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Antigenic variation contributes to the virulence potential of both eukaryotic and prokaryotic pathogens, facilitating immune evasion. The protozoan parasite Trypanosoma brucei (T. brucei) is able to survive in the mammalian host owing its dense variant surface glycoprotein (VSG) coat, which is stochastically switched in order escape detection by the host immune system. VSG genes are expressed in a strictly monoallelic fashion from one of approximately 15 specialised subtelomeic loci in the known as bloodstream-form expression sites (BES). VSG switching occurs predominantly by homologous recombination between the active BES and one of the large archive of VSG genes. VSG switching is driven by DNA double-stranded breaks (DSB) in the BES, placing DSB repair at the heart of immune evasion. Protein phosphorylation is central to DNA damage signaling, however in trypanosomes only one DNA damage associated phosphorylation site is currently known. In order to better understand the protein modifications that govern antigenic variation, I have used quantitative proteomics to characterise the T. brucei DNA damage phosphoproteome following meganuclease targeted DSBs at either a chromosome internal site or within the active BES. I have identified over 6000 phosphorylation sites including a core set of 211 phosphosites that are significantly up or down regulated following a DSB. I report a striking distinction between the protein modifications that accompany a DSB at a chromosome internal site compared to a within the active BES, and identify phosphorylation sites that are unique to BES recombination and thus antigenic variation. I have validated two candidate phosphorylation sites identified on the single stranded DNA binding protein Replication Protein A 1 (RPA-1) though the generation of phosphorylation mutants. I find that one RPA-1 phosphorylation site is essential for parasite survival, whilst the second site restricts DNA resection at a chromosome internal locus but promotes resection at a subtelomeric locus. In the final chapter of this thesis, I examine VSG switching in parasites in which monoallelic expression has been disrupted by the expression of a second VSG, VSG-5, from a ribosomal DNA loci. Expression of both VSG-5 and the native VSG, VSG-2, is stable at the cell surface even in the absence of drug selection. Surprisingly, using a meganuclease to introduce a specific DSB at the active BES results in the loss of the VSG-5 gene, despite it being spatially separated in the genome. The loss of VSG-5 is transcription dependent and does not disrupt DSB repair at the BES. This indicates that there are stringent mechanisms within the cell to reinforce single VSG expression during antigenic variation. Combined, the work in this thesis aims to better understand the molecular mechanisms of VSG switching, allowing the parasite to evade detection by the host immune system.

UTR

Untranslated region VEX VSG Exclusion Factor VSG variant surface glycoprotein WHO World Health Organisation WT wild type Recent advances achieved by public-private collaborations have led to the development of Fexinidazole, the first oral HAT treatment that is effective against both stages of disease (Deeks 2019). Available since 2019, Fexinidazole requires just 10 doses of oral treatment and has greatly improved therapeutic options for HAT patients. However, Fexinidazole is not suitable for infants under 6 years old (Deeks 2019), T. b. rhodesiense infections (Fairlamb 2019) or well developed stage 2 T. b. gambiense Drug Advantages Disadvantages Pentamidine Effective against stage 1 T. b. gambiense Ineffective against stage 2 T. b. gambiense infection or both stages or T. b. rhodesiense Suramin Effective against early stage 1 T. b. rhodesiense Ineffective against stage 2 T. b. rhodesiense and both stages T. b. gambiense Unfavourable side effects Melarsoprol Effective against both stages of infection with either subspecies Toxic; around 5% of patients treated die from reactive encephalopathy High levels of resistance Challenging to administer NECT Effective against both stages T. b. gambiense, low adverse side effects Potential resistance to treatment in the field Fexinizadole Oral treatment effective against both stages T. b. gambiense Ineffective against T. b. rhodesiense or well developed stage 2 T. b. gambiense Not suitable for children under 6 years old Potential resistance in the field 2014). These chromatin marks are absent in silent BESs, and sumoylation is thought to contribute to efficient transcription by RNA Pol I at the active BES (J.-M. Bart et al. 2014). Upon developmental differentiation into the insect form VSG expression is rapidly attenuated and the active BES is repositioned at the nuclear periphery, where it is packaged into dense heterochromatin (Landeira and Navarro 2007). The activation of two BESs simultaneously results in dynamic switching between the two, and it is proposed that the presence of two BESs within the ESB is energetically unfavourable (Budzak et al. 2019). Indeed, attempts to select for the simultaneous activation of three BESs was unsuccessful (Ulbert, Chaves, and Borst 2002).

Résumé en française

La variation antigénique contribue au potentiel de virulence des pathogènes eucaryotes et procaryotes, facilitant l'évasion immunitaire. Le parasite protozoaire Trypanosoma brucei (T. brucei) est capable de survivre chez l'hôte mammifère grâce à son enveloppe protéique dense, constituée de plus de 10 millions de molécules d'une seule variante de glycoprotéine de surface (VSG). Le revêtement VSG est commuté de manière stochastique pour échapper à la détection par le système immunitaire de l'hôte. Le génome de T. brucei contient plus de 2500 gènes VSG, mais un seul gène VSG est exprimé à la fois de manière strictement monoallélique. Le VSG actif unique est exprimé à partir de l'un des 15 locus subtélomiques spécialisés du génome connus sous le nom de sites d'expression de forme sanguine (BES).

Le BES actif unique est transcrit par l'ARN polymérase I à partir d'un locus extranucléolaire connu sous le nom de corps de site d'expression (ESB). Les loci subtélomériques sont fragiles et les cassures double brin de l'ADN (DSB) s'accumulent naturellement au niveau de ces locus, et la fragilité subtélomérique est donc censée entraîner la commutation VSG. La commutation VSG se produit principalement par recombinaison homologue entre le BES actif et l'une des grandes archives de gènes VSG, plaçant la réparation DSB au coeur de l'évasion immunitaire. Chez les trypanosomes, le système de méganucléase I-Scel a été utilisé pour introduire des DSB contrôlés spatialement et temporellement et étudier les mécanismes de réparation utilisés [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF], Glover et al., 2013). Cela a révélé des différences clés entre la réparation au niveau des locus internes du chromosome et au niveau des locus subtélomériques. Alors que la recombinaison homologue domine la réparation au niveau des locus internes d'un chromosome, la jonction d'extrémité médiée par la microhomologie apporte une contribution importante à la réparation des sous-télomères. Un DSB introduit dans le BES actif, en amont du VSG activement transcrit, conduit à 100% des cellules commutant leur VSG et peut donc être utilisé pour étudier la commutation VSG pilotée par recombinaison. La phosphorylation des protéines est essentielle à la signalisation d'un DSB, mais chez les trypanosomes, un seul site de phosphorylation associé aux dommages à l'ADN est actuellement connu, la forme phosphorylée de la thréonine 131 de l'histone H2A [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF].

Afin de comprendre les modifications protéiques impliquées dans la recombinaison homologue et la variation antigénique, j'ai utilisé une approche protéomique quantitative pour caractériser le phosphoprotéome de T. brucei endommageant l'ADN en réponse aux DSB ciblés par méganucléase soit sur un site interne du chromosome, soit dans le BES actif. J'ai identifié plus de 6000 sites de phosphorylation, y compris un ensemble de base de 211 phosphosites qui sont considérablement régulés à la hausse ou à la baisse suite à un DSB. Je rapporte une distinction frappante entre les modifications protéiques qui accompagnent un DSB au niveau d'un site interne du chromosome par rapport à un dans le BES actif, et identifie les sites de phosphorylation qui sont uniques à la recombinaison BES et donc à la variation antigénique. J'ai identifié de nouvelles modifications sur les protéines endommageant l'ADN, y compris deux nouveaux sites sur la queue C-terminale de l'histone 2A. J'ai identifié deux sites sur le composant RPA1 du complexe Replication Protein A (également connu sous le nom de Replication Factor A dans la levure en herbe) qui ont été sélectionnés pour le suivi. Considéré comme le gardien du génome, est le principal complexe de liaison de l'ADNsb eucaryote [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF]. Le complexe hétérotrimérique se compose de trois sous-unités appelées RPA-1, RPA-2 et RPA-3 et joue un rôle dans diverses fonctions cellulaires, notamment la régulation du cycle cellulaire [START_REF] Dodson | DNA Replication Defects, Spontaneous DNA Damage, and ATM-Dependent Checkpoint Activation in Replication Protein A-Deficient Bibliography 165 Cells[END_REF][START_REF] Kim | Rfc4 Interacts with Rpa1 and Is Required for Both DNA Replication and DNA Damage Checkpoints in Saccharomyces Cerevisiae[END_REF], la maintenance des télomères (Luciano et al.2012;Salas et al.2006;Schramke et al.2004;[START_REF] Smith | Characterization of Genetic Interactions with RFA1: The Role of RPA in DNA Replication and Telomere Maintenance[END_REF], réparation de l'ADN, réplication de l'ADN et recombinaison de l'ADN [START_REF] Fanning | A Dynamic Model for Replication Protein A (RPA) Function in DNA Processing Pathways[END_REF][START_REF] Iftode | Replication Protein A (RPA): The Eukaryotic SSB[END_REF][START_REF] Wold | Replication Protein A: A Heterotrimeric, Single-Stranded DNA-Binding Protein Required for Eukaryotic DNA Metabolism[END_REF]. Tous ces processus partagent la caractéristique commune d'un intermédiaire ADNsb, auquel RPA se lie et se stabilise avec une affinité sousnanomolaire [START_REF] Chen | Replication Protein A: Single-Stranded DNA's First Responder: Dynamic DNA-Interactions Allow Replication Protein A to Direct Single-Strand DNA Intermediates into Different Pathways for Synthesis or Repair[END_REF]Salas et al.2006), protégeant l'ADN ss de la dégradation de la nucléase et fournissant une plate-forme pour la liaison d'autres facteurs impliqués dans la réparation, la réplication et la signalisation des dommages de l'ADN [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF].

