labeling reaction was quenched by the addition 

of 3 µL of 5% hydroxylamine. Samples were incubated during 15 min and were diluted to 1µg/µL with 

100 mM EPPS. Labeled peptides were purified by PSE using RPS cartridges, vacuum dried and 

resuspended in H2O/ACN 98/2 with 0.1% FA to a final concentration of 400 µg/µL. The same protocol 

was used for TMTpro -16plex.  

b) LC-MS/MS analysis for collision energy evaluation 

Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA in 80% ACN. 

Peptides were loaded onto an Acclaim PepMap 100 C18 20 mm x 0.1 mm, 5 µm diameter particles 

precolumn (Thermo Fisher Scientific) for 3 min at 10 µL/min, and eluted on an Aurora Series C18 

UHPLC (250 mm x 75µm, 1.6 µm diameter particles, IonOpticks) at a 300 nL/min flow rate following 

a linear gradient: 2.5% B during 3 min, 31.2% B at 53 min, 50% B at 63 min and 98% B from 65 to 70 

min. The column was finally re-equilibrated in 2.5% B for 19 min.  

Full-scan MS spectra were acquired over a 400-1,600 m/z range at a resolution of 120,000 (at 200 

m/z), with an AGC target of 4x105 and a maximum injection time set to Automatic. Precursor ions with 

an intensity exceeding 2.5x104 ions per second and charge states between 2 and 6 were automatically 

selected from each MS spectrum for HCD fragmentation using 27%-40% NCE. Dynamic exclusion was 

set to 60 s. MS/MS spectra were collected in the Orbitrap for a total cycle time of 3 s. MS/MS 

fragmentation spectra were collected over an automatic scan range at a resolution of 30,000 (at 200 

m/z), with an AGC target of 1.25x105 and a maximum injection time set to 54 ms. 

c) LC-MS/MS analysis for TMT acquisition method evaluation 

Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA in 80% ACN. 

Peptides were loaded onto an Acclaim PepMap 100 C18 20 mm x 0.1 mm, 5 µm diameter particles 

precolumn (Thermo Fisher Scientific) for 3 min at 10 µL/min, and eluted on an Aurora Series C18 

UHPLC (250 mm x 75µm, 1.6 µm diameter particles, IonOpticks) at a 300 nL/min flow rate following 

a linear gradient: 2.5% B during 3 min, 31.2% B at 163 min, 50% B at 183 min and 98% B from 185 to 

190 min. The column was finally re-equilibrated in 2.5% B for 19 min. 

Full-scan MS spectra were acquired over a 400-1,600 m/z range at a resolution of 120,000 (at 200 

m/z), with an AGC target of 4x105 and a maximum injection time set to Automatic. For TMT MS2 

experiments, precursor ions with an intensity exceeding 5x104 ions per second and charge states 
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between 2 and 6 were automatically selected using 0.7 m/z isolation window from each MS spectrum 

for HCD fragmentation at 35% NCE. Dynamic exclusion was set to 60 s. MS/MS spectra were collected 

in the Orbitrap at a resolution of 50,000 (at 200 m/z) for a total cycle time of 3 s. Scan range was set to 

automatic, AGC target to 1.25x105 and a maximum injection time set to 120 ms. For TMT MS3 

experiments, precursor ions with an intensity exceeding 5x103 ions per second and charge states 

between 2 and 6 were automatically selected using 0.7 m/z isolation window from each MS spectrum 

for CID fragmentation at 35%. MS/MS spectra were collected on the ion trap in Rapid mode, using an 

AGC target of 1x104 and a maximum injection time of 50 ms. Then, the ten most abundant precursors 

were selected using a 2 m/z isolation window for HCD fragmentation at 55% NCE. MS3 spectra were 

recorded in the Orbitrap at a resolution of 50,000 K (at 200 m/z) using a 110-500 m/z scan range. AGC 

target was set to 1.2x105 and maximum injection time to 120 ms. For MS3 RTS, the same parameters 

were used for data acquisition. In addition, real-time search was performed using the Comet search 

engines with the following parameters: trypsin (full) was used as enzyme with one maximum missed 

cleavage, carbamidomethylation of cysteine and TMTpro (K and N-term) were set as fixed 

modifications, methionine oxidation as variable modification and a tolerance of 25 ppm was used for 

precursor matching. Only precursors that have been identified were submitted to MS3 analysis. 

d) Data processing 

Data analysis was performed with Proteome Discoverer v. 2.5 (Thermo Fisher Scientific) using Sequest 

HT (Thermo Fisher Scientific) against Homo sapiens entries (20,324 entries, 2021/06/03) extracted 

from SwissProt and common contaminants were included. Trypsin (full) was used as digestion enzyme 

and one missed cleavage was allowed. Cysteine carbamidomethylation and TMT (or TMTpro) on lysine 

and peptide N-term were set as fixed modifications; methionine oxidation was set as variable 

modification. Mass tolerance was set to 5 ppm for precursor ion masses and 0.O2 Da for fragment ion 

masses (0.5 Da for TMT MS3 experiments).  The false discovery rate (FDR) was calculated using the 

Percolator node set to 1% at PSM, peptide and protein levels. Quantification was performed using the 

Reporter ions quantifier node, using unique peptides only. Co-isolation threshold of precursors was 

set to 50% and no filter on the minimum channel occupancy were set.  

B. Evaluation of bioinformatics tools for data processing 

 Evaluation of innovative tools for DDA data processing 

a) MS²Rescore 

Sample preparation 

Commercially available Pierce™ HeLa Protein Digest Standard was obtained from Thermo Fisher 

Scientific. A 20 µg aliquot was resuspended with 200 µL of 0.1% FA in water to obtain a final 

concentration of 100 ng/µL. For each of the five replicates, 200 ng were injected. 

LC-MS/MS analysis 

Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA in 80% ACN. 

Peptides were directly eluted on an Aurora Series C18 UHPLC (250 mm x 75µm, 1.6 µm diameter 

particles, IonOpticks) at a 300 nL/min flow rate following a linear gradient: 2.5% B during 3 min, 

31.2% B at 53 min, 50% B at 63 min and 98% B from 65 to 70 min. The column was finally re-

equilibrated in 2.5% B for 19 min.  

Full-scan MS spectra were acquired over a 300-1,800 m/z range at a resolution of 60,000 (at 200 m/z), 

with an AGC target of 1x106 and a maximum injection time set to 50 ms. The 20 most intense precursor 

ions with an intensity exceeding 5x103 ions per second and charge states between 2 and 7 were 

automatically selected using 1.8 m/z isolation window for HCD fragmentation at 30% NCE and 
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Dynamic exclusion was set to 60 s. MS/MS spectra were collected in the Orbitrap at a resolution of 

15,000 (at 200 m/z). MS/MS fragmentation spectra were collected over an automatic scan range at a 

resolution of 30,000 (at 200 m/z), with an AGC target of 1.25x105 and a maximum injection time set 

to 22 ms. 

Data analysis 

Each replicate was analyzed separately. Raw files were converted to MGF files using MS Convert (v. 

3.0). Data were analyzed using Mascot (Matrix Science) and a fasta file containing Homo sapiens entries 

(SwissProt, 20,324 entries, 2021/06/03) and common contaminants. Trypsin/P was used as the 

digestion enzyme and one missed cleavage was allowed. Oxidation of methionine was set as variable 

modification and cysteine carbamidomethylation as fixed modification. Data were extracted using 

peptide mass tolerance of 5 ppm and MS/MS mass tolerance at 0.02 Da. A FDR of 1% was set at the 

PSM level. For MS²Rescore, data obtained after Mascot search at 100% FDR were used as input, and 

the same modifications and mass tolerances as for the initial Mascot search were used. HCD2021 

model was selected for spectrum prediction and other parameters were set as default. PSMs with q-

value > 0.01 were filtered out.  

b) Inferys 

Sample preparation and LC-MS/MS analysis 

The same samples and LC-MS/MS acquisition methods as those described in Experimental Section 

1.B.i.a. were used. 

Data analysis 

Each replicate was analyzed separately. Data analysis was performed with Proteome Discoverer v. 2.5 

(Thermo Fisher Scientific) using Sequest HT (Thermo Fisher Scientific) against Homo sapiens entries 

(20,324 entries, 2021/06/03) extracted from SwissProt and common contaminants were included. 

Trypsin (full) was used as digestion enzyme and one missed cleavage was allowed. Cysteine 

carbamidomethylation was set as fixed modification; and methionine oxidation was set as variable 

modification. Mass tolerance was set to 5 ppm for precursor ion masses and 0.02 Da for fragment ion 

masses.  The false discovery rate (FDR) was calculated using the Percolator node set to 1% at PSM 

level. For Inferys search, an additional node (Inferys node) was added before Percolator node and the 

collision energy value was set to 30% for spectra prediction.  

c) Chimerys 

Sample preparation and LC-MS/MS analysis 

The same samples and LC-MS/MS acquisition methods as those described in Experimental Section 

1.B.i.a. were used. 

Data analysis 

Each replicate was analyzed separately. Data analysis was performed with Proteome Discoverer v. 3.0 

(Thermo Fisher Scientific) using Chimerys (MSAID) against Homo sapiens entries (20,324 entries, 

2021/06/03) extracted from SwissProt and common contaminants were included. Chimerys used the 

Inferys_2.1_fragmentation model for spectra prediction. Trypsin (full) was used as digestion enzyme 

and one missed cleavage was allowed. Cysteine carbamidomethylation was set as fixed modification; 

and methionine oxidation was set as variable modification. Mass tolerance was set to 20 ppm for 

fragment ion masses.  The false discovery rate (FDR) was calculated using the Percolator node set to 

1% at PSM level.  
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d) Ionbot 

Sample preparation and LC-MS/MS analysis 

The same samples and LC-MS/MS acquisition methods as those described in Experimental Section 

1.B.i.a. were used. 

Data analysis 

Each replicate was analyzed separately. Data analysis was performed with ionbot v.0.10.0 

(CompOmics, Ghent, Belgium)) against Homo sapiens entries (20,324 entries, 2021/06/03) extracted 

from SwissProt and common contaminants were included. Trypsin was used as digestion enzyme and 

one missed cleavage was allowed. Cysteine carbamidomethylation was set as fixed modification, 

methionine oxidation as variable modification and open modification search was enabled. Mass 

tolerance was set to 20 ppm for precursor ion and 0.02 Da for fragment ion masses. Output results 

were filter using q-value < 0.01.  

 Comparison of library-free approaches in DIA 

a) Spectronaut 

Sample preparation 

The same samples as those described in Experimental Section 1.B.i.a. were used. 

LC-MS/MS analysis 

The same LC-MS/MS acquisition parameters as those described in Experimental section 1.A.i.d were 

used. 

Data analysis 

DIA data analysis was performed with Spectronaut v. 17.5 (Biognosys) against a fasta file combining 

Arabidopsis thaliana proteins (SwissProt, 16,121 entries, 2021/03/01), UPS1 proteins and common 

contaminants entries. Briefly, trypsin/P was set as digestion enzyme, cysteine carbamidomethylation 

was set as fixed modification, methionine oxidation was set as variable modification and one missed 

cleavage was allowed. Parameters studied during this evaluation (i.e., MS/MS mass tolerance and 

retention time extraction window) were set as described in the main text. Other parameters were set 

as default. Identification was performed using 0.01 precursor and protein Q-value cutoffs. 

Quantification was performed using the default parameters. Differential analysis was performed using 

ProStar v. 1.28.0. 

b) DIA-NN 

Sample preparation 

The same samples as those described in Experimental Section 1.B.i.a. were used. 

LC-MS/MS analysis 

The same LC-MS/MS acquisition parameters as those described in Experimental section 1.A.i.d. were 

used. 

Data analysis 

DIA data analysis was performed with DIA-NN v.1.8.1 against a fasta file combining Arabidopsis 

thaliana proteins (SwissProt, 16,121 entries, 2021/03/01), UPS1 proteins and common contaminants 

entries. Briefly, trypsin was set as digestion enzyme, cysteine carbamidomethylation was set as fixed 



  Experimental section 

219 
 

 

modification, methionine oxidation was set as variable modification and one missed cleavage was 

allowed. Parameters studied during this evaluation (i.e., MS/MS mass tolerance and retention time 

extraction window) were set as described in the main text. Other parameters were set as default. 

Identification was performed using 0.01 precursor and protein Q-value cutoffs. Quantification was 

performed using the default parameters. Differential analysis was performed using ProStar v. 1.28.0. 

2. Methodological developments for HCP quantification in drug products 

A. HCP-PROFILER for internal calibration 

The list of peptides used for the building of the calibration curves is provided in Table 14. For each 

quantity, three proteins with three peptides each are used, from 1 fmol to 500 fmol.  

Table 14: List of HCP-PROFILER (Anaquant, Lyon) peptides and proteins.  

 

B. Evaluation of FAIMS DDA methods 

 Sample preparation 

The NIST mAb standard reference material RM8671 was purchased from Merck. HCP-PROFILER 

standard peptides were acquired from Anaquant (Villeurbanne, France). Mass spectrometry grade 

trypsin/Lys-C enzymes were obtained from Promega (Madison, WI, USA).  

The digestion protocol was adapted from Huang et al.509. Briefly, a 100 µL aliquot of 10 µg/µL mAb was 

supplemented with 90 µL of ultrapure H2O and 5 µL of 1 M Tris-HCl, pH 8. Proteins were digested 

overnight at 37°C using a solution of Trypsin/Lys C enzymes at a 1:400 enzyme/protein ratio. Digests 

were reduced with 1.5 µL of 303 mM DTT for 10 min at 90°C and centrifuged at 13 000g for 2 min. 

Supernatant was finally acidified with 0.5 µL of FA. Then, after vacuum drying, peptides were 

solubilized in 2% ACN and 0.1% FA to obtain a final protein concentration of 1 µg/µL. One HCP-
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PROFILER bead was dissolved in 150 µL of 5% ACN and 0.1% FA, to obtain standard peptides in a 

concentration range from 0.5 to 250 fmol/µL. Retention time iRT standards (Biognosys, Schlieren, 

Switzerland) and 2 µL of HCP-PROFILER solution were mixed to 1 or 2 µL of NIST mAb Reference 

Material, respectively, before injection. 

 LC-MS/MS analysis 

DDA analyses were performed on a Dionex UltiMate 3000 RSLC nano system (Thermo Fisher 

Scientific) coupled to an Orbitrap Eclipse™ Tribrid™ (Thermo Fisher Scientific) mass spectrometer, 

equipped with a FAIMS Pro interface (Thermo Fisher Scientific). Mobile phase A contained 0.1% FA in 

water and mobile phase B contained 0.1% FA in 80% ACN/20% water. Peptides were loaded onto an 

Acclaim PepMap 100 C18 20 mm x 0.1 mm, 5 µm diameter particles precolumn (Thermo Fisher 

Scientific) for 3 min at 10 µL/min, and eluted on an Aurora Series C18 UHPLC (250 mm x 75µm, 1.6 

µm diameter particles, IonOpticks) at a 300 nL/min flow rate following a linear gradient: 2.5% B at 0 

min, 43.8% B at 95 min and 98% B from 96 to 101 min. The column was finally re-equilibrated in 2.5% 

B for 15 min. 