Dans les écrans phosphoprotéomiques, j'ai identifié deux sites sur le composant RPA1 du complexe, qui est responsable de l'interaction avec l'ADN simple brin (ADNsb). RPA1 S5 et S43 augmentent tous deux la phosphorylation après les DSB ciblés sur un site chromosomique interne ou subtélomérique. Le premier site, S5, se trouve dans un lieur flexible spécifique des trypanosomatides, tandis que le second site S43, se trouve dans un domaine de liaison à l'ADN conservé. J'ai sélectionné ces deux sites pour validation par l'introduction d'une seule mutation ponctuelle. J'ai systématiquement remplacé chaque allèle de RPA1 par un mutant de phosphorylation, dans lequel le résidu sérine d'intérêt est muté en un résidu alanine, qui ne peut pas être phosphorylé. J'ai ensuite exploré la capacité de ces mutants de phosphorylation à survivre aux DSB ciblés sur un site interne du chromosome et dans le BES actif. Les mutants RPA1S5A étaient viables et capables de survivre.

Le transcrit VSG est essentiel pour la survie cellulaire et le renversement par interférence ARN est mortel, déclenchant un arrêt du cycle cellulaire par précytocinèse (Sheader et al.2005) et un arrêt global de la traduction (Smith et al.2009). Ce phénotype létal est sauvé par l'expression d'un second VSG [START_REF] Smith | Blocking Variant Surface Glycoprotein Synthesis in Trypanosoma Brucei Triggers a General Arrest in Translation Initiation[END_REF]. Conformément à cela, un DSB introduit en amont du VSG activement transcrit est une lésion hautement toxique, avec 5 à 24% de survie cellulaire (Devlin et al.2016;Glover et al.2013). Ici, j'examine la commutation VSG par recombinaison dans une lignée cellulaire qui a deux espèces VSG à la surface cellulaire. J'établis une lignée cellulaire qui exprime de manière stable à la fois le VSG-2 endogène et une copie ectopique de VSG-5.VSG-5 est intégrée à un promoteur d'ADNr où il est situé à environ 7 kpb en amont d'un télomère de novo. Un promoteur d'ADNr est utilisé pour conduire des niveaux élevés d'expression de VSG5 tout en évitant la compétition avec le promoteur BES natif (Glover et al.2016;[START_REF] Horn | Position-Dependent and Promoter-Specific Regulation of Gene Expression in Trypanosoma Brucei[END_REF]. Je trouve que VSG-5 est exprimé en l'absence de pression de sélection, indiquant que l'expression est stable. Suite à un DSB induit par une méganucléase au niveau du BES actif, le deuxième VSG est également perdu de la surface cellulaire et, de manière surprenante, la séquence d'ADN du deuxième VSG est perdue, bien qu'elle soit transcrite à partir d'un locus spatialement distinct. La suppression du VSG ectopique dépend de la transcription et n'affecte pas le nombre ou la variété des modèles génomiques utilisés pour la réparation du BES. Nous proposons qu'il existe des mécanismes stricts dans la cellule pour garantir que strictement un seul VSG est actif après un événement de commutation VSG, en préservant l'expression monoallélique.

Ce qui conduit à la perte de VSG-5 induite par la rupture dépendante de la transcription est inconnu, mais une hypothèse est qu'une transcription accrue de VSG-5 pour compenser la perte de VSG-2 suite à un DSB pourrait conduire à une instabilité génomique par la formation d'ARN-ADN des hybrides connus sous le nom de boucles R (Santos-Pereira et [START_REF] Santos-Pereira | R Loops: New Modulators of Genome Dynamics and Function[END_REF], qui chez T.brucei, se sont révélés se former à la fois dans le BES actif (Briggs, Crouch, et al.2018) et dans les loci d'ARNr (Briggs, Hamilton, et al.2018). L'instabilité génomique induite par la boucle R peut entraîner des réarrangements chromosomiques (Aguilera et García-Muse 2012) et pourrait expliquer la perte de VSG-5. Alternativement, une transcription accrue de VSG-5 peut entraîner des conflits entre les mécanismes de transcription et de réplication, conduisant à des ADN DSB qui sont réparés par recombinaison, générant des changements génétiques [START_REF] Kim | Transcription as a Source of Genome Instability[END_REF]. L'analyse des niveaux de transcription de VSG-5 immédiatement après l'induction de DSB pourrait fournir un aperçu supplémentaire de la perte de VSG-5.

Dans les cellules à double expression, nous avons observé une diminution significative de l'ADN ss dans les 6 premières h suivant la DSB. Il a été démontré que la proximité des modèles disponibles influence la fréquence de recombinaison (Müller et al.2018) et il est possible qu'après un DSB dans le BES, la réparation soit initiée à l'aide du gène ectopique VSG-5 qui se trouve à proximité spatiale.

(Figure 2), cependant l'homologie limitée entraînerait un événement de recombinaison infructueux qui est finalement dégradé -comme on le voit dans la levure de fission [START_REF] Tinline-Purvis | Failed Gene Conversion Leads to Extensive End Processing and Chromosomal Rearrangements in Fission Yeast[END_REF]). Les intermédiaires de recombinaison pourraient bloquer temporairement la formation d'ADNsb jusqu'à ce que la recherche d'homologie soit rétablie. Malgré le retard dans le calendrier de la réparation DSB, le mécanisme de réparation au BES a continué sans interruption avec la préférence pour la réparation en utilisant les répétitions de 70 pb maintenues, et l'accès à l'archive génomique des gènes VSG sans relâche.

Deux études ont précédemment rapporté la suppression fréquente d'un BES actif lors du changement de VSG. Rudenko et al., ont utilisé des marqueurs de sélection dans le BES silencieux pour activer un commutateur transcriptionnel et observé la suppression du BES initialement actif [START_REF] Rudenko | Selection for Activation of a New Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei Can Result in Deletion of the Old One[END_REF], avec jusqu'à 100 kbp de séquence télomérique perdue et de grands changements dans taille des chromosomes vue. Cross et al., ont rapporté une découverte similaire en utilisant un marqueur sélectionnable négatif pour l'inactivation du BES où ils ont constaté que la majorité des événements de commutation étaient couplés à la suppression de l'ensemble du BES précédemment actif, avec de grands changements dans la taille des chromosomes également observés [START_REF] Cross | Frequent Loss of the Active Site during Variant Surface Glycoprotein Expression Site Switching In Vitro in Trypanosoma Brucei[END_REF]. Le mécanisme de la troncature des chromosomes n'est pas clair, mais il a été proposé qu'ils pourraient résulter de la rupture et de la guérison aléatoires des chromosomes comme on le voit dans Plasmodium falciparum (Calhoun et al.2017;[START_REF] Scherf | Cloning and Characterization of Chromosome Breakpoints of Plasmodium Falciparum: Breakage and New Telomere Formation Occurs Frequently and Randomly in Subtelomeric Genes[END_REF], de la recombinaison interchromosomique ou d'un échec de la recombinaison détruit par les exonucléases [START_REF] Cross | Frequent Loss of the Active Site during Variant Surface Glycoprotein Expression Site Switching In Vitro in Trypanosoma Brucei[END_REF].

Les deux études proposent qu'il existe une exigence pour l'inactivation du VSG précédemment actif avant l'activation d'un nouveau, et cela peut être soit par un commutateur transcriptionnel ou par la suppression du BES précédemment actif. La perte de VSG-5 ectopique rapportée ici peut donc faire partie d'une voie générale pour préserver l'expression monoallélique lors de la commutation VSG et met en évidence l'exigence stricte de faire taire ou de perdre le VSG précédemment actif avant d'activer un nouveau VSG (Cross et al.1998 ;Rudenko et al.1998). En effet, les événements de suppression peuvent survenir plus fréquemment que précédemment identifiés, car il n'a pas été possible de faire la distinction entre BES GC et un commutateur in situ couplé à la suppression du BES initialement actif pendant un commutateur VSG, comme la structure BES résultante et le modèle d'expression génique est identique dans les deux cas (Benmerzouga et al.2013;Jehi, Li, et al.2014;Jehi, Wu et al.2014;Kim et Cross 2010[START_REF] Ersfeld | Nuclear Architecture, Genome and Chromatin Organisation in Trypanosoma Bibliography 166 Brucei[END_REF].

Dans cette thèse, j'ai utilisé la protéomique quantitative pour caractériser le phosphoprotéome de T. brucei DSB et identifier les différences clés dans les marques de phosphorylation qui accompagnent la réparation par HR au locus interne d'un chromosome et les modifications spécifiques à la commutation VSG par recombinaison. La compartimentation du DSBR a été mise en évidence par la validation du site de phosphorylation RPA-1 S5, qui inhibe la résection de l'ADN ss au niveau d'un site interne du chromosome mais favorise les étapes initiales de la résection de l'ADN ss au niveau du BES actif. Je trouve que la réparation d'un BES DSB ne tolère pas l'expression d'un second VSG, et je signale la perte dépendant de la transcription d'un VSG ectopique suite à un commutateur VSG. Ensemble, ce travail identifie de nouvelles caractéristiques des DSBR PTM et s'appuie sur les preuves existantes des liens entre la variation antigénique et l'expression monoallélique, qui agissent de concert pour maintenir l'évasion du système immunitaire de l'hôte. Health Organisation (WHO), typically affecting low-income communities. T. brucei is transmitted by the tsetse fly vector (Glossina sp.) during a blood meal, and parasites reside in the vascular system, adipose tissue and skin of the host [START_REF] Caljon | The Dermis as a Delivery Site of Trypanosoma Brucei for Tsetse Flies[END_REF][START_REF] Capewell | The Skin Is a Significant but Overlooked Anatomical Reservoir for Vector-Borne African Trypanosomes[END_REF][START_REF] Kristensson | African Trypanosome Infections of the Nervous System: Parasite Entry and Effects on Sleep and Synaptic Functions[END_REF][START_REF] Trindade | Trypanosoma Brucei Parasites Occupy and Functionally Adapt to the Adipose Tissue in Mice[END_REF]. As the disease progresses, parasites enter the central nervous system of the host, making treatment challenging and leaving the host at severe risk of death.
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There are two T. brucei subspecies that are the etiological agents of HAT, T. bucei gambiense (T. b.

gambiense) and T. brucei rhodesiense (T. b. rhodesiense). The majority of human cases result from T. b.

gambiense infection (> 98% of cases), which is currently endemic to 24 countries in west and central Africa, with the Democratic Republic of Congo bearing the worst disease burden [START_REF] Franco | Monitoring the Elimination of Human African Trypanosomiasis at Continental and Country Level: Update to 2018[END_REF] (Figure 1). T. b. rhodesiense exists in eastern and southern Africa, and accounts for less than 2% of HAT cases, with only 24 new cases reported in 2018 [START_REF] Franco | Monitoring the Elimination of Human African Trypanosomiasis at Continental and Country Level: Update to 2018[END_REF]. Infection with either species is fatal if untreated, however whilst T. b. gambiense infections are chronic and persist for on average 36 months [START_REF] Checchi | The Natural Progression of Gambiense Sleeping Sickness: What Is the Evidence?[END_REF], T. b. rhodesiense infections are acute and if untreated progress to death in under 6 months [START_REF] Odiit | Duration of Symptoms and Case Fatality of Sleeping Sickness Caused by Trypanosoma Brucei Rhodesiense in Tororo, Uganda[END_REF].

HAT manifests in an early haemolymphatic stage (stage 1) which has diverse and unspecific clinical symptoms including fever, headache, anaemia, fatigue and weight loss [START_REF] Kennedy | The Continuing Problem of Human African Trypanosomiasis (Sleeping Sickness)[END_REF], making early diagnosis challenging [START_REF] Kennedy | Clinical and Neuropathogenetic Aspects of Human African Trypanosomiasis[END_REF]. When the disease progresses to an encephalitic stage (stage 2) parasites enter the central nervous system of the host and the severity of symptoms increases resulting in hallucinations, behavioral changes, sensory disruption, tremors, weak limbs, walking difficulties and slurred speech [START_REF] Kennedy | The Continuing Problem of Human African Trypanosomiasis (Sleeping Sickness)[END_REF]. The symptoms of the 2 nd stage also encompass the disturbance of the sleep-wake cycle that gives the disease its common name, sleeping sickness.

At the start of the 20 th century there were over 50,000 reported cases of HAT each year [START_REF] Franco | Epidemiology of Human African Trypanosomiasis[END_REF]. A collaborative effort of coordinated surveillance programs was able to bring the disease under control by 1960. However, following political unrest in the regions affected, monitoring declined and cases sharply rose between 1980 -2000, with a peak of over 35,000 new HAT cases reported per year at the end of the 20 th century [START_REF] Franco | Epidemiology of Human African Trypanosomiasis[END_REF]. Renewed efforts in the 21 st century, including enhanced screening and drug treatments, have once again succeeded at bringing the disease under control and in 2018 there were just 977 HAT cases recorded [START_REF] Franco | Monitoring the Elimination of Human African Trypanosomiasis at Continental and Country Level: Update to 2018[END_REF]). However, an estimated 54 million people are currently at risk of contracting the disease [START_REF] Franco | Monitoring the Elimination of Human African Trypanosomiasis at Continental and Country Level: Update to 2018[END_REF]) and the impact of climate change on the geographical distribution of the tseste fly vector may increase the number of people at risk in future years [START_REF] Caminade | Impact of Recent and Future Climate Change on Vector-Borne Diseases[END_REF][START_REF] Moore | Predicting the Effect of Climate Change on African Trypanosomiasis: Integrating Epidemiology with Parasite and Vector Biology[END_REF]. 

HAT diagnosis and treatment

For patients presenting HAT symptoms, the stage of infection must first be diagnosed in order to determine the course of treatment required. Rapid diagnostic tests (RDT) are available to detect T. b.

gambiense infection [START_REF] Büscher | Rapid Diagnostic Test for Sleeping Sickness[END_REF], and active screening programs are particularly important given that stage 1 is often long and asymptomatic. No RDT's are currently available for T. b.

rhodesiense and definitive diagnosis of infection with either species relies on microscopy examination of the bodily fluids [START_REF] Bouteille | The Detection and Treatment of Human African Trypanosomiasis[END_REF]. The late stage of the disease can only be diagnosed by a lumbar spine puncture, followed by examination of the cerebrospinal fluid [START_REF] Bouteille | The Detection and Treatment of Human African Trypanosomiasis[END_REF]).

An extra challenge in preventing HAT transmission is the presence of parasites in the skin of the host [START_REF] Caljon | The Dermis as a Delivery Site of Trypanosoma Brucei for Tsetse Flies[END_REF][START_REF] Capewell | The Skin Is a Significant but Overlooked Anatomical Reservoir for Vector-Borne African Trypanosomes[END_REF], which are an important reservoir of trypanosomes that are not detected by current diagnostic tests [START_REF] Camara | Dermal Trypanosomes in Suspected and Confirmed Cases of Gambiense Human African Trypanosomiasis[END_REF].

Until recently, HAT treatment has relied exclusively on non-specific trypanocides developed in the early half of the 20 th century (Table 1). In the 1940's the diamidine Pentamidine was discovered for treatment of stage 1 T. b. gambiense infection, which is administered by injection and generally well tolerated (de Koning 2020). Treatment of T. b. rhodesiense stage 1 infection is more challenging, relying on intravenous injections of suramin. Suramin was developed in 1916 (de Koning 2020) and has a wide range of adverse side effects including anaphylactic shock, yet remains the front line treatment for stage 1 T. b. rhodesiense infection [START_REF] Bouteille | The Detection and Treatment of Human African Trypanosomiasis[END_REF].

Treatment of stage 2 infection is generally more challenging and less safe, requiring drugs to cross the blood brain barrier (Table 1). The arsenic derivative melarsoprol was developed in 1949 as a treatment of both T. b. gambiense and T. b. rhodesiense stage 2 infection. Melarsoprol is highly toxic and can cause reactive encephalopathy in patients, with a 3-10% mortality rate (WHO), yet it remains the only treatment option for stage 2 T. b. rhodesiense infection. In the 1990's Eflornithine, which is less toxic than melarsoprol, was developed for treatment of stage 2 T. b. gambiense infection [START_REF] Burri | Eflornithine for the Treatment of Human African Trypanosomiasis[END_REF] however administration requires 56 intravenous infusions which creates a huge logistical challenge in rural areas. The number of infusions can be reduced to 14 when administered as a nifurtimoxeflornithine combination therapy (NECT) however this is still presents a significant logistical challenge [START_REF] Yun | NECT Is next: Implementing the New Drug Combination Therapy for Trypanosoma Brucei Gambiense Sleeping Sickness[END_REF].

infections, and resistance to Fexinidazole can be acquired by disruption of a nitroreductase gene [START_REF] Wyllie | Nitroheterocyclic Drug Resistance Mechanisms in Trypanosoma Brucei[END_REF]. In 2009 the benzoxaborole acoziborole emerged, which is a single dose drug effective against both stages of infection with T. b. gambiense and T. b. rhodesiense [START_REF] Dickie | New Drugs for Human African Trypanosomiasis: A Twenty First Century Success Story[END_REF][START_REF] Ding | Discovery of Novel Benzoxaborole-Based Potent Antitrypanosomal Agents[END_REF]Jacobs, Nare, et al. 2011;Jacobs, Plattner, et al. 2011). Acoziborole is currently in stage 2/3 clinical trials and the T. brucei target of benzoxaboroles was recently identified in an RNAi screen [START_REF] Wall | Clinical and Veterinary Trypanocidal Benzoxaboroles Target CPSF3[END_REF], making it a promising avenue for an effective single dose HAT treatment [START_REF] Dickie | New Drugs for Human African Trypanosomiasis: A Twenty First Century Success Story[END_REF]). However, it is of note that parasites can acquire resistance to benzoxaborole through genetic mutations [START_REF] Jones | Genomic and Proteomic Studies on the Mode of Action of Oxaboroles against the African Trypanosome[END_REF]. Recent advances have greatly improved the chemotherapy toolkit for HAT treatment, however in order to improve surveillance, diagnosis and treatment over the coming years we must continue to further out knowledge of the parasite biology.

Table 1. Currently available HAT treatments. Updated from Babokhov et al., 2013 Animal African Trypanosomiasis

The third T. brucei subspecies, T. brucei brucei, infects a diverse range of animal hosts, but does not infect humans due to the presence of the trypanolytic factor APOL1 in the human bloodstream [START_REF] Rifkin | Identification of the Trypanocidal Factor in Normal Human Serum: High Density Lipoprotein[END_REF]. All three T. brucei sub species, along with the related parasites Trypanosoma congolense and Trypanosoma vivax, are the etiological agents of Animal African Trypanosomiasis (AAT), also known as Nagana, which affects both domestic animals and wildlife. AAT causes a number of constraints to livestock production in sub-Saharan countries, with high animal mortality rates and devastating economic consequences [START_REF] Muhanguzi | The Burden and Spatial Distribution of Bovine African Trypanosomes in Small Holder Crop-Livestock Production Systems in Tororo District, South-Eastern Uganda[END_REF][START_REF] Muhanguzi | African Animal Trypanosomiasis as a Constraint to Livestock Health and Production in Karamoja Region: A Detailed Qualitative and Quantitative Assessment[END_REF]. A serious challenge to elimination of HAT is faced by the animal reservoirs of T. b. rhodesiense in southern and eastern Africa (Hide 1996, Anderson 2011), with the majority of T. b. rhodesiense HAT cases linked to animal reservoirs with cattle posing a particular risk as they are highly mobile [START_REF] Simarro | The Atlas of Human African Trypanosomiasis: A Contribution to Global Mapping of Neglected Tropical Diseases[END_REF]. Indeed, animals sold in markets have a higher prevalence of the disease [START_REF] Fèvre | Central Point Sampling from Cattle in Livestock Markets in Areas of Human Sleeping Sickness[END_REF]) and a series of T. b. rhodesiense HAT outbreaks have been reported in Uganda following civil unrest resulting in mass movements of people and cattle [START_REF] Simarro | The Atlas of Human African Trypanosomiasis: A Contribution to Global Mapping of Neglected Tropical Diseases[END_REF]. Moreover, T. b. gambiense is found in the north west of the country and there is a serious risk of the geographical areas of the two human infective species merging, which would present a huge challenge to disease control [START_REF] Picozzi | Sleeping Sickness in Uganda: A Thin Line between Two Fatal Diseases[END_REF][START_REF] Simarro | The Atlas of Human African Trypanosomiasis: A Contribution to Global Mapping of Neglected Tropical Diseases[END_REF]. Although humans are the main reservoir of T. b. gambiense parasites animal reservoirs may also make an important contribution to the spread of the disease [START_REF] Mehlitz | The Elimination of Trypanosoma Brucei Gambiense? Challenges of Reservoir Hosts and Transmission Cycles: Expect the Unexpected[END_REF] yet the epidemiological significance of T. b.

gambiense animal reservoirs is not well understood [START_REF] Büscher | Do Cryptic Reservoirs Threaten Gambiense-Sleeping Sickness Elimination?[END_REF]. The WHO has set a goal for global HAT eradication by 2030, with no transmission of the disease, however the human and animal parasite reservoirs make the goal of HAT eradication particularly challenging [START_REF] Mehlitz | The Elimination of Trypanosoma Brucei Gambiense? Challenges of Reservoir Hosts and Transmission Cycles: Expect the Unexpected[END_REF].