Full-scan MS spectra were acquired over a 375-1,500 m/z range at a resolution of 60,000 (at 200 m/z), 

with an automatic gain control (AGC) target of 1x106 and a maximum injection time of 60 ms. The top 

10 most intense precursor ions with an intensity exceeding 5x103 ions per second and charge states 

between 2 and 6 were automatically selected from each MS spectrum for higher-energy collisional 

dissociation (HCD) fragmentation at 30% normalized collision energy. MS/MS spectra were collected 

from 120-1200 m/z either in the ion trap or in the Orbitrap. For ion trap detection, Rapid mode was 

used, with an AGC target of 1x104 and a maximum injection time set to Automatic. For Orbitrap 

detection, resolution was set to 15,000 (at 200 m/z), with an AGC target of 1x105 and a maximum 

injection time set to 22 ms. Experiments with the FAIMS Pro interface were conducted as described in 

Hebert et al.77. Briefly, FAIMS carrier gas flow was 4.7 L/min N2, the FAIMS electrodes were set to 

100°C, entrance plate voltage was 250 V, asymmetric waveform divert voltage  was – 5000 V, 

compensation voltage (CV) settling time was 25 ms and CVs values of -50, -65 and -85 V were applied 

successively in the same run for ion trap detection; -50 V and -70 V for Orbitrap detection. 

 Data analysis 

DDA data analysis was performed with Proteome Discoverer v. 2.5 (Thermo Fisher Scientific) using 

Sequest HT (Thermo Fisher Scientific) against a database containing all Mus musculus entries (17,050 

entries, TaxID=10090,  2021/05/26) extracted from UniProtKB/SwissProt for NIST mAb samples 

Each fasta file included common contaminants, iRT retention time standards, HCP-PROFILER standard 

sequences and mAbs heavy and light chain sequences. Trypsin/P was used as digestion enzyme and 

one missed cleavage was allowed. Methionine oxidation and protein N-term acetylation were set as 

variable modifications. Mass tolerance was set to 5 ppm for precursor ion masses and 0.5 Da for 

fragment ion masses analyzed in the ion trap 0.02 for analysis in the Orbitrap.  The FDR was calculated 

using the Percolator node set to 1% at PSM level. XIC-MS1 quantification was performed using unique 

peptides only and the chromatographic alignment was set to 10 min and 10 ppm between the 3 

technical replicates 

C. Evaluation of DIA strategies for HCP quantification 

 Sample preparation 

The same samples as those described in Experimental Section 1.B.i.a. were used. For gas-phase 

fractionation (GPF) chromatogram library generation, technical replicates were pooled together. 
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 LC-MS/MS analysis 

Same chromatographic conditions as those described in Experimental section 2.A.ii. were used. For 

DIA analyses, full-scan MS was acquired over a 375-1250 m/z range at a resolution of 60,000 (at 200 

m/z) with an AGC target of 1x106 and a maximum injection time of 60 ms. Fragment analysis (MS/MS) 

was subdivided into different isolation schemes, described in Figure 138. A resolution of 15,000 (at 

200 m/z), an AGC target of 1x106 and a maximum injection time of 22 ms were used for a total cycle 

time of 1.5 s. HCD fragmentation normalized collision energy was set to 30%.  

 

Figure 138: DIA isolation schemes used for HCP analysis. 

For DIA-GPF, 6 individual injections were performed, covering the 380-980 m/z mass range. A 100 

m/z full-scan MS was acquired with the parameters described above for DIA, and the MS/MS analysis 

was divided into 25 windows of 4 m/z using a 30,000 (at 200 m/z) resolution, an AGC target of 1x106 

and  maximum injection time of 60 ms. 

 Data analysis 

DIA data analysis was performed with Spectronaut v. 15.7 (Biognosys) using the fasta files described 

above and the following settings. Briefly, trypsin/P was set as digestion enzyme, methionine oxidation 

and protein N-term acetylation were set as variable modifications and one missed cleavage was 

allowed. Data was extracted using dynamic mass tolerances and a 10 min XIC RT extraction window. 

Identification was performed using 0.01 precursor q-value cutoffs. Quantification was performed 

using interference correction and at least three fragments per precursor, without imputation. Quantity 

is based on MS² XIC peak areas. Non-identified precursors in rows with at least one q-value below 0.01 

were selected for iRT profiling, by enabling carrying over the average template peak position. 

For GPF data, a chromatogram library was generated in Spectronaut (v. 15.7). The six raw files were 

processed altogether with the Pulsar search engine with similar parameters than the ones used for DIA 

analysis: trypsin/P as digestion enzyme, methionine oxidation and protein N-term acetylation were as 

variable modifications, one missed cleavage authorized. Additional filters were applied for library 

generation, including a 1% FDR threshold at PSM, peptide and protein levels and a number of 

fragments between 3 and 8 per precursor. Then, data acquired in DIA were searched against the 

chromatogram library with the same parameters as for library-free DIA data analysis described above. 
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3. Top-down and middle-down mass spectrometry to characterize mAb-

based therapeutics 

A. Optimization of top-down and middle-down acquisition parameters 

 Optimization of key parameters for top-down acquisition by infusion 

a) Sample preparation 

Myoglobin from equine heart (Sigma-Aldrich) and carbonic anhydrase from bovine erythrocytes 

(Sigma-Aldrich) were diluted to 2 µM in 49.5/49.5/1 H2O/ACN/FA 

b) MS/MS analysis 

Proteins were analyzed by infusion at 5 µL/min using the H-ESI source (Thermo Fisher Scientific) 

heated at 275°C hyphenated to an Orbitrap Eclipse Tribrid instrument (Thermo Fisher Scientific) in 

Intact Protein mode. Spray voltage was set to 3,800 V, sheath gas to 4.0 arbitrary units (a. u.) and 

auxiliary gas to 2.0 a. u. Ion routing multipole pressure was set to 2 mTorr. Fragmentation was carried 

out using HCD, ETD, EThcD and UVPD. Activation energies and precursor ions charge state are 

described in the main text (see Part II, Chapter 1). For ETD and EThcD fragmentations, the anionic 

reagent target was set at 7×105 with a maximum reagent injection time of 200 ms. Fragmentation 

MS/MS spectra were collected in the Orbitrap at a resolution of 120,000 (at 200 m/z) using 10 micro 

scans and averaged for 1 min. For MS3, precursor product ion selection and MS collection were 

performed as for MS2. 

c) Data analysis 

Spectra were averaged over 1 min and deconvoluted using Xtract™ algorithm included in the FreeStyle 

software (Thermo Fisher Scientific) using the following parameters: S/N was set to 3, fit factor to 80%, 

remainder threshold to 25, maximum charge state to the charge state of the precursor ion and 

minimum number of charges to 1. Deconvoluted [MH+] masses were exported as an Excel file. 

Fragment identification was performed using ProSight Lite with a mass tolerance of 10 ppm, and ion 

types were searched accordingly to the fragmentation method. For UVPD data, UVPD9 was used to 

match the masses. Protein sequences are provided in Table 15. 

Table 15: Protein sequences of myoglobin and carbonic anhydrase II. 

Protein Monoisotopic Mass Sequence 

Myoglobin 

(P68082) 
16,940.96 Da 

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAE

MKASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISD

AIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 

Carbonic 

anhydrase 

II (P00921) 

29,005.70 Da 

[acetylation]SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALK

PLALVYGEATSRRMVNNGHSFNVEYDDSQDKAVLKDGPLTGTYRLVQFHFHWG

SSDDQGSEHTVDRKKYAAELHLVHWNTKYGDFGTAAQQPDGLAVVGVFLKVGD

ANPALQKVLDALDSIKTKGKSTDFPNFDPGSLLPNVLNYWTYPGSLTTPPLLESV

TWIVLKEPISVSSQQMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK 
 

 Optimization of the acquisition parameters for MD-MS analysis of mAbs 

a) Sample preparation 

Trastuzumab was provided by the Institut de Cancérologie de Strasbourg (ICANS, Strasbourg, France). 

FabRICATOR® enzyme (Genovis, Lund, Sweden) was prepared by diluting 300 units in 75 µL of water 

(4 units/µL). In an Eppendorf, 300 µg of trastuzumab (~15µL) were mixed to 75 µL of the IdeS solution 

and 10 µL of phosphate buffer at pH 6.8. Sample was incubated for 30 min at 37°C and 500 rpm. After 
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digestion, 33 mg of 6 M guanidine-HCl and DTT 10 µL of DTT at 1 M (final concentration of 100 mM) 

were added to the sample. Reduction was performed at 57°C for 1 h. Sample was diluted to a final 

concentration of 0.5 µg/µl in 49.5/49.5/1 H2O/ACN/FA. Around 1 µg of sample were loaded on the 

column.  

b) LC-MS/MS analysis 

Short chromatographic gradient 

LC separation of the subunits was performed on a Dionex UltiMate 3000 RSLC nano system (Thermo 

Fisher Scientific). Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA 

in ACN. Antibody subunits were eluted on a Zorbax 300 SB-C8 column (50 mm x 2.1 mm, 1.8 µm, 

Agilent) at a flow rate of 100 µL/min following a linear gradient of 12 min: from 20% to 50% B in 5.5 

min, 90% B for 2 min and equilibration at 20% B for 4 min. 

MS and MS/MS analyses were performed on an Orbitrap Eclipse™ Tribrid™ (Thermo Fisher Scientific) 

mass spectrometer using the H-ESI source (Thermo Fisher Scientific) and working in Intact Protein 

mode with low pressure (2 mTorr). Source parameters were set as follows: ion transfer tube to 320°C, 

vaporizer to 300°C, spray voltage to 3,500 V, sheath gas to 25 a. u., auxiliary gas to 10 a. u. and in-source 

fragmentation of 10 V. Selected precursors ions were fragmented in a defined time scale corresponding 

to the elution peak of each subunit. The list of precursors used is mentioned in the main text (Part III, 

Chapter 1). Precursors were fragmented either using HCD at 25% NCE, ETD with 3 ms reaction time 

or UVPD with 30 ms activation time. Same ETD parameters were used as those described in 

Experimental section 3.A.i.b). MS/MS spectra were collected in the Orbitrap at a resolution of 

120,000 (at 200 m/z) using two micro scans per scan. AGC target was set to 7.5x105, maximum 

injection time to 200 ms and isolation windows to 3 m/z.  

Long chromatographic gradient 

LC separation of the subunits was performed on a Dionex UltiMate 3000 RSLC nano system (Thermo 

Fisher Scientific). Mobile phase A contained 0.1% FA in water and mobile phase B contained 0.1% FA 

in ACN. Antibody subunits were eluted on a BioResolve™ RP mAb column (150 mm x 2.1 mm, 2.7 µm, 

Waters) at a flow rate of 300 µL/min following a linear gradient of 60 min: from 25% to 44% B in 40 

min, 75% B for 5 min and equilibration at 25% B for 14 min. 

MS and MS/MS analyses were performed on an Orbitrap Eclipse™ Tribrid™ (Thermo Fisher Scientific) 

mass spectrometer using the H-ESI source (Thermo Fisher Scientific) and working in Intact Protein 

mode with low pressure (2 mTorr). Source parameters were set as follows: ion transfer tube to 275°C, 

vaporizer to 200°C, spray voltage to 3,800 V, sheath gas to 15 a. u., auxiliary gas to 5 a. u. and in-source 

fragmentation of 10 V. Selected precursors ions were fragmented in a defined time scale corresponding 

to the elution peak of each subunit. The list of precursors used is mentioned in the main text (Part III, 

Chapter 1). Precursors were fragmented either using HCD at 25% NCE, CID at 35%, ETD with 3 ms 

reaction time, UVPD with 15 ms activation time and EThcD with 3 ms and 20% NCE. Same ETD 

parameters were used as those described in Experimental section 3.A.i.b). MS/MS spectra were 

collected in the Orbitrap at a resolution of 120,000 (at 200 m/z) using two micro scans per scan. AGC 

target was set to 1x106, maximum injection time to 200 ms and isolation windows to 3 m/z. 

PTCR was performed after ETD fragmentation on either a wide isolation window of 1 000 m/z (700–

1 700 m/z) or five isolation windows of 200 m/z between 700 and 1 700 m/z. The PTCR reaction time 

was set to 20 ms for the wide isolation windows. For narrow windows, reaction times of either 5 ms 

(for 700–900 m/z, 1 300–1 500 m/z and 1 500–1 700 m/z isolation windows) or 10 ms (for 900–1 100 

m/z and 1 100–1 300 m/z isolation windows) were used, depending on the ion population. Reagent 

target was set to 5 × 105 and the maximum reagent injection time to 200 ms. MS3 spectra were 
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recorded using a mass range of 500–4 000 m/z, a resolving power of 120 000 (at 200 m/z) and 2 

microscans per spectra were selected.  

c) Data analysis 

Spectra were averaged over the chromatographic peak and deconvoluted using Xtract™ algorithm 

included in the FreeStyle software (Thermo Fisher Scientific) using the following parameters: S/N was 

set to 3, fit factor to 80%, remainder threshold to 25, maximum charge state to the charge state of the 

precursor ion and minimum number of charges to 1. Deconvoluted [MH+] masses were exported as an 

Excel file. Fragment identification was performed using ProSight Lite with a mass tolerance of 10 ppm, 

and ion types were searched accordingly to the fragmentation method. For UVPD data, UVPD9 was 

used to match the masses. Trastuzumab subunit sequences are provided in Table 16. 

Table 16: Trastuzumab subunits sequences. 

Subunit Monoisotopic Mass Sequence 

Lc 23,196.47 Da 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLY

SGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVA

APSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ

DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

Fc/2 (G0F) 25,220.46 Da 

GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTK

PREEQYN[G0F]STYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKG

QPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTP

PVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

Fd 25,367.52 Da 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTN

GYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMD

YWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNS

GALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVE

PKSCDKTHTCPPCPAPELLG 
 

For internal fragments analysis, ClipsMS335 was used. Internal fragments were searched with an error 

tolerance of 2 ppm (10 ppm was kept for the terminal fragments) and a smallest internal fragment size 

of 5 amino acids. The following internal fragment ions were searched depending on the fragmentation 

method: by ions for CID, cz ions for ETD, by, cy, bz and cz ions for EThcD and ax, bx, cx, ay, by, cy, az, bz 

and cz. Other parameters (modifications, terminal fragments tolerance) were set as mentioned above 

 Assessment of data processing for TD-MS and MD-MS experiments 

a) Sample preparation 

The same samples as those described in Experimental Section 3.A.ii.a) were used.  

b) LC-MS/MS analysis 

The same analysis parameters as those described in Experimental Section 3.A.ii.b) were used. 

c) Data analysis 

Spectra were averaged over the chromatographic peak and deconvoluted using Xtract™ algorithm 

included in the FreeStyle software (Thermo Fisher Scientific) using the following parameters: 

remainder threshold to 25, maximum charge state to the charge state of the precursor ion and 

minimum number of charges to 1. Different S/N ratio and fit factor values were tested, as mentioned 

in the main text. Deconvoluted [MH+] masses were exported as an Excel file. Fragment identification 

was performed using ProSight Lite with a mass tolerance from 2-10 ppm, and ion types were searched 

accordingly to the fragmentation method. For UVPD data, UVPD9 was used to match the masses. 