In the laboratory, the most well studied sub species is T. brucei brucei, owing to its ease of culturing in vitro, genetic tractability and the large molecular biology tool kit available. The genomes of all three T. brucei sub species are remarkably similar [START_REF] Sistrom | De Novo Genome Assembly Shows Genome Wide Similarity between Trypanosoma Brucei Brucei and Trypanosoma Brucei Rhodesiense[END_REF]), and T. b. bucei is considered an excellent proxy for studying the cell biology of the human infective form.

T. brucei life cycle

Trypanosoma brucei has a digenetic life cycle and is transmitted from the salivary gland of the tsetse fly into the mammalian host during a blood meal, where it exists in the proliferative slender bloodstream form (BSF) (Figure 2, red 'slender' parasite). In the mammalian host the parasite is strictly extracellular and is found in the bloodstream, adipose tissue [START_REF] Trindade | Trypanosoma Brucei Parasites Occupy and Functionally Adapt to the Adipose Tissue in Mice[END_REF]) and skin [START_REF] Caljon | The Dermis as a Delivery Site of Trypanosoma Brucei for Tsetse Flies[END_REF][START_REF] Capewell | The Skin Is a Significant but Overlooked Anatomical Reservoir for Vector-Borne African Trypanosomes[END_REF]). Here, the parasite is exposed to attack by the host immune system and is protected by a dense variant surface glycoprotein (VSG) coat, which is periodically exchanged by antigenic variation [START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF][START_REF] Horn | Antigenic Variation in African Trypanosomes[END_REF]. Parasites proliferate in the BSF until they reach a critical density of parasitaemia, when they develop into G0 arrested short stumpy forms, which maintain the VSG surface coat (Figure 2, purple 'stumpy' parasite), and are taken up by the tsetse fly during a blood meal. Stumpy formation acts both to prolong the infection in the host, increasing the chance of transmission, and ensures that the parasites are ready to enter the next stage of the cell cycle when they are taken up by the tsetse fly [START_REF] Matthews | The Developmental Cell Biology of Trypanosoma Brucei[END_REF]. Stumpy formation is mediated by the quorum sensing of oligopeptides produced by peptidases released by the parasite, which are sensed by the GPR89 receptor on the parasite surface [START_REF] Rojas | Oligopeptide Signaling through TbGPR89 Drives Trypanosome Quorum Sensing[END_REF]. Inside the tsetse fly parasite development is a series of tightly coordinated events that occur over approximately 3 weeks [START_REF] Rotureau | A New Asymmetric Division Contributes to the Continuous Production of Infective Trypanosomes in the Tsetse Fly[END_REF][START_REF] Vickerman | Developmental Cycles and Biology of Pathogenic Trypanosomes[END_REF].

Figure 2. The life cycle of T. brucei. Source: [START_REF] Matthews | The Developmental Cell Biology of Trypanosoma Brucei[END_REF] Stumpy forms initially travel to the tsetse midgut where the parasites develop into the proliferative procyclic forms (PCF), and the VSG coat is replaced with less dense protein coat consisting of EP or GPEET procyclin [START_REF] Acosta-Serrano | The Surface Coat of Procyclic Trypanosoma Brucei: Programmed Expression and Proteolytic Cleavage of Procyclin in the Tsetse Fly[END_REF]). Experimentally, it has been shown that early stage PCF parasites display social motility (known as SoMo) on a semi-solid surface, where parasites assemble into multicellular communities that can respond to external stimuli [START_REF] Imhof | Social Motility of African Trypanosomes Is a Property of a Distinct Life-Cycle Stage That Occurs Early in Tsetse Fly Transmission[END_REF][START_REF] Oberholzer | Social Motility in African Trypanosomes[END_REF]. Late stage PCF travel from the midgut to the proventriculous where they develop into epimastigotes which acquire a stage specific protein coat consisting of brucei alanine rich protein (BARP) [START_REF] Urwyler | A Family of Stage-Specific Alanine-Rich Proteins on the Surface of Epimastigote Forms of Trypanosoma Brucei[END_REF]. Parasites then travel from the proventriculous to the salivary gland where they express meiosis specific proteins [START_REF] Peacock | Identification of the Meiotic Life Cycle Stage of Trypanosoma Brucei in the Tsetse Fly[END_REF], allowing the parasites to undergo genetic exchange via fusion between the flagella [START_REF] Peacock | Meiosis and Haploid Gametes in the Pathogen Trypanosoma Brucei[END_REF]). In the tsetse salivary gland parasites differentiate into metacyclics, acquiring a metacyclic VSG (mVSG) coat [START_REF] Tetley | Onset of Expression of the Variant Surface Glycoproteins of Trypanosoma Brucei in the Tsetse Fly Studied Using Immunoelectron Microscopy[END_REF]. The life cycle is completed when metacyclics are transmitted to the mammalian host upon a tsetse fly blood meal, where the mVSG coat provides initial protection against the mammalian immune system. The mVSG coat is rapidly replaced by the VSG coat as parasites develop into BSF [START_REF] Hajduk | Antigenic Variation during the Developmental Cycle of Trypanosoma Brucei[END_REF].

The cell biology of T. brucei

Cell structure and cell cycle

The trypanosomatids are early diverged unicellular flagellates that belong to the order Kinetoplastida. The kinetoplastids are characterised by the presence of kinetoplast DNA (kDNA), a large network of circular DNA inside the mitochondrion in the form of mini and maxi circles [START_REF] Lukes | Kinetoplast DNA Network: Evolution of an Improbable Structure[END_REF]. Members of the trypanosomatid family possess a single flagellum that is connected to the kinetoplast via the basal body [START_REF] Robinson | Basal Body Movements as a Mechanism for Mitochondrial Genome Segregation in the Trypanosome Cell Cycle[END_REF] (Figure 3A) and the synthesis of a new flagellum marks the start of the G1 phase of the cell cycle and DNA replication [START_REF] Wheeler | Cytokinesis in Trypanosoma Brucei Differs between Bloodstream and Tsetse Trypomastigote Forms: Implications for Microtubule-Based Morphogenesis and Mutant Analysis[END_REF]. kDNA enters S phase before nuclear DNA, producing a cell with one nucleus and an elonglated kintoplast (1N 1eK) (Figure 3B). The kinetoplast subsequently divides, resulting in a cell with one nucleus (1N) and two kinetoplasts (2K).

The nuclear DNA is replicated after the kinetoplast DNA in the S phase, and divides by mitosis in the G2/M stage of the cell cycle to produce a single cell with 2 nuclei and 2 kinetoplasts (2N2K) [START_REF] Ogbadoyi | Architecture of the Trypanosoma Brucei Nucleus during Interphase and Mitosis[END_REF]. The cell cycle is completed by cytokinesis [START_REF] Wheeler | Cytokinesis in Trypanosoma Brucei Differs between Bloodstream and Tsetse Trypomastigote Forms: Implications for Microtubule-Based Morphogenesis and Mutant Analysis[END_REF], producing two daughter cells each with one nucleus and one kinetoplast.

Genome organisation and gene expression

The T. brucei genome consists of 11 diploid megabase chromosomes, approximately 5 intermediate chromosomes (IC's) and 100 mini chromosomes (MC's) [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Daniels | Cell Biology of the Trypanosome Genome[END_REF]. The megabase chromosomes are 1-6 mega base bairs (mbp) in length [START_REF] Melville | The Molecular Karyotype of the Megabase Chromosomes of Trypanosoma Brucei Stock 427[END_REF] and contain a core of densely packed RNA polymerase II transcribed housekeeping genes (Figure 4). Kinetoplastid genes are generally intron-less [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Mair | A New Twist in Trypanosome RNA Metabolism: Cis-Splicing of Pre-MRNA[END_REF][START_REF] Siegel | Genome-Wide Analysis of MRNA Abundance in Two Life-Cycle Stages of Trypanosoma Brucei and Identification of Splicing and Polyadenylation Sites[END_REF]) and are expressed from large polycistronic transcription units (PTU) of up to 100 kilo base pairs (kbp) in length [START_REF] Vanhamme | Control of Gene Expression in Trypanosomes[END_REF], in a manner that is reminiscent of bacterial operons [START_REF] Clayton | Life without Transcriptional Control? From Fly to Man and Back Again[END_REF]. The genes within a single PTU are functionally unrelated [START_REF] Clayton | Regulation of Gene Expression in Trypanosomatids: Living with Polycistronic Transcription[END_REF], and PTU's are transcribed as a directional gene clusters with neighbouring PTU's either converging or diverging at strand switch regions (SSR's). Centromeres are located at single loci on the megabase chromosomes located between directional gene clusters, and they contain transposable elements and long stretches of ~ 147 base pair (bp) AT-rich reptitive sequences [START_REF] Obado | Repetitive DNA Is Associated with Centromeric Domains in Trypanosoma Brucei but Not Bibliography 182 Trypanosoma Cruzi[END_REF], which can extend over 75 kbp either side of the centromere (Eceverry 2012). Centromeres have not been identified on the IC's and MC's, and they therefore likely replicate in a centromere independent manner [START_REF] Obado | Repetitive DNA Is Associated with Centromeric Domains in Trypanosoma Brucei but Not Bibliography 182 Trypanosoma Cruzi[END_REF]). Kinetochore protein complexes form at the centromere and provide an attachment site for microtubules. Nineteen kinetochore proteins have been identified in T. brucei, and interestingly they do not show any detectable homology to cannonical kinetochore proteins [START_REF] Akiyoshi | Discovery of Unconventional Kinetochores in Kinetoplastids[END_REF].

Using the chromatin conformatin capture technique Hi-C, it has been shown that the T. brucei genome organisation is broadly partitioned into a core chromosome regions that harbour actively transcribed genes that occupy open chromatin conformations and the largely silent subtelomeric regions that are packaged into dense heterochromatin [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]. The interaction frequency between the subtelomeric and telomeric regions was show to be greatly increased compared to chromosome chore regions, due to their densely packaged nature. The ribosomal rRNA arrays transcribed by RNA Polymerase I (RNA Pol I) are located on chromosomes 1, 2, 3 and 7 [START_REF] Daniels | Cell Biology of the Trypanosome Genome[END_REF]) (Figure 4).

(A) (B)

Unprecedented amongst eukaryotes, T. brucei RNA Pol I is multifunctional and is also used to transcribe genes encoding the protein coat at different stages of the parasite's life cycle, namely the VSG, procyclin and mVSG that coat the parasite in the BSF, PCF and tsetse salivary gland respectively [START_REF] Acosta-Serrano | The Surface Coat of Procyclic Trypanosoma Brucei: Programmed Expression and Proteolytic Cleavage of Procyclin in the Tsetse Fly[END_REF][START_REF] Alarcon | A Monocistronic Transcript for a Trypanosome Variant Surface Glycoprotein[END_REF][START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF]). Both the VSG and mVSG are transcribed from subtelomeric regions of the genome that contain varied lengths of repetitive sequences [START_REF] Ersfeld | Nuclear Architecture, Genome and Chromatin Organisation in Trypanosoma Bibliography 166 Brucei[END_REF] leading to considerable size differences between diploid chromosome pairs [START_REF] Melville | The Molecular Karyotype of the Megabase Chromosomes of Trypanosoma Brucei Stock 427[END_REF] (see Figure 4). VSG genes are exclusively expressed from large PTU's of ~60 kbp in length known as BSF expression sites (BES) located in the subtelomeres of the megabase and intermediate chromosomes.

mVSGs are expressed from metacyclic form expression sites (MES), of which eight have been identified [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF] and the MES represents one of the few examples of a monocistronic transcription unit in T. brucei [START_REF] Graham | Distinct, Developmental Stage-Specific Activation Mechanisms of Trypanosome VSG Genes[END_REF][START_REF] Graham | A Structural and Transcription Pattern for Variant Surface Glycoprotein Gene Expression Sites Used in Metacyclic Stage Trypanosoma Brucei[END_REF].

Genes encoding the EP and GPEET surface protein that coats the PCF are found at internal regions of chromosomes 6 and 10 ( [START_REF] Daniels | Cell Biology of the Trypanosome Genome[END_REF]. RNA Pol III transcribed RNA's, which are required for translation and other cellular processes, are located in-between directional gene clusters on the megabase chromosomes [START_REF] Daniels | Cell Biology of the Trypanosome Genome[END_REF])(Figure 4).

Whilst the promoters for RNA Pol I transcribed genes have been identified [START_REF] Alarcon | A Monocistronic Transcript for a Trypanosome Variant Surface Glycoprotein[END_REF][START_REF] Zomerdijk | The Promoter for a Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei[END_REF]), trypanosomatids lack classical RNA Pol II promoters and transcription factors [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Iyer | Comparative Genomics of Transcription Factors and Chromatin Proteins in Parasitic Protists and Other Eukaryotes[END_REF]. Indeed, only one RNA Pol II promoter has been characterised in T. brucei, that of the spliced leader (SL) RNA [START_REF] Schimanski | Characterization of a Multisubunit Transcription Factor Complex Essential for Spliced-Leader RNA Gene Transcription in Trypanosoma Brucei[END_REF]. In the absence of regulatory promoter sequences, transcriptional control is thought to be mediated by histone variants such as H4Ac10, H2AZ and H2AB which are enriched at probable RNA Pol II transcription start sites [START_REF] Siegel | Four Histone Variants Mark the Boundaries of Polycistronic Transcription Units in Trypanosoma Brucei[END_REF]). These variants are thought to reduce nucleosome stability,

facilitating a more open chromatin structure that is conducive to transcription initiation. Transcription termination occurs at regions where two PTU's converge or meet a region transcribed by either RNA Pol I or III [START_REF] Clayton | Regulation of Gene Expression in Trypanosomatids: Living with Polycistronic Transcription[END_REF], and is marked by the enrichment of H3.V and H4.V [START_REF] Siegel | Four Histone Variants Mark the Boundaries of Polycistronic Transcription Units in Trypanosoma Brucei[END_REF].

However PTU's contain functionally unrelated genes and T. brucei gene expression is primarily regulated at the post transcriptional level [START_REF] Clayton | Regulation of Gene Expression in Trypanosomatids: Living with Polycistronic Transcription[END_REF][START_REF] Vanhamme | Control of Gene Expression in Trypanosomes[END_REF]. Polycistronic pre-mRNA is spliced and capped to produce mature monocistronic RNA, in a process known as trans-splicing (Kooter and Borst 1984;[START_REF] De Lange | Many Trypanosome Messenger RNAs Share a Common 5' Terminal Sequence[END_REF]) and these individual mRNAs are processed, translated and degraded as required [START_REF] Clayton | Regulation of Gene Expression in Trypanosomatids: Living with Polycistronic Transcription[END_REF]. All mRNA molecules are capped at the 5' end with an identical 39 nucleotide oligoribonucleotide SL RNA, which is transcribed from a tandem array of approximately 100 genes [START_REF] Ullu | Temporal Order of RNA-Processing Reactions in Trypanosomes: Rapid Trans Splicing Precedes Polyadenylation of Newly Synthesized Tubulin Bibliography 191 Transcripts[END_REF]. The 3' end of the mRNA molecule is polyadenylated approximately 100 -400 nucleotides upstream of the splice signal [START_REF] Clayton | Life without Transcriptional Control? From Fly to Man and Back Again[END_REF][START_REF] Matthews | A Common Pyrimidine-Rich Motif Governs Trans-Splicing and Polyadenylation of Tubulin Polycistronic Pre-MRNA in Trypanosomes[END_REF][START_REF] Ullu | Temporal Order of RNA-Processing Reactions in Trypanosomes: Rapid Trans Splicing Precedes Polyadenylation of Newly Synthesized Tubulin Bibliography 191 Transcripts[END_REF]. In the absence of classical transcriptional control elements, translational control plays a critical role in regulating gene expression. Ribosome density profiling, which provides quantitative information on the number of mRNA molecules associated with a ribosome and the position of the ribosome on the mRNA molecule, has been used to study T. brucei translational efficiency [START_REF] Jensen | Extensive Stage-Regulation of Translation Revealed by Ribosome Profiling of Trypanosoma Brucei[END_REF][START_REF] Vasquez | Comparative Ribosome Profiling Reveals Extensive Translational Complexity in Different Trypanosoma Brucei Life Cycle Stages[END_REF]). This has revealed that translation efficiency differs up to 100-fold between life cycle stages for some genes [START_REF] Vasquez | Comparative Ribosome Profiling Reveals Extensive Translational Complexity in Different Trypanosoma Brucei Life Cycle Stages[END_REF]. Moreover, a codon bias has been identified in trypanosomes, with particular favoured amino acid codons correlated with increased gene expression [START_REF] Horn | Codon Usage Suggests That Translational Selection Has a Major Impact on Protein Expression in Trypanosomatids[END_REF]) and thus codon choice influences the expression levels of constitutively expressed mRNAs [START_REF] De Freitas Nascimento | Codon Choice Directs Constitutive MRNA Levels in Trypanosomes[END_REF]. Therefore in the absence of canonical transcription control mechanisms in T. brucei both the occupancy of the ribosome on the mRNA and a codon bias add additional levels of control to gene expression.

T. brucei genome contains over 2500 VSG and pseudo genes [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF] accounting for approximately 20% of its coding capacity [START_REF] Mcculloch | DNA Recombination Strategies During Antigenic Variation in the African Trypanosome[END_REF] (Figure 4, red bars). VSGs are exclusively expressed from one of 15 subtelomeric BESs (Hertz-Fowler et al.

2008

), however the majority of VSG genes are located in arrays in the subtelomeric regions of the megabase chromosomes, and also occasionally at chromosome internal regions [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF].

Approximately 80% of the VSG repertoire is predicted to be not functionally competent, containing incomplete VSG or pseudo genes [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF]) that are not associated with promoter sequences.

The majority of archival VSGs are flanked upstream by an A-T rich repetitive sequence known as the 70 bp repeats [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF]) that is also found upstream of VSGs located in a BES [START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]) and the 70 bp repeats are thought to serve as a template for homologous recombination into the active BES for the activation of a silent VSG. The IC's are 200 -900 kbp in length and the MC's are 30-150 kbp in length and these two classes of chromosomes are exclusively dedicated to archiving VSG and pseudo genes. IC's and MC's both contain a central region of 177 bp palindromic repeats inverted around a central core region [START_REF] Wickstead | The Small Chromosomes of Trypanosoma Brucei Involved in Antigenic Variation Are Constructed around Repetitive Palindromes[END_REF]. Whilst MC's contain short regions of non-repetitive sequence where VSG genes are archived, IC's contain longer regions of variable sequence including complete units for the transcription of VSG genes [START_REF] Wickstead | The Small Chromosomes of Trypanosoma Brucei Involved in Antigenic Variation Are Constructed around Repetitive Palindromes[END_REF]).