Trastuzumab subunit sequences are provided in Experimental section 3.A.ii.c). 
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B. Characterization of trastuzumab deruxtecan ADC by MD-MS 

 Sample preparation 

Trastuzumab Deruxtecan (T-DXd) samples were provided by the Institut de Cancérologie Strasbourg 

Europe (ICANS, Strasbourg, France). All chromatographic solvents are LC-MS grade. 

a) Middle-up analysis sample preparation 

For middle-up level experiments, IdeS digestion was performed by incubating one unit of 

FabRICATOR® enzyme (Genovis, Lund, Sweden) per microgram of ADC for 30 min at 37°C. For 

denaturing conditions analysis, TFA was added to the digested ADC to a final concentration of 1%. The 

final concentration of the ADC in solution was 0.8 µg/µL. 

b) Middle-down analysis sample preparation 

For middle-down experiments, sample IdeS digestion was performed as mentioned for middle-up 

experiments. Disulfide bonds were subsequently reduced during 60 min at 37°C in strong denaturing 

conditions (6M guanidine hydrochloride,) using DTT (Sigma) as a reducing agent (100 mM final DTT 

concentration). Finally, trifluoroacetic acid (TFA) was added to the solution at a final concentration of 

1%. The final concentration of the ADC in solution was 0.7 µg/µL. 

 LC-MS/MS analysis 

a) SEC-nMS analysis experiments 

A Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific) was coupled to an Orbitrap Eclipse™ 

Tribrid™ (Thermo Fisher Scientific) mass spectrometer equipped with an EASY Max NG ion source 

with a heated electrospray ionization H-ESI probe. 15 and 12 µg were injected for intact and middle-

up level analyses, respectively. The separation was carried out in isocratic mode with a 100 mM 

AcONH4 mobile phase at pH 7 using an ACQUITY Protein BEH SEC (200 Å, 1.7 µm, 4.6 × 150 mm, 

Waters) SEC column. The flow rate was set to 250 µL/min for both intact and middle-up analyses. The 

source parameters were set as follows: sheath gas flowrate to 25 a. u., auxiliary gas flowrate to 5 a. u., 

ion transfer capillary temperature to 275°C, vaporizer temperature to 200°C, and capillary voltage 3.8 

kV. In-source fragmentation energy was set to 150 V and 50 V for the intact and middle-up analysis, 

respectively, and the RF Lens to 150%. Intact protein mode was activated, with a pressure of 20 mTorr 

in the ion routing multipole (high pressure mode). Acquisitions were performed in the m/z range 500–

8,000 with a 3 ms scan and at a resolution of 15,000. The AGC target was set to 2x106, and the maximum 

injection time was 50 ms.  

b) Middle-level LC-MS and LC-MS/MS analysis 

Separation of the Fc/2, Fd, and Lc subunits was performed with a BioResolve™ RP mAb Polyphenyl 

column (450 Å pore size, 2.7 µm particle size, 2.1 x 150 mm, Waters) preheated at 60 °C, using a Dionex 

Ultimate 3000 RSLC system (Thermo Fisher Scientific). Mobile phase A consisted of 0.1% TFA in water, 

and mobile phase B was 0.1% TFA in ACN. For LC-MS and LC-MS/MS analyses, 3.5 µg and 5.5 µg of 

digested ADC were respectively loaded onto the column using 25% of mobile phase B at constant flow 

rate of 300 µL/min during 2 minutes. Digested ADC was eluted following a linear gradient: 25% at 2 

min, 44% B at 40 min and 75% B from 40.5 to 45.5 min. The column was finally re-equilibrated at 25% 

B during 15 min. The LC system was hyphenated to an Orbitrap Eclipse Tribrid mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) in Intact Protein mode. RF-Lens was set to 60%, and auxiliary 

and sheath gas were set to 5 a. u. and 15 a. u., respectively. For all experiments, the spray voltage was 

set to 3.8 kV, the ion transfer tube temperature to 275°C, the vaporizer to 200°C and the advanced 
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peak determination was activated.MS spectra were recorded using a mass range of 500–4,000 m/z and 

resolving power of 120,000 (at 200 m/z) for denaturing middle-up analysis.  

For middle-down analysis, four different fragmentation modes were used: CID, ETD, PTCR and EThcD. 

MS² spectra were recorded using a mass range of 300–2 000 m/z, a resolving power of 120 000 (at 

200 m/z) and 2 microscans per spectra were selected. Precursor ions were selected over each specific 

elution window with an isolation window of 3 m/z and subsequently fragmented. For each subunit, 

the most intense, for CID, or the highest charge state, for ETD/EThcD, precursor ions were selected 

and submitted to fragmentation. The AGC was set to 1x106 and the maximum injection time to 200 ms 

for precursor ions. CID collision energy was set to 35%, with a CID activation time of 10 ms and an 

activation Q parameter of 0.25. For ETD fragmentation, the reaction time between precursor ions and 

the anionic fluoranthene reagent was set to 3 ms. To ensure proper precursor ions fragmentation, the 

anionic reagent target was set at 7 × 105 with a maximum reagent injection time of 200 ms. For EThcD 

fragmentation, the same parameters as those described for ETD were used, and a supplemental 

collision energy of 20% was used. PTCR was performed after ETD and EThcD fragmentation on either 

a wide isolation window of 1,000 m/z (700–1,700 m/z) or five isolation windows of 200 m/z between 

700 and 1,700 m/z. The PTCR reaction time was set to 20 ms for the wide isolation windows. For 

narrow windows, reaction times of either 5 ms (for 700–900 m/z, 1,300–1,500 m/z and 1,500–1,700 

m/z isolation windows) or 10 ms (for 900–1,100 m/z and 1,100–1,300 m/z isolation windows) were 

used, depending on the ion population. Reagent target was set to 5 × 105 and the maximum reagent 

injection time to 200 ms. MS3 spectra were recorded using a mass range of 500–4,000 m/z, a resolving 

power of 120,000 (at 200 m/z) and 2 microscans per spectra were selected. 

 Data analysis 

a) SEC-nMS analyses 

Data were interpreted using BioPharma Finder v3.2 (Thermo Fisher Scientific, San Jose, CA, USA). The 

deconvolution mass tolerance was set to 10 ppm. 

b) MD-MS analysis 

MS/MS spectra were deconvoluted in FreeStyle 1.8 using the Xtract algorithm and deconvoluted 

masses were matched to the sequence using ProSight Lite v1.4. MS/MS spectra were averaged through 

the different subunit elution windows (0.5 min, 0.8 min and 0.6 min for the Fc/2, Lc and Fd subunits, 

respectively) and then deconvoluted using a S/N ratio of 7, a fit factor of 80% and a remainder 

threshold of 25%. Deconvoluted masses were exported to csv file and matched to the sequence with a 

10 ppm tolerance (see Experimental section 3.A.ii.c). Different fragment ion series were considered 

depending on the fragmentation technique: b/y for CID, c/z for ETD, and b/y and c/z in the case of 

EThcD. Because of DTT reduction performed during the sample preparation, all cysteines involved in 

intra-chain disulfide bridges were considered in their reduced form. For the heavy chain and Fc/2 

subunits, ions corresponding to the G0F glycoform were targeted so G0F (+ 1,444.5339 Da) on Asp300 

of the Hc (corresponding to Asp61 when Fc/2 is considered) was defined as a fixed modification to 

search the data. Drug conjugation (+ 1,033.394 Da) on the cysteines involved in inter-chain disulfide 

bridges (Cys223, Cys229 and Cys232 on the Fd, Cys214 on the Lc) were set as fixed modifications.  

For internal fragments analysis, ClipsMS335 was used. Internal fragments were searched with an error 

tolerance of 2 ppm (10 ppm was kept for the terminal fragments) and a smallest internal fragment size 

of 5 amino acids. The following internal fragment ions were searched depending on the fragmentation 

method: by ions for CID, cz ions for ETD and by, cy, bz and cz ions for EThcD. Other parameters 

(modifications and terminal fragments tolerance) were set as mentioned above. 
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Abstract

Therapeutic monoclonal antibodies (mAb) production relies on multiple purification

steps before release as a drug product (DP). A few host cell proteins (HCPs) may co-

purify with the mAb. Their monitoring is crucial due to the considerable risk they

represent for mAb stability, integrity, and efficacy and their potential immunogenicity.

Enzyme-linked immunosorbent assays (ELISA) commonly used for global HCP mon-

itoring present limitations in terms of identification and quantification of individual

HCPs. Therefore, liquid chromatography tandem mass spectrometry (LC-MS/MS) has

emerged as a promising alternative. ChallengingDP samples showan extremedynamic

range requiring high performing methods to detect and reliably quantify trace-level

HCPs. Here, we investigated the benefits of adding high-field asymmetric ion mobil-

ity spectrometry (FAIMS) separation and gas phase fractionation (GPF) prior to data

independent acquisition (DIA). FAIMS LC-MS/MS analysis allowed the identification of

221HCPs amongwhich 158were reliably quantified for a global amount of 880 ng/mg

of NIST mAb Reference Material. Our methods have also been successfully applied to

two FDA/EMA approvedDPs and allowed digging deeper into theHCP landscapewith

the identification and quantification of a few tens of HCPswith sensitivity down to the

sub-ng/mg of mAb level.

KEYWORDS

data-independent acquisitionmass spectrometry (dia-ms), drug product (dp), high-field asymmet-
ric ionmobility spectrometry (faims), host cell protein (hcp) impurities

1 INTRODUCTION

Since the approval of the first monoclonal antibody (mAb) in 1986 [1],

the Muromonab-CD3, an immunoglobulin reducing acute rejection in

patients with organ transplants, interest for this class of biopharma-

ceutical products has been growing fast [2, 3]. Today, the United States

Food and Drug Administration (FDA) and/or the European Medicines

Abbreviations: CQA, critical quality attribute; CV, compensation voltage; DDA,

data-dependent acquisition; DIA, data-independent acquisition; DP, drug product; FAIMS,

high-field asymmetric waveform ionmobility spectrometry; GPF, gas phase fractionation;

HCP, host cell proteins; NIST, National Institute of Standards and Technology.

Agency (EMA) have accepted more than 125 mAbs and about twenty

are currently under review by these regulatory agencies [4, 5]. Pro-

duction of recombinant therapeutic proteins using expression cell

lines technology results in the presence of bioprocess-related host

cell protein (HCP) impurities in addition to the desired mAb. During

the downstream process (i.e., Protein A affinity chromatography, ion

exchange chromatography, hydrophobic interaction chromatography,

andmultiple filtration steps), the total amount ofHCPs and themixture

complexity are drastically reduced [6, 7]. However, low levels of HCPs

may co-purify with the therapeutic protein and thus remain in the drug

products (DPs). Some of these residual HCPs may degrade the drug or
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excipients in theDP, potentially leading to reduced stability or inactiva-

tion of the mAb [8–11], while other impurities may endanger patients’

safety by causing an unexpected and damaging immune response

weakening the therapeutic protein efficiency [10, 12–14]. The poten-

tial risks associatedwithHCPshave conducted the regulatory agencies

to consider them as a critical quality attribute (CQA) in DPs, and

their total amount should be minimized to trace levels and monitored

by highly sensitive analytical methods during downstream process

[15–17]. Even if general guidelines indicate that there is no strict limit

on the HCPs level in DPs, many biopharmaceutical companies con-

sider that their global amount should not exceed 100 ppm (100 ng/mg

of mAb) in the DP [18–20]. Besides, it cannot be excluded that the

presence of a specific HCP, even at a very low level, could jeopardize

the action of the therapeutic protein [21]. Currently, enzyme-linked

immunosorbent assays (ELISA) are commonly used for HCP impuri-

ties analysis for their easy-of-use and high precision [22–24]. However,

ELISA has some limitations: certain HCP species are not targeted by

the assay and thus cannot be detected and only global quantification

is possible, with neither individual HCP identification nor quantifi-

cation possible [7, 22, 25]. In addition, the development of fit for

purpose product-specific immunoassays to measure HCPs in DP is a

long, expensive, and fastidious process, as they must satisfy numerous

criteria (accuracy, precision, range, linearity, etc.) to be validated [26].

Therefore, liquid chromatography coupled to tandem mass spec-

trometry (LC-MS/MS) has emerged as a promising orthogonal and

complementary method to characterize HCP impurities over the bio-

process and ultimately in DPs [27–29]. Multiple studies point out

LC-MS/MS benefits for HCP monitoring, using targeted approaches

(selected reaction monitoring (SRM) and parallel reaction monitor-

ing (PRM)) [30–34], data-dependent acquisition (DDA) [35–37] and

data-independent acquisition (DIA) [33, 38, 39]. DIA presents the

advantage of allowing the extraction of quantitative information on

all detectable species through MS2 data [40]. Until recently, the use

of spectral-libraries and so-called “peptide centric” approaches was

the most efficient way to interpret DIA data, while time and sample

consuming due to the necessity to generate the most comprehen-

sive spectral library possible in DDA prior to DIA analysis [41, 42].

Today, “spectrum centric” approaches are growing in interest, thanks

to continuous improvements of acquisition strategies [43–46] and the

development of innovative tailored tools, allowing identification and

precise quantification without spectral libraries [47–50] or using arti-

ficial intelligence (AI) in silico-predicted libraries [51–53]. While the

dynamic range achievable by latest generation LC-MS/MS couplings

reaches three to four orders of magnitude, quantifying ppm-level HCP

in DPs by definition requests six orders of dynamics. To achieve this,

a few studies have focused on optimizing sample preparation via mAb

depletion using native digestion [54] or reversely via HCPs enrichment

using several approaches: molecular weight cutoff enrichment [55],

protein A affinity chromatography [56, 57] or hydrophilic interaction

chromatography (HILIC) [58]. Other studies relied on improvements of

the LC-MS/MS part including, among others, the multiple chromatog-

raphy separations [31, 37, 59, 60] or implementing an ion mobility

separation step [30, 61, 62].

Significance Statement

Host cell protein (HCP) impurities monitoring in biother-

apeutics is a critical concern because of their potential

adverse actions. In this study, we developed innovative mass

spectrometry (MS)-based approaches on a tribrid instru-

ment to overcome the limitations of standard methods for

the characterization of trace level HCP impurities in DPs.