The T. brucei variant surface glycoprotein

As a strictly extracellular parasite, T. brucei is vulnerable to attack by the immune system of the mammalian host and is able to survive owing to a 15 nm thick protein coat [START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF]. Over 90% of this coat is a single VSG species that is periodically changed for an immunologically distinct one in a process known as antigenic variation [START_REF] Horn | Antigenic Variation in African Trypanosomes[END_REF][START_REF] Schwede | How Does the VSG Coat of Bloodstream Form African Trypanosomes Interact with External Proteins?[END_REF]. The host experiences waves of parasitaemia as it mounts an immune response and only those parasites that have switched their coat are able to survive (Figure 5). Modelling of human infections in a mouse reveal that within a population of parasites up to 83 different VSG species can be expressed [START_REF] Hall | Mosaic VSGs and the Scale of Trypanosoma Brucei Antigenic Variation[END_REF][START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF], and more recent reports indicate that this estimate could be up to two fold higher [START_REF] Id | Application of Long Read Sequencing to Determine Expressed Antigen Diversity in Trypanosoma Brucei Infections[END_REF]. Therefore, the diversity of expressed antigens presents an enormous challenge to the host [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF].

The VSG protein

In 1969, pioneering work carried out by Keith Vickerman identified a dense protein coat at the T. brucei cell surface by electron microscopy [START_REF] Vickerman | On the Surface Coat and Flagellar Adhesion in Trypanosomes[END_REF]) and the major component of this protein coat, the VSG, was subsequently purified and characterised by George Cross [START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF]. VSGs are approximately 60 kilo Dalton (kDa) and attached to the cell membrane via a glycophosphatidylinositol (GPI) anchor [START_REF] Carrington | Variant Specific Glycoprotein of Trypanosoma Brucei Consists of Two Domains Each Having an Independently Conserved Pattern of Cysteine Residues[END_REF][START_REF] Jackson | A New Method for the Rapid Purification of Both the Membrane-Bound and Released Forms of the Variant Surface Glycoprotein from Trypanosoma Brucei[END_REF]. Approximately 10 million molecules of a single VSG species coat the cell surface [START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF], with an estimated 20,000 -80,000

VSG polypeptides are synthesised per minute in a single cell [START_REF] Manna | Life and Times: Synthesis, Trafficking, and Evolution of VSG[END_REF]). The N-terminus of the protein is exposed to host antibodies and is therefore highly variable [START_REF] Blum | A Structural Motif in the Variant Surface Glycoproteins of Trypanosoma Brucei[END_REF], and these domains are broadly divided into sequence types A and B, with the former showing increased sequence divergence compared to the latter [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF]. The VSG C-terminus contains a conserved region of 40 -60 residues that is embedded in the membrane and is not exposed to the host immune system [START_REF] Chattopadhyay | Structure of the C-Terminal Domain from Trypanosoma Brucei Variant Surface Glycoprotein MITat1.2[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF][START_REF] Schwede | The VSG C-Terminal Domain Is Inaccessible to Antibodies on Live Trypanosomes[END_REF])(Figure 6). The nascent VSG polypeptide contains an N-terminal hydrophobic signal sequence (SS) that targets it to the endoplasmic reticulum (ER) lumen, where the SS is cleaved [START_REF] Manna | Life and Times: Synthesis, Trafficking, and Evolution of VSG[END_REF]) and the C-terminus of the polypeptide harbors a GPI anchor signal sequence, which is cleaved in the ER and replaced with a GPI anchor [START_REF] Boothroyd | Variant Surface Glycoproteins of Trypanosoma Brucei Are Synthesised with Cleavable Hydrophobic Sequences at the Carboxy and Amino Termini[END_REF][START_REF] Nagamune | GPI Transamidase of Trypanosoma Brucei Has Two Previously Uncharacterized (Trypanosomatid Transamidase 1 and 2) and Three Common Subunits[END_REF]. The VSG polypeptide is post translationally modified by N-linked glycosylation in at least 3 sites, which is important for VSG expression [START_REF] Mehlert | The Glycosylation of the Variant Surface Glycoproteins and Procyclic Acidic Repetitive Proteins of Trypanosoma Brucei[END_REF][START_REF] Parodi | N-Glycosylation in Trypanosomatid Protozoa[END_REF][START_REF] Wang | Structural Features Affecting Variant Surface Glycoprotein Expression in Trypanosoma Brucei[END_REF], and has been implicated in increasing the immunological diversity of the VSG protein [START_REF] Pinger | African Trypanosomes Evade Immune Clearance by O-Glycosylation of the VSG Surface Coat[END_REF]. Mature VSGs form homo dimers and are transported to the golgi apparatus by COPII [START_REF] Manna | Life and Times: Synthesis, Trafficking, and Evolution of VSG[END_REF], from where they are delivered to the cell surface. The journey of the VSG to the cell surface is rapid with a T 1/2 of just 15 minutes [START_REF] Bangs | Posttranslational Modification and Intracellular Transport of a Trypanosome Variant Surface Glycoprotein[END_REF]).

The VSG coat

The VSG coat is highly immunogenic, eliciting the production of antisera that recognise distinct VSG proteins [START_REF] Cross | Crossreacting Determinants in the C-Terminal Region of Trypanosome Variant Surface Antigens[END_REF][START_REF] Gray | Precipitating Antibody in Trypanosomiasis of Cattle and Other Animals[END_REF]) and resulting in high levels of cytokines in the host (MacLean, [START_REF] Maclean | Nitric Oxide and Cytokine Synthesis in Human African Trypanosomiasis[END_REF]. Anti-VSG IgM or IgG produced by the host are cleared by the parasite (O'Beirne, Lowry, and Voorheis 1998) as antisera bound to VSGs moves rapidly towards the flagella pocket, located at the posterior end of the cell, where the complex is internalised and degraded [START_REF] Barry | Capping of Variable Antigen on Trypanosoma Brucei, and Its Immunological and Biological Significance[END_REF][START_REF] Langousis | Motility and More: The Flagellum of Trypanosoma Brucei[END_REF][START_REF] Manna | Life and Times: Synthesis, Trafficking, and Evolution of VSG[END_REF][START_REF] Pal | Rab5 and Rab11 Mediate Transferrin and Anti-Variant Surface Glycoprotein Antibody Recycling in Trypanosoma Brucei[END_REF]. The rate at which VSGs bound to antibodies are endocytosed is elevated as a result of the hydrodynamic flow generated by parasite momentum, where the antibody bound VSG acts as a molecular sail, pushing it towards the flagella pocket [START_REF] Engstler | Hydrodynamic Flow-Mediated Protein Sorting on the Cell Surface of Trypanosomes[END_REF]). This antibody clearance mechanism is effective at low antibody concentrations to delay the clearance by the host immune system.

The VSG coat is highly dynamic, with continuous sorting and recycling of surface antigens to and from the cell surface via the flagella pocket (Figure 7). Indeed, an area the size of the entire cell surface endocytosed through the flagella pocket every 12 minutes [START_REF] Engstler | Kinetics of Endocytosis and Recycling of the GPI-Anchored Variant Surface Glycoprotein in Trypanosoma Brucei[END_REF][START_REF] Natesan | Activation of Endocytosis as an Adaptation to the Mammalian Host by Trypanosomes[END_REF], and these VSGs are sorted and returned to the cell surface in just 1-10 minutes [START_REF] Manna | Life and Times: Synthesis, Trafficking, and Evolution of VSG[END_REF]. Complete replacement of the VSG coat during antigen exchange takes around 4.5 days, with the VSG being replaced only recognisable to host antibodies for the first 24 hours of VSG switching [START_REF] Pinger | Variant Surface Glycoprotein Bibliography 184 Density Defines an Immune Evasion Threshold for African Trypanosomes Undergoing Antigenic Variation[END_REF]. The dynamic surface coat is densely packed and also includes invariant surface glycoproteins (ISG), including receptors for nutrient uptake. ISGs are thought to be protected from immune clearance by the densely packaged VSG homodimers, of which only the Nterminal variable sequence protrudes from the cell surface [START_REF] Jackson | A Cell-Surface Phylome for African Trypanosomes[END_REF][START_REF] Mehlert | Modeling of the N-Glycosylated Transferrin Receptor Suggests How Transferrin Binding Can Occur within the Surface Coat of Trypanosoma Brucei[END_REF][START_REF] Mugnier | Masters of Disguise: Antigenic Variation and the VSG Coat in Trypanosoma Brucei[END_REF]. However, some ISGs are thought to also protrude from the cell surface, and it is unclear how they avoid clearance by the host immune system [START_REF] Higgins | Structure of the Trypanosome Haptoglobin-Hemoglobin Receptor and Implications for Nutrient Uptake and Innate Immunity[END_REF]). 

VSG expression

The single active VSG gene is exclusively expressed from one of approximately 15 subtelomeric BESs in the genome. The structure of each BES is generally conserved [START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]) and the VSG is invariantly the last gene in the PTU, located 0.2-1.6 kbp upstream of the telomere and flanked upstream by a block the 70 bp repetitive sequence, which ranges from 0.7-7.1 kbp in length (David A Campbell, Bree, and Boothroyd 1984;[START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF][START_REF] Ishino | Nucleotide Sequence of the Iap Gene, Responsible for Alkaline Phosphatase Isozyme Conversion in Escherichia Coli, and Identification of the Gene Product[END_REF]) (Figure 8). Co-transcribed with the VSG are a number of Expression Site Associated Genes (ESAGs), which are found in each BES in varied numbers [START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]). Some ESAGs have been functionally characterised in T. brucei

and ESAGs 6 and 7 form a transferrin binding receptor required for transferrin uptake (Benz et al. 2019;[START_REF] Schell | A Transferrin-Binding Protein of Trypanosoma Brucei Is Encoded by One of the Genes in the Variant Surface Glycoprotein Gene Expression Site[END_REF][START_REF] Steverding | ESAG 6 and 7 Products of Trypanosoma Brucei Form a Transferrin Binding Protein Complex[END_REF] and ESAG 4 is associated with innate resistance to host serum [START_REF] Salmon | Adenylate Cyclases of Trypanosoma Brucei Inhibit the Innate Immune Response of the Host[END_REF]. Although the function of many ESAGs is unknown, ESAG knockdown is associated with loss of fitness [START_REF] Alsford | High-Throughput Phenotyping Using Parallel Sequencing of RNA Interference Targets in the African Trypanosome[END_REF][START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF][START_REF] Hutchinson | High-Resolution Analysis of Multi-Copy Variant Surface Glycoprotein Gene Expression Sites in African Trypanosomes[END_REF]. The RNA Pol I promoter is found approximately 60 kbp upstream of the VSG, and the boundary of the BES is marked by a stretch of 50 bp repetitive sequence upstream of the promoter [START_REF] Sheader | Delineation of the Regulated Variant Surface Glycoprotein Gene Expression Site Domain of Trypanosoma Brucei[END_REF].

Around half of all BESs contain two promoters which are approximately 13 kbp apart [START_REF] Gottesdiener | A Proposed Mechanism for Promoter-Associated DNA Rearrangement Events at a Variant Surface Glycoprotein Gene Expression Site[END_REF][START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]) and whilst the BES promoter has only limited conservation with the mVSG [START_REF] Alarcon | A Monocistronic Transcript for a Trypanosome Variant Surface Glycoprotein[END_REF]) and rDNA promoters [START_REF] Zomerdijk | The Promoter for a Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei[END_REF]), it can be efficiently replaced with a rDNA promoter [START_REF] Rudenko | A Ribosomal DNA Promoter Replacing the Promoter of a Telomeric VSG Gene Expression Site Can Be Efficiently Switched on and off in T. Brucei[END_REF]. VSG mRNA has a half-life of approximately 90 minutes [START_REF] Hoek | Trypanosoma Brucei Expression-Site-Associated-Gene-8 Protein Interacts with a Pumilio Family Protein[END_REF]Ridewood et al. 2017) and stabilising of the VSG mRNA is dependent on the conserved 16-mer sequence located in the 3' untranslated region (UTR) of all VSG mRNAs [START_REF] Berberof | The 3-Terminal Region of the MRNAs for VSG and Procyclin Can Confer Stage Specificity to Gene Expression in Trypanosoma Brucei[END_REF][START_REF] Hutchinson | Variant Surface Glycoprotein Gene Repertoires in Trypanosoma Brucei Have Diverged to Become Strain-Specific[END_REF]Ridewood et al. 2017). In the absence of the conserved 16-mer, VSG mRNA half-life is reduced to 30 minutes and protein expression severely compromised (Ridewood et al. 2017). The VSG 3' UTR specifically interacts with the mRNA binding protein, CFB2, which is thought to drive efficient VSG expression [START_REF] Do Nascimento | The Trypanosome Variant Surface Glycoprotein MRNA Is Stabilized by an Essential Unconventional RNA-Binding Protein[END_REF]. Importantly, VSG expression is essential to the cell survival and blocking VSG synthesis results in a pre-cytokinesis cell cycle arrest [START_REF] Sheader | Variant Surface Glycoprotein RNA Interference Triggers a Precytokinesis Cell Cycle Arrest in African Trypanosomes[END_REF][START_REF] Smith | Blocking Variant Surface Glycoprotein Synthesis in Trypanosoma Brucei Triggers a General Arrest in Translation Initiation[END_REF]).

The active BES occupies a distinct privileged location within the nucleus, and unlike rRNA and procyclin genes which are transcribed by RNA Pol I from within the nucleolus, the BES is transcribed from a distinct extranucleolar foci termed the Expression Site Body (ESB), to which an extranucleolar pool of RNA Pol I is recruited [START_REF] Chaves | Control of Variant Surface Glycoprotein Gene-Expression Sites in Trypanosoma Brucei[END_REF][START_REF] Landeira | Nuclear Repositioning of the VSG Promoter during Developmental Silencing in Trypanosoma Brucei[END_REF][START_REF] Navarro | A Poll Transcriptional Body Associated with VSG Mono-Allelic Expression in Trypanosoma Brucei[END_REF]. Only the active BES localises to the ESB and it harbors distinct chromatin marks, being depleted of nucleosomes [START_REF] Figueiredo | Nucleosomes Are Depleted at the VSG Expression Site Transcribed by RNA Polymerase I in African Trypanosomes[END_REF] and specifically enriched for the architectural protein 

Monoallelic VSG expression

Monoallelic expression of a single gene out of a large family is a commonly observed biological strategy, used to mediate the expression of one of 1,400 olfactory receptor genes in mammals [START_REF] Monahan | Monoallelic Expression of Olfactory Receptors[END_REF], and one of approximately 60 variant surface antigen genes in Plasmodium falciparum [START_REF] Kyes | Antigenic Variation in Plasmodium Falciparum: Gene Organization and Regulation of the Var Multigene Family[END_REF]. T. brucei is a master of monoallelic expression, achieving the single expression of one of over 2,500 VSG genes in the genome [START_REF] Günzl | Mono-Allelic VSG Expression by RNA Polymerase I in Trypanosoma Brucei: Expression Site Control from Both Ends?[END_REF]. This ensures that the host is only exposed to one variant antigen at a time and allows the parasite to sustain a prolonged infection.

Chromatin architecture plays a vital role in maintaining BES silencing and histones lie at the heart of this.

The depletion of the linker histone H1 leads to a 6-8 fold derepression of silent BES promoters [START_REF] Povelones | Histone H1 Plays a Role in Heterochromatin Formation and VSG Expression Site Silencing in Trypanosoma Brucei[END_REF]) [START_REF] Pena | Trypanosoma Brucei Histone H1 Inhibits RNA Polymerase I Transcription and Is Important for Parasite Fitness in Vivo[END_REF], whilst H3 knockdown results in the activation of silent BESs specifically in the G2/M phase of the cell cycle [START_REF] Alsford | Cell-Cycle-Regulated Control of VSG Expression Site Silencing by Histones and Histone Chaperones ASF1A and CAF-1b in Trypanosoma Brucei[END_REF]. The H3 variant H3.V is enriched at transcription termination sites and telomeres and is required for transcriptional silencing of inactive BESs [START_REF] Reynolds | Histone H3 Variant Regulates RNA Polymerase II Transcription Termination and Dual Strand Transcription of SiRNA Loci in Trypanosoma Brucei[END_REF][START_REF] Schulz | Base J and H3.V Regulate Transcriptional Termination in Trypanosoma Brucei[END_REF] as is the histone chaperone ASF1 [START_REF] Alsford | Cell-Cycle-Regulated Control of VSG Expression Site Silencing by Histones and Histone Chaperones ASF1A and CAF-1b in Trypanosoma Brucei[END_REF]. A second histone chaperone, CAF-1, is required for the silencing of BES promoters specifically during the S and G2/M phase of DNA replication [START_REF] Alsford | Cell-Cycle-Regulated Control of VSG Expression Site Silencing by Histones and Histone Chaperones ASF1A and CAF-1b in Trypanosoma Brucei[END_REF]. Histone post translational modifications (PTM) mediate their mode of action and two essential histone deacetylases are involved in BES silencing, with DAC3 required for silencing of BES promoters in both BSF and insect stage parasites and DAC1 antagonising silencing mechanisms at the telomere [START_REF] Wang | Histone Deacetylases Play Distinct Roles in Telomeric VSG Expression Site Silencing in African Trypanosomes[END_REF]. Partial derepression of silent BESs is also seen upon deletion of disruptor of telomeric silencing (DOT) 1B, a histone methyltransferase which trimethylates H3K76 [START_REF] Figueiredo | A Histone Methyltransferase Modulates Antigenic Variation in African Trypanosomes[END_REF][START_REF] Janzen | Selective Dior Trimethylation of Histone H3 Lysine 76 by Two DOT1 Homologs Is Important for Cell Cycle Regulation in Trypanosoma Brucei[END_REF]. Interestingly, transcription at the active BES is attenuated upon the expression of a second active VSG in a DOT1B dependent manner [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF].

A number of chromatin interacting factors are also implicated in maintaining monoallelic VSG expression. The disruption of two bromodomain proteins BDF2 and BDF3, which recognize histone acetyl-lysine proteins, results in the transcription of silent BESs and also other RNA Pol I and some RNA Pol II transcribed loci, with a change in the transcriptome reminiscent of the transition from the BSF to insect stage parasites [START_REF] Schulz | Bromodomain Proteins Contribute to Maintenance of Bloodstream Form Stage Identity in the African Trypanosome[END_REF]. Components of the ISWI chromatin remodeling complex are also required to maintain monoallelic expression with the ISWI protein, a member of the SWI2/SNF2 family, needed for BES silencing in both BSF and insect stage cells (Hughes, Wand, Young, Harley, Terry, and Ersfeld 2007). An interacting partner of ISWI, Nucleoplasmin Like Protein (NLP) is required for BES silencing and also the silencing of basic copy VSG arrays, minichromosomes and procyclin genes [START_REF] Narayanan | NLP Is a Novel Transcription Regulator Involved in VSG Expression Site Bibliography 181 Control in Trypanosoma Brucei[END_REF], and blocking NLP synthesis results in down regulation of the active BES. Two other components of the ISWI complex identified by affinity purification are phenylalanine/tyrosine-rich protein (FYRP) and Regulator of Chromosome Condensation 1-like Protein (RCCP), and knockdown of either of these components results in derepression of silent BES promoters [START_REF] Stanne | Identification of the ISWI Chromatin Remodeling Complex of the Early Branching Eukaryote Trypanosoma Brucei[END_REF]. A second chromatin remodeling complex, FAcilitates ChromatinTranscription (FACT), is also required for monoallelic expression. The Spt16 component of the FACT complex is enriched at the promoter regions of silent BESs, and knockdown results in derepression of silent BESs specifically in cells stalled in the G2/M stage of the cell cycle [START_REF] Denninger | The FACT Subunit TbSpt16 Is Involved in Cell Cycle Specific Control of VSG Expression Sites in Trypanosoma Brucei[END_REF], which is associated with the cell cycle specific action of FACT at this stage of the cell cycle [START_REF] Denninger | FACT Plays a Major Role in Histone Dynamics Affecting VSG Expression Site Control in Trypanosoma Brucei[END_REF]. At the active BES, spt16 knockdown results in transcriptional silencing and an increase in histone occupancy [START_REF] Denninger | FACT Plays a Major Role in Histone Dynamics Affecting VSG Expression Site Control in Trypanosoma Brucei[END_REF]. Thus, chromatin remodeling factors act to maintain both the transcriptional silenced state on the inactive BESs and drive the efficient transcription at the single active BES.