We demonstrate the benefits of implementing a High-Field

Asymmetric Ion Mobility Spectrometry (FAIMS) separation

step in the workflow as well as of the use of Data Inde-

pendent Acquisition (DIA) combined with a Gas-Phase Frac-

tionation approach to address the challenges of accurate

and precise quantification of very low-level HCPs in samples

presenting an extreme dynamic range. Major improvements

towards robust quantification of trace-level HCPs in DPs

have been demonstrated both on the NIST mAb Reference

Material standard and two FDA/EMA approved DPs, down

to the sub-ppm level.

In this study, we focused on the most challenging samples, namely

DPs.We have evaluated several LC-MS/MS settings for their potential

to identify themost exhaustive list ofHCPs but also to reliably quantify

the largest possible fraction of them. First, we analyzed the NIST mAb

reference material standard using DDA and DIA acquisition methods,

leading to the identification of hundreds of HCP impurities and the

accurate quantification of tens of them. Then, the high field asym-

metric ion mobility spectrometry (FAIMS) device allowing gas-phase

separation of co-eluting peptides through fast internal compensation

voltages (CV) switching, was implemented in front of the mass spec-

trometer to evaluate its benefits in terms of depth and coverage of

HCP impurities detection. In parallel, a gas-phase fractionation DIA

strategy was evaluated. Both workflows were benchmarked against

results described in the literature. Finally, we applied our methods

to monitor HCPs in two FDA/EMA approved mAbs with a very high

medical benefits in oncology, trastuzumab and nivolumab, enabling

the identification and quantification of several tens of HCPs and

demonstrating that these approaches can be used to routinely analyze

DPs in a rapid and accurate way.

2 MATERIALS AND METHODS

2.1 Materials

The NIST mAb reference material standard RM8671, dithiothreitol

(DTT) and Tris-HCl were purchased from Merck. Commercially avail-

able mAbs, trastuzumab and nivolumab, were obtained as European

Union pharmaceutical-grade DPs from the Pierre Fabre Immunologic

Center (CIPF, Saint-Julien-en-Genevois, France). HCP-PROFILER
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standard peptides were acquired from Anaquant (Villeurbanne,

France). Mass spectrometry grade trypsin/Lys-C enzymes were

obtained from Promega (Madison,WI, USA).

2.2 Sample preparation

The digestion protocol was adapted from Huang et al. [54]. Briefly,

a 100 µL aliquot of 10 µg/µL mAb was supplemented with 90 µL of

ultrapure H2O and 5 µL of 1 M Tris-HCl, pH 8. Proteins were digested

overnight at 37◦C using a solution of Trypsin/Lys C enzymes at a 1:400

enzyme/protein ratio. Digests were reduced with 1.5 µL of 303 mM

DTT for 10 min at 90◦C and centrifuged at 13 000 × g for 2 min.

Supernatant was finally acidified with 0.5 µL of formic acid (FA). Then,

after vacuumdrying, peptideswere solubilized in 2%acetonitrile (ACN)

and 0.1% FA to obtain a final protein concentration of 1 µg/µL. For
gas-phase fractionation (GPF) chromatogram library generation, tech-

nical replicates were pooled together. One HCP-PROFILER bead was

dissolved in 150 µL of 5% ACN and 0.1% FA, to obtain standard pep-

tides in a concentration range from 0.5 to 250 fmol/µL. Retention time

iRT standards (Biognosys, Schlieren, Switzerland) and 2 µL of HCP-

PROFILER solution were mixed to 1 or 2 µL of FDA/EMA approved

mAb or NISTmAb ReferenceMaterial, respectively, before injection.

2.3 Nano LC-MS/MS analysis

Data-dependent acquisition (DDA) and data-independent acquisition

(DIA) analyses were performed on a Dionex UltiMate 3000 RSLC

nano system (Thermo Scientific) coupled to an Orbitrap Eclipse Trib-

rid (Thermo Scientific) mass spectrometer, equipped with a FAIMS Pro

interface (Thermo Scientific). Mobile phase A contained 0.1% FA in

water and mobile phase B contained 0.1% FA in 80% ACN/20% water.

Peptides were loaded onto an Acclaim PepMap 100 C18 20 mm x

0.1 mm, 5 µm diameter particles precolumn (Thermo Scientific) for

3 min at 10 µL/min, and eluted on an Aurora Series C18 UHPLC

(250 mm x 75 µm, 1.6 µm diameter particles, IonOpticks) at a 300

nL/min flow rate following a linear gradient: 2.5% B at 0 min, 43.8%

B at 95 min and 98% B from 96 to 101 min. The column was finally

re-equilibrated in 2.5% B for 15min.

For DDA analyses, full-scan MS spectra were acquired over a

375–1500 m/z range at a resolution of 60,000 (at 200 m/z), with an

automatic gain control (AGC) target of 1.106 and a maximum injection

time of 60ms. The top 10most intense precursor ionswith an intensity

exceeding 5.103 ions per second and charge states between 2 and 6

were automatically selected fromeachMS spectrum for higher-energy

collisional dissociation (HCD) fragmentation at 30% normalized col-

lision energy. MS/MS spectra were collected from 120 to 1200 m/z in

the ion trap in Rapid mode, with an AGC target of 1.104 and a maxi-

mum injection time set to Automatic. Experiments with the FAIMS Pro

interface were conducted as described in Hebert et al. [62]. Briefly,

FAIMS carrier gas flow was 4.7 L/min N2, the FAIMS electrodes were

set to 100◦C, entrance plate voltage was 250 V, asymmetric waveform

divert voltagewas—5000V, CV settling timewas 25ms andCVs values

of−50,−65, and -85 Vwere applied successively in the same run.

For DIA analyses, full-scan MS was acquired over a 375–1250 m/z

range at a resolution of 60,000 (at 200m/z) with anAGC target of 1.106

and a maximum injection time of 60 ms. Fragment analysis (MS/MS)

was subdivided into 42 windows of variable widths, described in Table

S1. A resolution of 15,000 (at 200 m/z), an AGC target of 1.106 and

a maximum injection time of 22 ms were used for a total cycle time

of 1.5 s. HCD fragmentation normalized collision energy was set to

30%. For DIA-GPF, 6 individual injections were performed, covering

the 380–980 m/z mass range. A 100 m/z full-scan MS was acquired

with the parameters described above for DIA, and theMS/MS analysis

was divided into 25 windows of 4 m/z using a 30,000 (at 200 m/z)

resolution, an AGC target of 1.106 and maximum injection time

of 60ms.

2.4 DDA data analysis

DDA data analysis was performed with Proteome Discoverer v. 2.5

(Thermo Fisher Scientific) using Sequest HT (Thermo Fisher Scientific)

against a database containing allMus musculus entries (17,050 entries,

TaxID = 10090, 2021/05/26) extracted from UniProtKB/SwissProt

for NIST mAb samples and a database containing all Cricetulus Griseus

entries (78,366 entries, Tax ID = 10029, 2022/03/15) extracted from

UniProtKB/TrEMBL for trastuzumab and nivolumab samples. Each

fasta file included common contaminants, iRT retention time stan-

dards, HCP-PROFILER standard sequences and mAbs heavy and light

chain sequences. Trypsin/P was used as digestion enzyme and one

missed cleavage was allowed. Methionine oxidation and protein N-

term acetylation were set as variable modifications. Mass tolerance

was set to 5 ppm for precursor ion masses and 0.5 Da for fragment

ion masses analyzed in the ion trap. The false discovery rate (FDR) was

calculated using the Percolator node set to 1% at PSM, peptide and

protein levels. XIC-MS1 quantification was performed using unique

peptides only and the chromatographic alignment was set to 10 min

and 10 ppm between the three technical replicates.

2.5 DIA data analysis

DIA data analysis was performed with Spectronaut v. 15.7 (Biognosys)

using the fasta files described above and the following settings. Briefly,

trypsin/P was set as digestion enzyme, methionine oxidation and pro-

tein N-term acetylation were set as variable modifications and one

missed cleavage was allowed. Data was extracted using dynamic mass

tolerances and a 10 min XIC RT extraction window. Identification was

performed using 0.01 precursor and protein Qvalue cutoffs. Quantifi-

cation was performed using interference correction and at least three

fragments per precursor,without imputation.Quantity is basedonMS2

XIC peak areas. Non-identified precursors in rows with at least one q-

value below 0.01 were selected for iRT profiling, by enabling carrying

over the average template peak position.
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For GPF data, a chromatogram library was generated in Spectro-

naut (v. 15.7). The six raw files were processed altogether with the

Pulsar search engine with similar parameters than the ones used for

DIA analysis: trypsin/P as digestion enzyme, methionine oxidation

and protein N-term acetylation were as variable modifications, one

missed cleavage authorized. Additional filters were applied for library

generation, including a 1% FDR threshold at PSM, peptide and protein

levels and a number of fragments between 3 and 8 per precursor.

Then, data acquired in DIA were searched against the chromatogram

library with the same parameters as for library-free DIA data analysis

described above.

2.6 HCP quantification

Validation filters described in Pythoud et al.[39] were applied prior

to HCP quantification. Briefly, oxidized and acetylated precursors and

their counterparts were removed and only host organism or standard

protein precursors with charge states of two or three were kept. For

DDA analysis, shared and not quantified precursors as well as precur-

sors with rank > 1 and with |RT Sequest—RT Top Apex| > 4 min were

removed. Onemissing value and/or one bymatching value atmaximum

were authorized over the three replicates and a CV on the triplicate

precursor intensity values below 20% must be achieved to consider

the precursor for quantification. Finally, a sequence homology filter

was applied to remove HCP peptides that can potentially arise from

unspecific cleavage ormAb degradation.

After filtering, peptide intensity was obtained by summing all pre-

cursor ion intensities and protein intensity by summing the three most

intense peptides, based on the Top3 strategy described by Silva et al.

[63]. Protein mole quantities were estimated using the equation of

the HCP Profiler calibration curve. Individual HCP ng/mg mAb (ppm)

amounts were estimated using themolecular weight and injectedmAb

quantities.

3 RESULTS AND DISCUSSION

3.1 LC-MS/MS methods to precisely and reliably
monitor trace-level HCPs

Three technical replicates of NIST mAb reference material were pre-

pared and analyzed in DDA mode on a nanoLC-Orbitrap Tribrid

coupling, with fragment detection (MS2) performed in the ion trap.

These analyses led to the detection and identification of 325 peptides

originating from133distinctHCPprotein groups (Figure 1A).We com-

pared the list of protein impurities identified in our study to the lists

of HCPs identified and/or quantified in recently published papers from

literature, applying comparable sample preparation (based on Huang

native digestion protocol) and DDA LC-MS/MS acquisition methods

[36, 54, 64]. The results obtained point out a fairly good overlap

between the studies, with 43 proteins (32% of the proteins detected

in our study) identified in common in all four studies, and 21 additional

HCPs (16% of the proteins detected in our study) shared by at least

two papers and our results (Figure 1B). Overall, this demonstrates the

reproducibility of the native digestion protocol, independently of the

LC-MS/MS system used and the location of experiments. This is a crit-

ical point regarding the perspective of transferring this protocol in a

biopharmaceutical environment. Additionally, Figure 1Balso highlights

that we have uniquely identified 54 HCPs thus slightly outperforming

the other methods. Then, quantification of these trace-level proteins

was performed on the precursor ion intensities extracted at MS1

level. To ensure accurate and robust quantification of the impurities

detected, stringent filters based on the signal quality and repeatabil-

ity were applied as described in Pythoud et al. [39]. Briefly, only 2+

and 3+ precursors were kept, shared peptides, peptides without any

quantification value and modified peptides (i.e., carrying a methion-

ine oxidation or acetylation) were removed, as well as precursors with

a difference between their apex RT and their elution RT higher than

4min. Then, peptideswithmissing values inmore than one of the three

replicates and peptides identified using match between run in more

than one over three replicateswere removed. Finally, a last filter on the

signal repeatability was applied, based on the removal of peptides with

a coefficient of variation higher than 20%onmeasured intensities over

the three replicates. Ultimately, to prevent anymisidentification of the

remaining peptides, a sequence homology filter was applied to remove

any peptides that could potentially originate from unspecific mAb

cleavageor degradation. Altogether, these stringent filters reduced the

number of peptides by 63% (from 325 identified to 121 quantified)

and protein groups by 49% (from 133 identified to 68 quantified), as

illustrated in Figure 1A. This decrease between identified and quanti-

fied features demonstrates that a major part of the identified HCPs is

detected at trace-levels, between the detection and quantification lim-

its. The good overlap between our 68 quantified HCPs and previously

citedpaperswith65%also found in twoor threeotherpapers (29HCPs

founds in our study and the three papers, 14 in our study and two of

the three papers, Figure S1) further strengthens the confidence and

reliability on the reported results. Accurate and reproducible charac-

terization and quantification of trace-level HCPs in matrices showing

a very high dynamic range with a superabundant mAb such as DPs

needsanddeserves theuseof serious and stringent analytical filters for

high-confidence results. Thus, only individual peptides that passed the

filters from the replicate associated HCP-PROFILER standard inter-

nal calibration curve were calculated. Trauchessec et al. [65] already

described the internal calibration benefits for quantification repro-

ducibility and robustness (example of calibration curve in Figure S2).

Subsequently, protein group quantities were retrieved based on the

Top3 approach, [63] affording an average total amount of HCP impuri-

ties of 518± 20 ng per mg of mAb or ppm. The quantification accuracy

of our results was evaluated against published data in the literature.

Figure 1C represents the correlation between the quantities obtained

for each HCP in common to our results and selected papers [54, 64].

The Pearson coefficients obtained are 0.97 and 0.99 for the Molden

et al. and Huang et al. papers respectively, demonstrating the strong

correlation of the absolute quantities calculated. Altogether these

results clearly show that advanced LC-MS/MSworkflows are perfectly
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(A) (B)

(D)(C)

F IGURE 1 (A) Number of HCP peptides and protein groups identified (light blue) and quantified after applying validation filters (navy blue) in
DDAmode. (B) Overlap of host cell proteins identified in Huang et al. (2017) [54] (grey), Molden et al. (2021) [64] (yellow), Ma et al. (2020) [36]
(purple), and in the current study (blue). All studies used a native digestion protocol adapted fromHuang et al. [54]. Data fromMolden et al. were
acquired in LC-MS/MS, versus nanoLC-MS/MS for Huang et al., Ma et al. (44min gradient), and our study. (C) Pearson coefficient and correlation
between the individual amounts of host cell proteins in ng of HCP permg of NISTmAb (ppm) in our study using nanoLC-MS/MSDDA analysis after
native digestion versus previously reported quantities using native digestion followed by nano-LC-MS/MS obtained by Huang et al. (grey) and
Molden et al. (yellow). For representation convenience, results fromMolden, originally in micromoles tomoles ratio, were converted into ng of
HCP tomg of mAb ratio. (D) Number of HCP peptides and protein groups identified (light colors) and quantified after applying validation filters
(dark colors) using DDA (blue), FAIMSDDA (green), DIA (orange), and GPFDIA (red).

suited to reliably monitor trace-level HCPs in DPs and thus eventually

become themethod of choice for quality control of released DPs.

3.2 Digging deeper into the HCP landscape with
the implementation of an additional FAIMS
separation

We explored high-field asymmetric waveform ion mobility spectrome-

try (FAIMS) benefits for detection of trace-level HCPs in DPs. Indeed,

while the native digestion protocol enables the removal of a major

part (estimated between 70% and 80% depletion, data not shown) of

the mAb and thus reduces the dynamic range in the samples, mAb-

specific peptides are still being detected and abundant in comparison

toHCP impurities. The use of CVs applied to FAIMS electrodes enables

a better resolution of co-eluting peptides, based on the precursor ions

gas phase mobility and charge, by filtering the ion population enter-

ing the mass spectrometer. To investigate the potential of applying

multiple CVs in our LC-MS/MS workflows to separate HCP pep-

tides from co-eluting mAb peptides, the three technical replicates
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previously analyzed using nanoLC-DDA analysis were analyzed using

an optimized FAIMS method. Chromatograms observed without

FAIMS and with different FAIMS CVs applied during the experiment

areprovided inFigure S3and clearly illustrate thebenefits of ionmobil-

ity to clean the signal by removing highly abundant peptides depending

on the CV applied (Figure S3A). Indeed, as an example, co-elution

of the mAb heavy chain peptide STSGGTAALGCLVK and the mouse

PPAC (low molecular weight phosphotyrosine protein phosphatase,

accession number: Q9D358) HCP peptide SPIAEAVFR prevented the

identification of peptide SPIAEAVFR without FAIMS due to the wide

dynamic range between those two peptides. On the contrary, when a

CVof−85Vwas applied, a clean signal for peptide SPIAEAVFRallowed

its identification and quantificationwhile themAb heavy chain peptide

STSGGTAALGCLVK was filtered out at this CV value (Figure S3B and

C). Overall, the use of the optimized FAIMSmethod lead to an increase

of 49% (from 325 to 484) and 66% (from 133 to 221) of identified pep-

tides andprotein groups, respectively (Figure1D). Thevalidation filters

earlier described were applied to quantify HCPs. Figure 1D illustrates

that signal quality and repeatability filters resulted in a drop of 46%

(from 484 to 262) and 28% (from 221 to 158) between identified and

quantified peptides and protein groups, respectively. Of note is that

the latter decrease in identified and quantified peptides with FAIMS is

less significant compared to the DDAworkflow without the ion mobil-

ity dimension in the front-end of the MS (63% and 49%, respectively).

The signal repeatability filtering step (coefficient of variation < 20%

filter) is the one excluding the highest numbers of peptides and pro-

tein groups. Again, the drop is much more pronounced in DDA (26%

for proteins and 38% for peptides) compared to FAIMS DDA (10% for

proteins and 24% for peptides), demonstrating that data acquiredwith

the FAIMS interface seem to be overall more reproducible. Further-

more, FAIMS addition allowed increasing the number of both peptides

and protein groups quantified by more than twofold (from 121 to 262,

and from 68 to 158, respectively). Among the 158 quantified protein

groups, 53 had also been quantified in DDAwithout FAIMS, represent-

ing 78% of the 68 proteins quantified with DDA only. This significant

gain in terms of quantified HCPs logically results in 70% increase of

total HCP amount quantified in the NIST mAb, from 518 ± 20 ppm

to 880 ± 15 ppm without and with the FAIMS, respectively, thus

demonstrating the real asset of adding FAIMS in the workflow. To fur-

ther describe the benefits of implementing FAIMS, we compared in

detail the amounts of each HCPs quantified either with or without the

FAIMS. The quantities derived by both methods highly correlate with

a Pearson coefficient of 0.97. Moreover, the amount of each individ-

ual protein was investigated to show the benefits of FAIMS to afford

a more detailed characterization of the trace-level HCP landscape.

Figure2Arepresents thedensity ofHCPprotein groups as a functionof

the concentration range. It points out the contribution of FAIMS sepa-

ration in the quantification of low-abundant impurities sincemore than

75%ofHCPsquantified (82out of 105) exhibited concentrations lower

than 2-ppm. Considering these results, FAIMS appeared to be very

useful to increase the number of quantified HCP, thanks to dynamic

range and sensitivity enhancements. The removal of singly charged

peptides and better separation of some highly abundant mAb peptides

improved the signal to noise ratio, and consequently pushing the detec-

tion and quantification limits of the instrument for remaining HCPs.

Notwithstanding, the CV values applied also influenced the HCP pep-

tides, resulting in a slight decrease in the average number of peptides

per protein, from 1.8 without the FAIMS to 1.6 with the FAIMS. As a

conclusion, the implementation of FAIMS in the workflow appears to

be highly beneficial to allow digging deeper into the HCP landscape,

with quantification of up to 158 protein impurities down to sub-ppm

level after stringent validation filters.

3.3 Digging deeper into the HCP landscape with
data independent acquisition supplemented with gas
phase fractionation

We [38, 39] and others [33, 66] have previously demonstrated the ben-

efits of usingDIAmethods andMS2-based quantification to accurately

monitorHCP impurities, and it is clearly confirmed in the current study.

While DDA allowed the identification of the highest number of protein

groups, namely 135, against 115 inDIA (Figure 1D), DIA allowed quan-

tifying 100HCPs (222 peptides) against 68 inDDA (121 peptides). This

can be explained by the stochasticity of DDA causing missing values

and CV filtering steps to removemore peptides and proteins. Contrary

to DDA, the high reproducibility of DIA, with the systematic fragmen-

tation of all peptides included in a defined mass range, significantly

reduces the rate of missing values and the abundance variability. DIA

increased by 45% and 83%, respectively, the number of protein groups

and peptides quantified, compared to DDA. Consequently, an average

of 2.2 peptides per protein was determined usingDIA against 1.8 using

DDA strengthening the confidence of the identifications. Fifty out of

the 68 (74%) HCPs quantified in DDA are also quantified in DIA, rep-

resenting a good overlap between both approaches (Table S3). The

retrievedquantities of these50commonproteins also attest the strong

correlation between DDA and DIA, with a Pearson coefficient of 0.96.

Overall, total HCP amounts retrieved by both acquisition modes are

comparable, with a total HCP amount of 518 ± 20 ppm in DDA and

465± 28 ppm in DIA.

As an alternative to sample-fractionation to generate compre-

hensive spectral libraries, gas-phase fractionation DIA using chro-

matogram libraries can be applied with significantly reduced sample

consumption and analysis time [46]. To evaluate this approach,we have

performed six runs of 100 m/z mass range, from 480 to 1080 m/z,

to generate a chromatogram library containing 844 precursors from

226 protein groups. Figure 1D displays the results achieved by pro-

cessing DIA data previously acquired using this chromatogram library:

526 peptides and 172 protein groups, corresponding to a 59% and

50% increase respectively, compared to the DIA “spectrum-centric”

data interpretation. After applying our stringent validation filtering,we

quantified 119 HCP protein groups and 248 peptides. In comparison

to library-free processing, chromatogram library DIA data processing

enables to quantify 20% more protein groups. The total amount of

quantified HCPs by GPF was 457 ± 20 ppm, a very similar value com-

pared to the library-free DIA strategy. Furthermore, 88 HCPs were
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F IGURE 2 Violin plots representing the density of host cell proteins as a function of their concentration in ng of HCP permg of NISTmAb
(ppm). Blue dots represent proteins quantified by both approaches and red dots proteins quantified only in one approach, with (A) the comparison
of DDA and FAIMSDDA and (B) the comparison of DIA and GPFDIA.

simultaneously identified and quantified using both DIA approaches,

representing 88% and 73%of the proteins quantified using the library-

free and chromatogram library based approaches, respectively. In

addition to this high overlap, the Pearson coefficient of 0.99 also high-

lights the strong correlation between the two strategies. This result

demonstrates that chromatogram library based approach increases

the number of quantified proteins, without impairing the individual

quantification of the proteins, as evidenced by the similar total HCP

amounts reported with both methods. On top of that, we investigated

the capabilities of theGPFDIA approach to quantify low-level proteins

and digging deeper in the HCP landscape. By looking at the HCPs only

quantified using the GPFDIA approach, we highlighted that these pro-

teins are mostly under the ppm level, as depicted in Figure 2B. The

shape of the violin plot clearly underlines that the density of HCPs is

more important for low concentration levels using GPF DIA compared

toDIA,mainly because of the presence of proteins quantified onlywith

this approach. These elements clearly highlight that the use ofGPFDIA

allows increasing the number of identified and quantified HCPs, with-

out the current drawbacks of generating exhaustive spectral library

from DDA data after fractionation, requiring huge amounts of sample

alongwith time-consuming sample preparation, and data acquisition of

fractionated samples. In addition, FAIMS implementation inDIA can be

performed, but data interpretation is still the limiting step. In summary,

DIA-based strategies appear to improve classical DDA, by increasing

the number of identified and quantified proteins and digging deeper

into the HCP landscape.

3.4 Combined coverage achieved on the NIST and
application of the methods to FDA/EMA approved
DPs

The merging of the results obtained using the four methods evaluated

in previous sections (i.e., DDA, FAIMS DDA, DIA, and GPF DIA) allows

reaching a total of 278 HCP protein groups identified in the NIST mAb

ReferenceMaterial, amongwhich 80 are common to the fourmethods.

The list of identified and quantified HCPs by each method is avail-

able in Table S2. We matched these identification results with those

obtained in two recent papers showing high numbers of identified

HCPs thanks to the combination of innovative technologies, including

protein A depletion, native digestion, FAIMS, and 2h30 gradient in

Johnson et al. [61] or ultralow trypsin concentration, long column and

gradient (50 cm, 4 h) and BoxCar acquisition in Nie et al. (2021) [67].

We discovered 213 common HCPs with the literature (i.e., Johnson

et al. andNie et al.), representing 77%of the 278 proteinswe identified

in this work, andwe uniquely identified 32 proteins (Figure S4).

The optimizations performed on the NIST mAb Reference Material

demonstrate the enhanced performances achieved when implement-

ing innovative methods such as FAIMS DDA or GPF DIA compared to

classical DDA and DIA. However, the NISTmAb has not been designed

for clinical use and its purification process is not at the level of the

ones employed for FDA/EMA approved DPs. Therefore, we analyzed

two high-value approved DPs, trastuzumab and nivolumab, with our

advancedMSmethods (Figure3AandB, peptides results arepresented

in Figure S5). Overall, our results confirm the trends observed with

the NIST mAb, with an increase of identified features using the FAIMS

DDA and GPF DIA compared to DDA and DIA, respectively. Indeed,

67 HCPs in trastuzumab and 60 HCPs in nivolumab using DDA with

FAIMS were detected, while only 37 and 18 HCP impurities could be

reported without FAIMS. In terms of quantification, 31 and 29 protein

groups in trastuzumab and nivolumab, respectively, were successfully

quantified with our FAIMS DDA method. Thus, FAIMS hyphenation in

DDA increased by threefold the number of quantified trace level pro-

teins compared toDDAwithout FAIMS in trastuzumab (from10 to 31).

Similarly, the use of GPF quantified 4 more HCPs, from 8 in DIA to 12

in GPFDIA.

These few proteins quantified account for a total HCP amount

between 6 and 57 ppm, depending on the methods. Briefly, quantities
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(A)

(C)

(B)

F IGURE 3 Number of HCP peptides identified (light colors) and quantified after applying validation filters (dark colors) using DDA (blue),
FAIMSDDA (green), DIA (orange), and GPFDIA (red) (A) in trastuzumab and (B) in nivolumab. (C) Average quantity of HCPs quantified in
nivolumab and trastuzumab drug products using DDA, DDA FAIMS, DIA, and DIAGPF.

are around 10 ppm in trastuzumab and nivolumab using DDA, DIA and

GPF DIA methods, and up to 57 ppm using DDA FAIMS (Figure 3C,

Table S4 and S5). In a previous study by Pythoud et al. [39], compa-

rable numbers and quantities of HCPs were measured for nivolumab

and trastuzumab in both DDA and DIA mode, with 3 and 10 HCPs

quantified representing a total HCP amount between 20 and 80 ppm.

Additionally, a study by Molden et al. [64] about HCPs profiling in

various mAb-based therapeutic proteins, including nivolumab and

trastuzumab, reported comparable results. Indeed, among the 28

therapeutic proteins analyzed, 7 HCPs on average were identified

for an average total amount of 20 ppm in each DP. These findings

are consistent with the current results, confirming the low number

and abundance of HCP impurities in approved DPs and being in line

with the current target of many biopharmaceuticals companies and

authorities recommendations, with admitted quantities of HCPs in

DP tolerated between 1 and 100 ppm [18]. Our work highlights the

capabilities of LC-MS/MS to quantify routinely and accurately indi-

vidual HCPs in challenging FDA/EMA approved DPs demonstrating

trace-level impurities. Based on their individual identification and

quantification, investigations on the potential immunogenic effect of

themonitored HCPs can be undertaken.

4 CONCLUDING REMARKS

Tosummarize,wecomparedLC-MS/MSacquisitionmethods to charac-

terize and monitor HCPs in DPs and achieved individual identification

and quantification of hundreds of these impurities. First, using DDA

analysis on the NIST mAb Reference Material, we proved the extreme

necessity to apply stringent validation filtering steps in order to pre-

cisely and accurately quantify individual trace-level HCPs, by removing

low-confidence and non-reproducible signals. Then, we evaluated opti-

mized LC-MS/MSacquisitionmethods includingDDAwith andwithout

FAIMS implementation, DIA, and gas-phase fractionation DIA. The

benchmarking of DIA against DDA confirmed its benefits for HCPs

monitoring in DP, with an increase of 47% in the number of impurities

quantified. The addition of the chromatogram library-based approach

for DIA data analysis also revealed very promising results, allowing

quantification of 119HCPs. Finally, the FAIMS implementation in DDA

provided enhanced capabilities with the quantification of 158 protein

impurities for a total amount of 880 ppm. Finally, we applied the afore-

mentioned methods to trastuzumab and nivolumab, two FDA/EMA

approved DPs known and presumably highly-pure products. FAIMS

implementation to DDA reveals to be a powerful approach, with the

quantification of around 30 HCPs for a total amount around 55 ppm

in both trastuzumab and nivolumab. This work demonstrated that LC-

MS/MS based approaches followed by stringent validation filters can

be employed for precise individual HCP impurities characterization in

very challenging DPs.
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Abstract
Antibody-drug conjugates (ADCs) are highly complex proteins mainly due to the structural microvariability of the mAb, 
along with the additional heterogeneity afforded by the bioconjugation process. Top-down (TD) and middle-down (MD) 
strategies allow the straightforward fragmentation of proteins to elucidate the conjugated amino acid residues. Nevertheless, 
these spectra are very crowded with multiple overlapping and unassigned ion fragments. Here we report on the use of dedi-
cated software (ClipsMS) and application of proton transfer charge reduction (PTCR), to respectively expand the fragment 
ion search space to internal fragments and improve the separation of overlapping fragment ions for a more comprehensive 
characterization of a recently approved ADC, trastuzumab deruxtecan (T-DXd). Subunit fragmentation allowed between 
70 and 90% of sequence coverage to be obtained. Upon addition of internal fragment assignment, the three subunits were 
fully sequenced, although internal fragments did not contribute significantly to the localization of the payloads. Finally, the 
use of PTCR after subunit fragmentation provided a moderate sequence coverage increase between 2 and 13%. The reac-
tion efficiently decluttered the fragmentation spectra allowing increasing the number of fragment ions characteristic of the 
conjugation site by 1.5- to 2.5-fold. Altogether, these results show the interest in the implementation of internal fragment 
ion searches and more particularly the use of PTCR reactions to increase the number of signature ions to elucidate the 
conjugation sites and enhance the overall sequence coverage of ADCs, making this approach particularly appealing for its 
implementation in R&D laboratories.

Keywords Trastuzumab deruxtecan · Middle-down (MD) · Electron transfer dissociation (ETD) · Proton transfer charge 
reduction (PTCR) · Internal fragments
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Introduction

From the first approval until today, monoclonal antibod-
ies (mAbs) have experienced a continuous evolution that 
has changed the treatment of an array of diseases. This 
kind of therapeutics has proven its efficiency not only in 
oncology but also in immune-mediated disorders, infec-
tious diseases, and cardiovascular disorders, among others, 
showcasing the therapeutic versatility of these proteins 
[1]. Currently, more than 170 mAbs are approved or under 
review by regulatory agencies, and more than 1200 mAbs 
are estimated to be in clinical trials [2]. Concomitantly, 
this outstanding evolution has motivated the develop-
ment of other mAb-related therapeutic proteins, among 
which antibody-drug conjugates (ADCs)—constituted 
of a mAb, a linker, and a payload—are one of the most 
prominent formats [3, 4]. Different classes of conjugated 
mAbs have been reported with different bioconjugation 
strategies (cysteine [5], lysine [6], site [7], engineered [8], 
and unnatural [9] residue-specific ADCs), and different 
types of cargo molecules such as tubulin inhibitors, DNA 
damaging agents, and immunomodulators [10]. The size 
(around 150 kDa), the intrinsic primary sequence micro-
variability of mAbs (with tens of post-translational modi-
fications, PTMs) [11], and the additional complexity aris-
ing from the bioconjugation process of different payloads 
make the characterization of these molecules particularly 
challenging.

In this context, native mass spectrometry (nMS), either 
as a standalone technique or in combination with liq-
uid chromatography (LC), has significantly contributed 
to the characterization of ADCs of increased complex-
ity [12–14]. However, the conjugation location afforded 
by these techniques is limited to the subunit level, and 
the combination of complementary MS-based methods 
is crucial to determining modified amino acid residues. 
Top-down and middle-down mass spectrometry (TD/
MD-MS) have emerged as complementary approaches 
consisting of the fragmentation of the proteins at the 
intact level (TD-MS) or the subunit level after a limited 
proteolysis step (MD-MS) with several activation tech-
niques [15], including electron-based dissociations (ExD), 
collision-induced dissociation (CID), electron-transfer/
higher-energy dissociation (EThcD), and ultraviolet pho-
todissociation (UVPD). This combination allows cor-
relating the information derived from the fragmentation 
spectrum with the intact mass of the protein, leading to a 
better characterization of protein proteoforms while lim-
iting the introduction of primary sequence artifacts dur-
ing sample preparation [16]. Outstanding outcomes have 
been reported for an array of proteins of different sizes 
and complexity, providing high sequence coverages (up 

to 90%) while determining the position of relevant PTMs 
[17, 18]. Different TD/MD-MS strategies have also been 
applied to mAbs [19–24] and even ADCs [25–28] using 
different instruments and fragmentation techniques in 
order to provide a thorough characterization of the pri-
mary structure. Furthermore, numerous fragment ions 
bearing the intact scaffold of the glycoforms and payloads 
are detected, allowing a precise location of these modifica-
tions that might be fragmented in the bottom-up analysis 
[25, 28, 29].

One of the main concerns of TD/MD-MS is the extensive 
exploitation of the huge amount of information generated 
during the fragmentation of the intact proteins. Hence, sev-
eral strategies have been developed to overcome this issue, 
including the design of experimental workflows aiming at 
decluttering the highly congested fragmentation spectra 
[30–34] or the development of tailored bioinformatics solu-
tions [35, 36] to identify better and assign all the different 
fragment ions. Proton transfer charge reduction (PTCR), an 
ion/ion reaction developed in the 1990s by McLuckey and 
coworkers [37], has been designed to reduce the charge state 
of gas-phase ions and spread the MS signals to a broader 
m/z range. More particularly, the ions of interest undergo 
reaction with an anion (usually a perfluorinated compound) 
to lower the charge state of the ions while the anionic reac-
tant is neutralized. Several applications of this reaction have 
been recently described to improve the identification of large 
proteoforms [32] (more than 30 kDa) or to enhance the 
sequence coverage of reference proteins [34] and histones 
[31] in TD-MS workflows. In the latter examples, the imple-
mentation of PTCR has been reported to reduce the spectral 
congestion in fragmentation spectra, improving the signal-
to-noise ratio of fragment ions and thus providing between 
5 and 20% of additional sequence coverage depending on 
the protein of interest and the activation technique used for 
sequencing [31, 33, 34]. Although quite promising, this tech-
nique has been reported in a limited number of studies and 
is scarcely implemented in the case of mAb-based therapeu-
tic proteins. An additional way to enhance TD-MS protein 
sequencing is to take into account internal fragments [38, 
39]. Despite the formation of internal fragments (second-
ary fragmentation of protein backbone) during TD/MD-MS 
analysis of intact proteins [40–43], depending on the protein 
size and fragmentation type, in most studies, only terminal 
fragment ions (containing either N- or C-terminal sides) are 
considered for TD/MD-MS data interpretation. Therefore, 
several bioinformatics tools have been developed to boost 
TD/MD-MS data interpretation by taking into account inter-
nal fragment ions [35, 36]. When applying these tools, not 
only drastic sequence coverage increase is observed [33, 
38, 42, 43] (in some cases more than 40–50% of protein 
sequence coverage), but also more accurate determina-
tion of the specific position of modifications located in the 
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internal region of proteins [39, 44]. However, some previous 
publications reported on the increased risk of false posi-
tive fragment ion assignment when internal fragment ions 
are included. This risk is even more marked when several 
types of fragment ions are considered during ion searching 
[41], or when complex fragmentation techniques are used to 
induce the fragmentation of the backbone (such as UVPD 
[45]). For all those reasons, the use of internal fragments 
to enhance the characterization of the primary structure of 
proteins should be considered with caution to increase the 
reliance on fragment ion assignment [45].

Here, we report on the thorough characterization of a 
recently approved therapeutic site-specific ADC, trastu-
zumab deruxtecan (T-DXd), using a combination of intact 
MS approaches with cutting-edge MD-MS techniques 
encompassing the application of PTCR and internal frag-
ment analysis. This ADC is composed of the humanized 
anti-HER2 trastuzumab antibody with a cleavable peptidyl-
based linker (GGFG) and a potent topoisomerase I inhibi-
tor payload (DXd) [46, 47]. The cysteines involved in the 
inter-chain disulfide bridges of the mAb are targeted by the 
bioconjugation strategy to produce a homogeneous average 
drug-to-antibody ratio (avDAR) of 8 [13, 46]. The fragmen-
tation of the ADC subunits led to the characterization of the 
conjugation sites with sequence coverages ranging from 70 
to 90%. Both conjugation sites and sequence coverage were 
significantly improved with the addition of internal frag-
ment searching and PTCR reaction, increasing the number 
of conjugation-diagnostic fragment ions by 30–40%, along 
with the full sequence coverage of each T-DXd subunit. 
Altogether, our results pinpoint the synergy between intact 
MS analyses and cutting-edge MD-MS strategies to offer an 
in-depth characterization of a homogeneous ADC without 
extensive sample preparation.

Materials and methods

Materials

Trastuzumab deruxtecan (T-DXd) samples were provided 
by the Institut de Cancérologie Strasbourg Europe (ICANS, 
Strasbourg, France). All chromatographic solvents are 
LC-MS grade.

Middle‑up analysis sample preparation

For middle-up level experiments, IdeS digestion was per-
formed by incubating one unit of FabRICATOR enzyme 
(Genovis, Lund, Sweden) per microgram of ADC for 30 min 
at 37  °C. For denaturing conditions analysis, trifluoro-
acetic acid (TFA) was added to the digested ADC to a final 

concentration of 1%. The final concentration of the ADC in 
solution was 0.8 µg/µL.

Middle‑down analysis sample preparation

For middle-down experiments, sample IdeS digestion 
was performed as mentioned for middle-up experiments. 
Disulfide bonds were subsequently reduced during 60 min at 
37 °C in strong denaturing conditions (6 M guanidine hydro-
chloride) using DTT (Sigma) as a reducing agent (100 mM 
final DTT concentration). Finally, TFA was added to the 
solution at a final concentration of 1%. The final concentra-
tion of the ADC in solution was 0.7 µg/µL.

Bottom‑up peptide mapping analysis

Sample preparation Ten micrograms of untreated T-DXd 
was solubilized in 0.1% RapiGest (Waters). Disulfide reduc-
tion was performed with 5 mM TCEP for 30 min at 57 °C. 
Ten millimolar of iodoacetamide for 40 min in the dark was 
added to alkylate-free thiol groups on cysteine residues and 
prevent the reformation of disulfide bridges. Digestion was 
performed by adding 5 µL of the prior prepared trypsin solu-
tion, i.e., 20 µg of trypsin (Promega) suspended in 100 µL of 
 H2O which corresponds to 1:50 enzyme to substrate ratio, at 
37 °C for 5 h. The reaction was stopped by adding 1 μL of 
TFA. RapiGest was eliminated by incubation for 30 min at 
37 °C and centrifugation at 13,000 g for 10 min.

LC‑MS/MS analysis NanoLC-MS/MS analyses were per-
formed on a Dionex UltiMate 3000 RSLC nanosystem 
(Thermo Scientific) coupled to an Orbitrap Eclipse™ Tri-
brid™ (Thermo Fisher Scientific) mass spectrometer. Mobile 
phase A contained 0.1% FA in water and mobile phase B 
contained 0.1% FA in 80% ACN/20% water. Peptides were 
loaded onto an Acclaim PepMap 100 C18 20 mm × 0.1 mm, 
5-µm-diameter particles precolumn (Thermo Scientific) for 
3 min at 10 µL/min and eluted on an Aurora Series C18 
UHPLC (250  mm × 75  µm, 1.6-µm-diameter particles, 
IonOpticks) at a 300 nL/min flow rate following a linear 
gradient: 2.5% B at 0 min, 2.5% at 3 min, 7.5% at 6 min, 
50% B at 43 min, and 98% B from 44 to 48 min. The column 
was finally re-equilibrated in 2.5% B for 15 min. Full-scan 
MS spectra were acquired over a 300–1800 m/z range at a 
resolution of 120,000 (at 200 m/z), with an automatic gain 
control (AGC) target of 1 ×  106 and a maximum injection 
time of 50 ms. The top 10 most intense precursor ions with 
an intensity exceeding 1.104 ions per second and charge 
states between 2 and 7 were automatically selected from 
each MS spectrum for higher-energy collisional dissociation 
(HCD) fragmentation at 30% normalized collision energy. 
MS/MS spectra were collected in the Orbitrap at a resolution 
of 15,000, with an AGC target of 1 ×  105 and a maximum 
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injection time set to 22 ms. The complete system was fully 
controlled by Thermo Scientific™ Xcalibur™ software. 
Raw data collected were processed and converted with 
MSConvert into.mgf peak list format.

Data processing Search engine MASCOT 2.6.2 algorithm 
(Matrix Science) was used. The search was performed 
against the sequence of the light and heavy chains of the 
ADC. Spectra were searched with a mass tolerance of 
10 ppm for MS and 0.05 Da for MS/MS data. The search 
was made without enzyme specified, in order to allow the 
identification of any non-specific cleavage peptide. Vari-
able modifications were specified: oxidation of methionine 
residues, pyro-glutamylation of the N-termini, deamidation 
of asparagine, isomerization of aspartic acid residues, and 
drug-linker conjugation  (C52FH56N9O13 and  C26H32O8N6) 
on cysteine residues. Peptide identifications were validated 
with a minimal Mascot ion score of 30 using Proline Studio.

SEC‑nMS analysis experiments

A Dionex UltiMate 3000 RSLC system (Thermo Scientific) 
was coupled to an Orbitrap Eclipse™ Tribrid™ (Thermo 
Fisher Scientific) mass spectrometer equipped with an 
EASY Max NG source with a heated electrospray ionization 
HESI probe. Fifteen micrograms and 12 µg were injected 
for intact and middle-up level analyses, respectively. The 
separation was carried out in isocratic mode with a 100 mM 
 AcONH4 mobile phase at pH 7 using an ACQUITY Pro-
tein BEH SEC 200 Å, 1.7 µm, 4.6 × 150 mm (Waters) SEC 
column. The flow rate was set to 250 µL/min for intact and 
middle-up analyses. The source parameters were set as fol-
lows: sheath gas flow rate to 25 a.u., auxiliary gas flow rate 
to 5 a.u., ion transfer capillary temperature to 275 °C, vapor-
izer temperature to 200 °C, and capillary voltage 3.8 kV. 
In-source fragmentation energy was set to 150 V and 50 V 
for the intact and middle-up analyses, respectively, and the 
RF Lens to 150%. Intact protein mode was activated, with 
a pressure of 20 mTorr in the ion routing multipole (high-
pressure mode). Acquisitions were performed in the m/z 
range 500–8000 with a 3-ms scan and resolution of 15,000. 
The AGC target was set to 2 ×  106, and the maximum injec-
tion time was 50 ms. Data were interpreted using BioPharma 
Finder v3.2 (Thermo Fisher Scientific, San Jose, CA, USA). 
The deconvolution mass tolerance was set to 10 ppm.

Middle‑level LC‑MS and LC‑MS/MS analysis

Separation of the Fc/2, Fd, and LC subunits was performed 
with a BioResolve™ RP mAb polyphenyl column (450 Å 
pore size, 2.7 µm particle size, 2.1 × 150 mm, Waters) 
preheated at 60 °C, using a Dionex UltiMate 3000 RSLC 
system (Thermo Scientific). Mobile phase A consisted of 

0.1% TFA in water, and mobile phase B was 0.1% TFA in 
ACN. For LC-MS and LC-MS/MS analyses, 3.5 µg and 
5.5 µg of digested ADC were respectively loaded onto the 
column using 25% of mobile phase B at constant flow rate 
of 300 µL/min for 2 min. Digested ADC was eluted fol-
lowing a linear gradient: 25% at 2 min, 44% B at 40 min, 
and 75% B from 40.5 to 45.5 min. The column was finally 
re-equilibrated at 25% B for 15 min. The LC system was 
hyphenated to an Orbitrap Eclipse Tribrid mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA) in intact 
protein mode. RF Lens was set to 60%, and auxiliary and 
sheath gases were set to 5 a.u. and 15 a.u., respectively. 
For all experiments, the spray voltage was set to 3.8 kV, 
the ion transfer tube temperature to 275 °C, the vapor-
izer to 200 °C, and the advanced peak determination was 
activated. MS spectra were recorded using a mass range 
of 500–4000 m/z and a resolving power of 120,000 (at 
200 m/z) for denaturing middle-up analysis.

For middle-down analysis, three different fragmentation 
modes were used: CID, ETD, and EThcD; as well as the 
PTCR ion-ion reaction.  MS2 spectra were recorded using a 
mass range of 300–2000 m/z, a resolving power of 120,000 
(at 200 m/z) and 2 micro scans per spectra were selected. 
Precursor ions were selected over each specific elution 
window with an isolation window of 3 m/z following sub-
sequent fragmentation. For each subunit, the most intense, 
for CID, or the highest charge state, for ETD/EThcD, pre-
cursor ions were selected and submitted to fragmentation. 
The AGC was set to 1 ×  106 and the maximum injection 
time to 200 ms for precursor ions. CID collision energy 
was set to 35%, with a CID activation time of 10 ms and 
an activation Q parameter of 0.25. For ETD fragmentation, 
the reaction time between precursor ions and the anionic 
fluoranthene reagent was 3 ms. To ensure proper precursor 
ions fragmentation, the anionic reagent target was set at 
7 ×  105 with a maximum reagent injection time of 200 ms. 
For EThcD fragmentation, the same parameters as those 
described for ETD were used, and a supplemental colli-
sion energy of 20% was used. PTCR was performed after 
ETD and EThcD fragmentation on either a wide isolation 
window of 1000 m/z (700–1700 m/z) or five isolation win-
dows of 200 m/z between 700 and 1700 m/z. The PTCR 
reaction time was set to 20 ms for the wide isolation win-
dows. For narrow windows, reaction times of either 5 ms 
(for 700–900 m/z, 1300–1500 m/z, and 1500–1700 m/z 
isolation windows) or 10  ms (for 900–1100 m/z and 
1100–1300 m/z isolation windows) were used, depending 
on the ion population. The reagent target was set to 5 ×  105 
and the maximum reagent injection time to 200 ms.  MS3 
spectra were recorded using a mass range of 500–4000 m/z 
and a resolving power of 120,000 (at 200 m/z), and 2 micro 
scans per spectra were selected.



Improved characterization of trastuzumab deruxtecan with PTCR and internal fragments…

1 3

Data analysis

MS/MS spectra were deconvoluted in FreeStyle 1.8 using 
the Xtract algorithm and deconvoluted masses were matched 
to the sequence using ProSight Lite v1.4. MS/MS spectra 
were averaged through the different subunit elution windows 
(0.5 min, 0.8 min, and 0.6 min for the Fc/2, Lc, and Fd 
subunits, respectively) and then deconvoluted using an S/N 
ratio of 7, a fit factor of 80%, and a remainder threshold of 
25%. Deconvoluted masses were exported to.csv file and 
matched to the sequence with a 10-ppm tolerance. Differ-
ent fragment ion series were considered depending on the 
fragmentation technique: b/y for CID, c/z for ETD, and b/y 
and c/z in the case of EThcD. Because of the DTT reduc-
tion performed during the sample preparation, all cysteines 
involved in intra-chain disulfide bridges were considered in 
their reduced form. In the case of the heavy chain and Fc/2 
subunits, ions corresponding to the G0F glycoform were tar-
geted, so G0F (+ 1444.5339 Da) at the Asp300 of the heavy 
chain (corresponding to Asp61 when Fc/2 is considered) 
was defined as a fixed modification to search the data. Drug 
conjugation (+ 1033.394 Da) on the cysteines involved in 
inter-chain disulfide bridges (Cys223, Cys229, and Cys232 
on the Fd, Cys214 on the Lc) were set as fixed modifications.

For internal fragments analysis, ClipsMS [35] was used. 
Internal fragments were searched with an error tolerance of 
2 ppm (10 ppm was kept for the terminal fragments) and 
the smallest internal fragment size of 5 amino acids. The 
following internal fragment ions were searched depending 
on the fragmentation method: by ions for CID, cz ions for 
ETD, and by, cy, bz, and cz ions for EThcD. Other param-
eters (modifications and terminal fragments tolerance) were 
set as mentioned above. For ions attributed to two different 
internal fragments, the assignment with the lower mass dif-
ference is kept and the other one is removed. If two (or more) 
fragments have exactly the same theoretical mass and mass 
difference with the assigned ion, then both identifications 
are kept.

Results and discussion

Intact and middle‑level analysis of T‑DXd for drug 
load distribution (DLD) determination and payload 
location assessment at the subunit level

The analysis of untreated T-DXd was first performed at the 
intact level with the use of the SEC-nMS coupling to con-
firm the drug load distribution (DLD) and the avDAR values 
of the ADC. Intact T-DXd analysis results in the identifi-
cation of homogeneous T-DXd (and its glycoforms) bear-
ing 8 conjugated drugs (avDAR of 8.0) in agreement with 
previously reported data [13] (Supplementary Figure S1). 

We next performed classical RPLC-MS to separate and 
characterize the subunits of T-DXd obtained either after 
reduction (heavy (Hc) and light chains (Lc)) or upon IdeS 
digestion followed by DTT reduction (Lc, Fd, Fc/2 subunits, 
Supplementary Figure S2). Reduced T-DXd analysis reveals 
two main species eluting at 23.6 min and 30.5 min (Supple-
mentary Figure S2.A). The first one corresponds to the Lc 
carrying one drug (24,476.9 ± 0.2 Da, Supplementary Fig-
ure S2.B and Supplementary Table S1) and the second one 
to the Hc with three conjugated drugs (53,703.6 ± 0.4 Da 
for the main glycoform G0F, Supplementary Figure S2.C 
and Supplementary Table S1). Both peaks exhibit additional 
populations at slightly lower retention times correspond-
ing to the binding of partial payload scaffolds (− 475 Da) 
[13]. The analysis of IdeS digested and reduced T-DXd 
showed three main peaks (Supplementary Figure S2.D), 
corresponding to the Fc/2 (23,235.9 ± 0.3 Da for the main 
glycoform G0F, Supplementary Figure S2.E), Lc with one 
drug (24,476.9 ± 0.2 Da, Supplementary Figure S2.F) and Fd 
bearing three drugs (28,485.5 ± 0.2 Da, Supplementary Fig-
ure S2.G) subunits, respectively. In line with previous results 
for reduced T-DXd, minor chromatographic peaks result-
ing from Lc and Fd bearing partial drug(s) (− 475 Da) are 
observed prior to the major chromatographic peaks of these 
subunits, but no drug-free species were detected. In addi-
tion, no signal corresponding to free Lc or Hc was detected. 
All these results regarding the absence of drug-free and/or 
partially conjugated species underline the high efficiency of 
the conjugation process for T-DXd. Middle-up level RPLC-
MS analysis corroborates the location of 3 drugs on the Hc/
Fd domain and one on the Lc domain, correlating with a 
homogeneous avDAR 8.0 calculated previously.

Middle‑down mass spectrometry (MD‑MS) analysis 
for sequence characterization and precise drug 
location

We next performed MD-MS analyses of T-DXd at the subu-
nit level. The precursor ions selected for MS/MS fragmenta-
tion are displayed in Supplementary Figure S2 and detailed 
in the “Materials and methods” for each considered subunit. 
The most abundant charge state was selected for CID, while 
highly charged precursors were preferred for electron-based 
fragmentations (ETD and EThcD). Conversely to classical 
bottom-up strategies where sequence coverages are opti-
mized, usually leading to accurate identification of drug 
location, we decided here to first address the position of the 
payloads by monitoring the sequence coverage as a function 
of payloads bound to different cysteine residues. Once the 
“most probable” conjugation site was determined, the MS/
MS data obtained from each replicate of each fragmentation 
technique were combined to increase the overall sequence 
coverage of the subunits (9 runs combined).
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For reduced T-DXd, Lc+1DXd or Hc+3DXd species 
were selected for further CID, ETD, and EThcD fragmen-
tation. In this context, the MS/MS spectra of the Lc were 
matched with 5 different positional isomer sequences (5 
Cys residues in the Lc sequence), while those of the Hc 
were compared with the sequence of 165 different isomers 
(combinations of 3 conjugated Cys residues out of 11 Cys, 

Supplementary Figure S3). From Lc MS/MS data interpreta-
tion, it can be concluded that the conjugation site is located 
on the C-terminal part (Cys194 or Cys214, Fig. 1A–C), as 
higher sequence coverages (14%/38%/42% for CID/ETD/
EThcD for Cys194-DXd, and 14%/39%/42% for CID/ETD/
EThcD for Cys214-DXd) were achieved when considering 
DXd bound to one of those Cys residues. However, the z12 

Fig. 1  Fragmentation results for the T-DXd heavy (Hc) and light 
chains (Lc). CID (A), ETD (B), and EThcD (C) light chain sequence 
coverage depending on the conjugated cysteine position. (D) Light 
chain fragmentation map of the combined results from all replicates. 

(E) Heavy chain fragmentation map of the combined results from all 
replicates. (F) Hc and Lc average sequence coverage obtained by CID 
(blue), ETD (red), and EThcD (yellow) for three injection replicates, 
and the combined results from all runs (green)
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fragment ion obtained in 3 over 3 ETD and EThcD replicates 
and the z16 obtained in 3 over 3 ETD replicates both allow 
determining that the payload is precisely located on Cys214 
residue (Fig. 1D). Data interpretation is even more challeng-
ing for Hc (Fig. 1E) as the sequence coverage obtained is 
similar (8–11%) when considering the theoretical positions 
(i.e., Cys223, Cys229, and Cys232) of the payloads (Sup-
plementary Figure S4), regardless of the activation technique 
used to induce the fragmentation. The fragmentation map 
of the combined results (9 runs) for the Hc clearly points 
out the absence of fragmentation in the middle of the Hc 
sequence, which impairs the reliable location of the conjuga-
tion sites in this chain (Fig. 1E). As expected, electron-based 
fragmentations (ETD/EThcD) afforded the most complete 
sequence coverage for both chains (39% for Lc and 12% 
for Hc), as already reported on other systems [28]. Finally, 
sequence coverage upon combining CID, ETD, and EThcD 
fragmentation replicates raised to 62% for the Lc and 33% 
for the Hc (Fig. 1F), which is still relatively low. Our results 
are in line with sequence coverages previously reported [48, 
49], which can be explained by the difficulty of providing 
a complete sequence coverage characterization when frag-
menting proteins larger than 30 kDa [50]. In the particular 
case of the Hc, this limited fragmentation hampers the pre-
cise location of the conjugation sites.

In order to increase the sequence coverage and locate 
more precisely the conjugation sites, T-DXd was IdeS 
digested and reduced to release the three ~ 25 kDa subu-
nits (Fc/2, Lc, and Fd) and subsequently fragmented using 
the aforementioned activation modes (Supplementary Fig-
ure S5). Similar to results obtained on Lc generated after 
DTT treatment, MD-MS results obtained after IdeS diges-
tion allow to conclude that DXd is located on the Cys214 of 
Lc (Fig. 2A), as the two same diagnostic fragments specific 
of the drug conjugation on Cys214 were identified (z12 and 
z16, Supplementary Figure S6.A) upon ETD/EThcD frag-
mentation (in 3/3 and 2/3 replicates, respectively). As IdeS 
digestion efficiently downsized the Hc chain, we next ana-
lyzed the results from the 35 possible Fd isomers (3 con-
jugated Cys residues out of 7 Cys residues in the Fd, see 
Supplementary Figure S3). It came out that proteoforms 
including conjugated C-terminal Cys (i.e., Cys203, Cys223, 
Cys229, and Cys 232) led to the highest sequence coverage 
(Fig. 2B), suggesting possible DXd location on abovemen-
tioned Cys. Nevertheless, 7 fragments (all from ETD/EThcD 
and assigned in at least 2/3 replicates for each fragmentation 
technique) corroborated the presence of the payloads on the 
3 C-terminal Cys residues involved in inter-chain disulfide 
bridges of the mAb counterpart (Supplementary Fig-
ure S6.B). Here, we observed fragment ions confirming the 
drug location for both Lc (Cys214) and Fd subunits (Cys223, 
Cys229, and Cys232). Moreover, after manual validation, 
it was confirmed that those ions exhibited resolved isotope 

profiles with no interfering signals and with a significant 
S/N ratio (> 150), thus increasing the confidence in their 
identification (Supplementary Figure S6.C and S7).

The conjugation sites inferred from MD-MS strategies 
were corroborated with bottom-up analysis (Supplementary 
Figure S8), with no detection of additional conjugation sites 
by the latter technique, highlighting the complementarity 
between both strategies. However, peptide mapping results 
still evidence the difficulties of this approach to decipher 
the drug conjugation of an ADC, as only a few fragments 
contain the whole payload scaffold and the location of the 
conjugation site is performed by detecting payload-bound 
peptide ions, with the detection of a specific signature frag-
ment ion coming from the fragmentation of the cargo mol-
ecule (Supplementary Figure S6).

Best sequence coverages achieved for T-DXd subunits for 
each individual fragmentation technique ranged between 29 
and 61% for Fc/2, 15–48% for Lc, and 19–37% for Fd, with 
best results originating from EThcD fragmentation (61%, 
48%, and 37% with EThcD for the Fc/2, Lc, and Fd parts, 
respectively). Between 40 and 55% of all the identified ter-
minal ions were observed in all the replicates of the same 
fragmentation technique, and the individual p-scores asso-
ciated to the different subunits with the precise conjugation 
site were lower than  10−10 for CID,  10−20 for EThcD, and 
 10−37 for ETD. Interestingly, combining replicates from all 
fragmentation modes resulted in a high sequence coverage 
for the Fc/2, Lc, and Fd subunits with 87%, 76%, and 72%, 
respectively (Fig. 2C) covering not only both termini of the 
sequences but also the internal regions as expected when 
fragmenting 25-kDa subunits.

Altogether, MD-MS investigations of T-DXd subu-
nits confirm the payloads conjugation on the Cys214 for 
the Lc (with z12 and/or z16 specific diagnostic ions), while 
DXd binding could only be restricted to the C-terminal area 
of the Fd subunit (Cys223, Cys229, or Cys232) with the 
detection of 7 specific fragment ions. As expected, MD-MS 
results in terms of sequence coverage were better with 
EThcD and after IdeS digestion, in which smaller subunits 
(~ 25–30 kDa) were more adapted to MD-MS analysis.

Contribution of internal fragments in the context 
of T‑DXd subunits sequence characterization

In classical TD/MD-MS experiments, only N- and C- ter-
minal fragments (originating from one single cleavage 
site in the protein backbone) are matched to determine the 
sequence coverage. However, protein backbone can undergo 
subsequent residue cleavages leading to the formation of 
internal fragments that are not containing neither the N- nor 
the C-terminus of the protein. ClipsMS [35] was used to 
tackle internal fragments generated in our MD-MS work-
flow. Terminal fragments were assigned first using a 10-ppm 
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tolerance (same as with ProSight Lite). Then, internal frag-
ments were assigned using a 2-ppm tolerance to limit the 
risk of false assignment.

Initially, the contribution of internal fragments was evalu-
ated to determine the position of the payload of the subunits. 
It was found that those fragments are not particularly adapted 
to decipher the position for several reasons. Payloads are 

mainly located in the C-terminal region of the Lc and Fd 
subunits, and hence, very low amounts of internal fragments 
will contain the payload moiety. Conversely to terminal frag-
ments, the sequence coverage variation obtained upon con-
sideration of internal fragment ions is less sensitive to the 
position of the payload. For instance, the sequence coverage 
of the Lc subunit upon ETD fragmentation increases from 4 

Fig. 2  Fragmentation results for the T-DXd Fc/2, Fd, and Lc subu-
nits. Lc (A) and Fd (B) sequence coverage depending on the conju-
gated cysteine positions for CID (blue), ETD (red), and EThcD (yel-

low). (C) Fc/2, Lc, and Fd average sequence coverage obtained by 
CID (blue), ETD (red), and EThcD (yellow) for three injection repli-
cates, and the combined results of all runs (green)
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to 45% when the conjugation site is assumed either at Cys23 
or Cys214, respectively, clearly pinpointing that the conju-
gation site is located in the latter residue. However, upon 

internal fragment matching, the sequence coverage varia-
tion between these two conjugated positions is more attenu-
ated (from 51 to 67%), leading to a more ambiguous result. 

Fig. 3  Average sequence coverage and number of fragments identi-
fied for T-DXd Fc/2, Fd, and Lc subunits using internal fragments. 
Average sequence coverage (left) and number of identified fragments 
(right) considering the terminal fragments only (dark colors) and ter-

minal + internal fragments (light colors) for CID (blue), ETD (red), 
and EThcD (yellow) of Fc/2 (A), LC (B), and Fd (C) subunits. The 
results of the individual fragmentation techniques were run in tripli-
cate and the combined results are depicted in green
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Finally, it was observed that internal fragment consideration 
entails an increased probability of ion mismatching [45]. 
For example, the search for internal fragments after ETD by 
positioning the drug on the Cys23 residue of the Lc leads to 
the detection of more than 20 internal fragments containing 
the drug. More precisely, one identified internal fragment 
exhibits a clear isotopic profile with a very precise mass 
measurement that could correspond with the 21–52 internal 
fragment bearing the payload (4523.22 Da, Supplementary 
Figure S9). Nevertheless, the Cys23 conjugation site was 
excluded from our previous MD-MS results based on ter-
minal fragment identification because of the low sequence 
coverage assigned to this position. The golden-standard 
bottom-up method did not provide any peptide containing 
the drug at position 23, clearly suggesting that all those ions 
could not correspond to the fragmentation of a bunch of the 
Lc backbone with conjugated Cys23. For all these reasons, 
the characterization of the conjugation sites relied on the 
identification of terminal fragments, while internal frag-
ment ions were used with the main purpose of boosting the 
sequence coverage of the different subunits.

The proportion of internal fragments identified differs 
with the fragmentation method. Depending on the subunit, 
the average number of internal fragments identified var-
ies between 72 and 111 for CID, 62 and 94 for ETD, and 
214 and 327 for EThcD. As expected, EThcD provides the 
higher number of internal fragments resulting from the addi-
tion of a collisional-activation step of ions that have been 
previously activated/dissociated upon electron transfer. In 
the end, a total number of fragments (terminal and inter-
nal) around 130, 200, and 400 for CID, ETD, and EThcD, 
respectively, were detected (Fig.  3A–C, right). Conse-
quently, the sequence coverage drastically increased when 
including internal fragments to reach 50 to 60% with CID 
(15–30% considering terminal fragments only), 70% with 
ETD (38–53% considering terminal fragments only), and 
90% for EThcD (38–61% considering terminal fragments 
only) (Fig. 3A–C, left). Manual validation of the internal 
fragments identified can help to ascertain the confidence 
in the match, and it was found that internal fragments were 
relatively well resolved (Supplementary Figure S10). Com-
bining the sequence coverage from replicates of all the frag-
mentation techniques (i.e., CID, ETD, and EThcD) resulted 
in 100% subunit sequence confirmation (Fig. 3). Concomi-
tantly, the relative proportion of assigned fragment ions 
increased by 1.6 to 3 times when using internal fragment 
ion searching. However, poor reproducibility between differ-
ent replicates was observed regarding the internal fragment 
identification since only around 20% of the total number of 
the internal fragments were detected in at least 2 over 3 rep-
licates (and less than 5% in 3 over 3 replicates). These results 
clearly show that considering internal fragment ion search 
during MD-MS workflows allows taking full advantage of 

all the information contained in the MS/MS spectra, high-
lighting the contribution of internal fragments to increase 
the sequence coverage although care must be taken to reduce 
the number of false or ambiguous assignments.

Strengthening drug location using proton transfer 
charge reduction (PTCR)

While the attribution of internal fragments allows obtain-
ing the complete sequence coverage by exploiting the huge 
amount of information available from  MS2 spectra, the risk 
of false positives and the position of the payloads on the 
C-termini of the sequences make its contribution limited to 
the identification of the conjugation sites. With this in mind, 
PTCR was combined with the most efficient fragmentation, 
i.e., ETD and EThcD, to declutter  MS2 spectra and confirm 
drug location. To do so, two different PTCR methods were 
used: (i) the “wide window” (1000 m/z isolation window) 
method and (ii) the “narrow window” (5 × 200 m/z isolation 
window) mode (Supplementary Figure S11). As highlighted 
in Fig. 4A and B, the combination of PTCR results from all 
the windows leads to an average rise of the sequence cover-
age by 10–13% after ETD fragmentation and by 2–7% after 
EThcD fragmentation, respectively. The practical effect of 
this ion/ion reaction is further illustrated in Supplementary 
Figure S8. After ETD fragmentation, a complex  MS2 spec-
trum is generated, with a very large number of fragments 
distributed only over a small m/z range (700–1700 m/z, Sup-
plementary Figure S8.A). Using PTCR for 10 ms on the 
1100–1300 m/z window drastically reduced the spectral con-
gestion of this zone of the  MS2 spectrum, decreasing the sig-
nal interference in the lower m/z, where the major part of the 
fragment ions of interest are observed. For instance, overlap-
ping signals and interferences are observed in the ETD  MS2 
spectrum of the diagnostic fragment ion z12 (2341.00 Da), 
which allows the precise location of the DXd on the Lc 
(Supplementary Figure S12.A). Thanks to the addition of 
PTCR, the same ion could be assigned with a resolved iso-
tope profile and a low interfering signal, leading to a more 
reliable identification of the fragment (Supplementary Fig-
ure S8.B). The PTCR  MS2 spectra decluttering capabilities 
not only afforded more confident identification of diagnostic 
ions detected without PTCR but, more interestingly, allowed 

Fig. 4  PTCR fragmentation results for the T-DXd Fc/2, Lc, and Fd 
subunits. (A) Fc/2, Lc, and Fd average sequence coverage obtained 
by ETD only (light red) and ETD + PTCR (dark red) for the three 
injection replicates. (B) Fc/2, Lc, and Fd average sequence coverage 
obtained by EThcD only (light yellow) and EThcD + PTCR (dark yel-
low) for the three injection replicates. Fragmentation maps combin-
ing ETD/EThcD  MS2 and PTCR  MS3 results of the Lc (C) and Fd 
(D) subunits. Fragments found uniquely thanks to PTCR are circled 
in black and those confirming the position of the drugs are circled in 
green

◂
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identification of additional specific diagnostic fragment ions 
on the different subunits. Upon addition of PTCR, a total of 
5 fragment ions specific of the Cys214 conjugation on the Lc 
(2 fragments found with ETD/EThcD and 3 additional found 
after PTCR implementation, z13, y19, and y20, all in at least 
2/3 replicates, Fig. 4C) and 11 signature fragments specific 
of the conjugation of the Fd subunit on the Cys223, Cys229, 
and Cys232 residues (7 fragments found with ETD/EThcD 
and 4 additional fragments detected after PTCR imple-
mentation, z26, z27, z30, and z32, all identified in at least 2/3 
replicates, Fig. 4D) were finally detected. For instance, the 
fragment z26 that was not observed at any charge states using 
ETD only is assigned after the use of PTCR for 10 ms on the 
1300–1500 m/z mass range, as the 4 + charge state has been 
detected and presents a well-resolved isotopic profile (Sup-
plementary Figure S13). These results highlight that PTCR 
contributes to the improvement of the overall sequence cov-
erage to a lesser extent compared to internal fragment ion 
search but enhances the number and confidence of identified 
diagnostic fragment ions of the conjugation site, providing 
additional experimental evidence to locate the sequence 
modifications of interest.

Conclusions

In this study, several MS-based techniques have been com-
bined to characterize a homogeneous DAR8 ADC, T-DXd.

The different subunits bearing the cargo molecules were 
subjected to fragmentation to elucidate the conjugation sites. 
Results evidenced that the precise location of the three pay-
loads from the fragmentation of the entire Hc was still chal-
lenging due to the lack of fragmentation in the mid-region 
of the backbone. In this case, the fragmentation of the Fd 
subunit was more informative, providing a more compre-
hensive sequence coverage along with a significant number 
of signature fragment ions characteristic of the three conju-
gated cysteine residues.

PTCR reaction and tailored TD/MD-MS software were 
used to maximize the number of identified fragment ions. 
The identification of internal fragments with the use of 
ClipsMS helped to confirm the whole sequence of the ADC, 
giving rise to the characterization of the full sequence of 
each subunit. Although very informative to improve the 
overall sequence coverage, special care should be taken 
when considering internal fragment ions since the proba-
bilities for false positive ion assignment increase, providing 
ambiguous results about the precise location of the cytotoxic 
payload in the sequence of the ADC.

PTCR emerged as an elegant alternative to explore more 
deeply the fragmentation spectra information. This tech-
nique led to an overall sequence coverage increase between 

2 and 13% for each ADC subunit. In spite of the moder-
ate sequence coverage contribution of PTCR, the enhanced 
separation of charge-reduced fragment ions allowed for 
increasing the confidence of the location of the conjugation 
sites by increasing the number of diagnostic ions by 1.5- to 
2.5-fold. According to these results, the combination of a 
single activation technique (i.e., ETD or EThcD) with PTCR 
reaction can be an appealing alternative to the combination 
of multiple activation techniques (CID, HCD, ETD, EThcD, 
UVPD) that will afford additional information to character-
ize the sequence modification of interest.

Altogether, these results highlight the potential of com-
bining different MS-based approaches, with particular inter-
est in cutting-edge MD-MS strategies, in the characterization 
of approved therapeutic proteins to evaluate the homogeneity 
of the bioconjugation with limited sample preparation. More 
particularly, the contribution of MD-MS workflows in the 
conjugation site characterization of ADCs has been clearly 
shown in comparison with classical bottom-up approaches, 
facilitating the identification of fragment ions containing 
the whole payload, which is a significant limitation when 
ADCs are characterized at the peptide level. Hopefully, 
the continuous development of tailored software and the 
implementation of novel strategies in last-generation MS 
platforms will foster the use of intact or partially digested 
protein fragmentation in different R&D laboratories, espe-
cially (but not exclusively) those dedicated to the analysis 
of therapeutic proteins.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 023- 05059-x.
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Développement de stratégies analytiques  
et bioinformatiques en spectrométrie de  

masse pour la caractérisation des protéines 
thérapeutiques et de leurs impuretés 

Résumé 

La spectrométrie de masse est une technique de choix pour la caractérisation des protéines. L’objectif 

de cette thèse a été de développer des stratégies analytiques et bioinformatiques en spectrométrie de 

masse pour l’analyse des protéines thérapeutiques et de leurs impuretés.  

Dans un premier temps, de ce travail a été axé sur l’optimisation de méthodes MS en protéomique 

quantitative et sur l’évaluation de stratégies bioinformatiques innovantes pour le traitement des 

données. Dans une deuxième partie, ces approches ont été appliquées pour la quantification précise 

de protéines de la cellule hôte présentes à l’état de traces dans des produits médicamenteux. La 

troisième partie de cette thèse a porté sur le développement de stratégies « top-down » et « middle-

down » combinant de multiples techniques de fragmentation pour l’analyse de protéines intactes, et a 

souligné l’importance d’employer un traitement de données adapté pour assurer la pertinence des 

résultats obtenus. Enfin, ces stratégies ont été utilisées pour la caractérisation complète d’un anticorps 

conjugué thérapeutique. 

Ce travail a démontré le fort intérêt de la spectrométrie de masse pour l’analyse de protéines 

thérapeutiques et de leurs impuretés. 

Mots clés : Spectrométrie de masse (MS), analyse protéomique quantitative, protéine intacte, protéines 

de la cellule hôte (HCP), anticorps monoclonaux thérapeutiques. 

 

Résumé en anglais 

Mass spectrometry has been a technique of choice for the characterization of proteins. This Ph.D. work 
aims to develop analytical and bioinformatics strategies in mass spectrometry to analyze therapeutic 
proteins and their impurities. 
The first part of this work focused on optimizing mass spectrometry methods for quantitative proteomics 
and evaluating innovative bioinformatics strategies for data processing. The second part applied these 
approaches to quantifying host cell proteins present at trace levels in drug products precisely. The third 
part of this thesis focused on developing "top-down" and "middle-down" strategies combining multiple 
fragmentation techniques to analyze intact proteins. It also highlighted the importance of employing 
suitable data processing to ensure the relevance of the results obtained. Finally, these strategies were 
used to characterize a therapeutic antibody-drug conjugate comprehensively.  
This work has demonstrated a strong interest in mass spectrometry for analyzing therapeutic proteins 
and their impurities. 

Keywords: Mass spectrometry (MS), quantitative proteomics analysis, intact protein, host cell proteins 
(HCPs), therapeutic monoclonal antibodies. 
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