Proteins involved in maintaining nuclear structure, DNA replication and DNA repair are also required for monoallelic expression. NUP-1 is a nuclear lamin and component of the nuclear envelope in T. brucei, and knockdown results in the repositioning of the silent BESs and the activation of silent VSG and procyclin genes [START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF]. A similar disruption is seen upon depletion of Origin Recognition Complex 1 (ORC1), with transcription of silent BESs in both the BSF and insect stage parasites observed [START_REF] Benmerzouga | Trypanosoma Brucei Orc1 Is Essential for Nuclear DNA Replication and Affects Both VSG Silencing and VSG Switching[END_REF]). The cohesin complex, which links sister chromatids, is also required for BES silencing and the knockdown of the Scc1 subunit results in increased transcription from silent BESs [START_REF] Landeira | Cohesin Regulates VSG Monoallelic Expression in Trypanosomes[END_REF]. Recently, two proteins involved in the cellular DNA repair machinery have also been implicated in maintaining monoallelic expression. Loss of the ATR kinase, which plays a central role in signaling for DNA damage, results in loss of monoallelic expression with transcription from both BESs and MES's observed [START_REF] Black | Trypanosoma Brucei ATR Links DNA Damage Signaling during Antigenic Variation with Regulation of RNA Polymerase I-Transcribed Surface Antigens[END_REF]) and knockdown of ribonuclease H2A (RH2A), which resolves RNA-DNA hybrids in to preserve genome integrity, disrupts monoallelic expression resulting in increased transcription of VSGs, ESAGs and procyclin genes [START_REF] Briggs | Trypanosoma Brucei Ribonuclease H2A Is an Essential R-Loop Processing Enzyme Whose Loss Causes DNA Damage during Transcription Initiation and Antigenic Variation[END_REF].

The positioning of the BESs in the subtelomeric regions of the genome is important for monoallelic expression and telomeric proteins contribute to maintaining BES silencing [START_REF] Horn | Antigenic Variation: Extending the Reach of Telomeric Silencing[END_REF].

Depletion of the telomere interacting protein TRF-Interacting Factor 2 (TIF2) results in the derepression of BESs that are shorter in length, indicating that TIF2 repression may be dependent on telomere proximity [START_REF] Jehi | Trypanosoma Brucei TIF2 Suppresses VSG Switching by Maintaining Subtelomere Integrity[END_REF]. Repressor Activator Protein 1 (RAP1) is a component of the T. brucei telomere complex and knockdown results in the derepression of BES VSGs [START_REF] Yang | RAP1 Is Essential for Silencing Telomeric Variant Surface Glycoprotein Genes in Trypanosoma Brucei[END_REF]) and disrupts mVSG silencing in both BSF and PCF cells [START_REF] Pandya | Silencing Subtelomeric VSGs by Trypanosoma Brucei RAP1 at the Insect Stage Involves Chromatin Structure Changes[END_REF]. RAP1 depletion in PCF cells causes a relaxation of the chromatin structure around the BES that is not seen in BSF, indicating that there may be distinct telomere silencing mechanisms at different stages of the cell cycle [START_REF] Pandya | Silencing Subtelomeric VSGs by Trypanosoma Brucei RAP1 at the Insect Stage Involves Chromatin Structure Changes[END_REF]. At the telomere RAP1 interacts with Phosphatidylinositol 5-phosphatase (PIP5Pase), a component of the inositol phosphatase (IP) pathway which is involved in diverse cellular functions [START_REF] Cestari | Inositol Phosphate Pathway Controls Transcription of Telomeric Expression Sites in Trypanosomes[END_REF]. PIP5Pase and two other components of the IP pathway are required for BES silencing and knockdown of PIP5Pase, phosphatidylinositol 5-kinase (PIP5K) or phospholipase C (PLC) overexpression results in derepression of silent BES associated VSGs and ESAGs [START_REF] Cestari | Inositol Phosphate Pathway Controls Transcription of Telomeric Expression Sites in Trypanosomes[END_REF]. Therefore both telomeric proteins and components of the IP pathway are involved in maintenance of monoallelic expression. It is of note that whilst a reporter gene inserted at the telomere is silenced in a telomere dependent manner [START_REF] Glover | Repression of Polymerase I-Mediated Gene Expression at Trypanosoma Brucei Telomeres[END_REF], VSG silencing is not dependent on the presence of the telomere [START_REF] Glover | Deletion of a Trypanosome Telomere Leads to Loss of Silencing and Progressive Loss of Terminal DNA in the Absence of Cell Cycle Arrest[END_REF], indicating that the telomere alone is not required for monoallelic expression. specific interaction with VEX2 and the heterotrimeric histone chaperone CAF-1 [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF].

VEX2 knockdown has an even more severe phenotype than VEX1, with stronger derepression of silent BES located VSGs, and both VEX1 and VEX2 colocalise to the ESB in a transcription dependent manner (Figure 9) [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF][START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF]. CAF-1 was shown to maintain the epigenetic status of the active BES during DNA replication (Figure 9, middle nuclei). Using chromosome conformation capture (Hi-C) and chromatin immunoprecipitation (ChIP) -seq revealed that the active BES frequently interacts the SL RNA array locus on chromosome 9 [START_REF] Faria | Antigenic Variation by Switching Inter-Chromosomal Interactions with an RNA Splicing Locus in Trypanosomes[END_REF], which encodes the non-coding RNA that is spliced onto the 5' end of all T. brucei RNAs. The specific interaction between the SL array and the active BES is thought to facilitate efficient processing of the highly abundant VSG transcript and was shown to be mediated by the VEX complex, with VEX1 associating with the SL and VEX2 with the VSG locus. Upon depletion of VEX2 by RNAi, multiple VSGs interact with the SL array, indicating that VEX2 acts as an exclusion factor preventing silent BESs from entering the VSG transcription compartment.

Antigenic variation

Mechanisms of VSG switching

Exchange of the uniform protein coat for an immunologically distinct one allows the parasite to escape detection by the host immune system. The frequency at which T. brucei field isolates undergo antigen exchange is estimated to be approximately 1 x 10 -3 switches per cell per generation [START_REF] Turner | High Frequency of Antigenic Variation in Trypanosoma Brucei Rhodesiense Infections[END_REF], and the rate of switching is severely reduced in laboratory adapted strains that have been serially passaged, which are predicted switch at a rate of 1 x 10 -6 per cell per generation [START_REF] Hovel-Miner | Telomere Length Affects the Frequency and Mechanism of Antigenic Variation in Trypanosoma Brucei[END_REF][START_REF] Lamont | Analysis of Antigen Switching Rates in Trypanosoma Brucei[END_REF]). There are three major routes to VSG switching. The first pathway is a transcriptional switch known as an in situ switch, where the originally active BES is silenced and a new one activated (Figure 11A) [START_REF] Horn | Analysis of Trypanosoma Brucei vsg Expression Site Switching in Vitro[END_REF][START_REF] Michels | The Inactivation and Reactivation of an Expression-Linked Gene Copy for a Variant Surface Glycoprotein in Trypanosoma Brucei[END_REF]. Given that there are only approximately 15 BESs in the genome, if the parasite were to rely solely on transcriptional switches it would not be able to escape from the host immune system throughout the course of an infection. In situ transcriptional switches are therefore thought to be minor pathway to VSG switching that occur earlier in an infection [START_REF] Morrison | Probabilistic Order in Antigenic Variation of Trypanosoma Brucei[END_REF]) and ultimately DNA recombination events dominate antigenic variation. VSG switching by recombination can occur by either telomere exchange (TE) or gene conversion (GC). TE involves cross over between all or part of two BESs and frequently occurs at the 70 bp repeats upstream of the VSG, but can also occur further upstream in the BES (Figure 10B) [START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF][START_REF] Li | DNA Double-Strand Breaks and Telomeres Play Important Roles in Trypanosoma Brucei Antigenic Variation[END_REF][START_REF] Pays | Telomeric Reciprocal Recombination as a Possible Mechanism for Antigenic Variation in Trypanosomes[END_REF]. GC involves the duplication of a silent VSG into the active BES, replacing the previously active VSG which is then lost (Figure 10C) [START_REF] De Lange | Telomere Conversion in Trypanosomes[END_REF]. The upstream boundary of GC is commonly the 70 bp repeats (A. Y. C. Liu et al. 1983) that flank the majority of archival VSG genes [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF], but can also occur further upstream in the case of GC between two BESs [START_REF] Pays | At Least Two Transposed Sequences Are Associated in the Expression Site of a Surface Antigen Gene in Different Trypanosome Clones[END_REF]. The downstream boundary of GC can be either the coding or non-coding regions of the VSGs [START_REF] Bernards | Activation of Trypanosome Surface Glycoprotein Genes Involves a Duplication-Transposition Leading to an Altered 3' End[END_REF] VSG donors for segmental GC events to produce mosaic VSGs (Figure 10D) [START_REF] Hall | Mosaic VSGs and the Scale of Trypanosoma Brucei Antigenic Variation[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF][START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]. However no such endonuclease has yet been identified, and the observation that VSG GC can occur in the absence of the 70 bp repeats put this theory into disfavour [START_REF] Mcculloch | Gene Conversions Mediating Antigenic Variation in Trypanosoma Brucei Can Occur in Variant Surface Glycoprotein Expression Sites Lacking 70-Base-Pair Repeat Sequences[END_REF].

It has been shown that DSBs naturally accumulate in both active [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF]) and silent BESs [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF], indicating that these regions of the genome are prone to DSBs, possibly as a result of inherent fragility. The use of a meganuclease to induce spatially and temporally
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constrained DSBs adjacent to the 70 bp repeats of the active BES has shown that breaks at this site are potent triggers of VSG switching, resulting in a 250 [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF]) -5000 fold [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]) increase in the rate of VSG switching. The 70 bp repeats are therefore thought to be a recombination hotspot [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Hovel-Miner | A Conserved DNA Repeat Promotes Selection of a Diverse Repertoire of Trypanosoma Brucei Surface Antigens from the Genomic Archive[END_REF][START_REF] Li | DNA Double-Strand Breaks and Telomeres Play Important Roles in Trypanosoma Brucei Antigenic Variation[END_REF]. In human cells, DSBs commonly occur at repetitive loci and this is associated with genome instability and challenges in DNA replication [START_REF] Gadgil | Replication Stress at Microsatellites Causes DNA Double-Strand Breaks and Break-Induced Replication[END_REF]. The A-T rich 70 bp repeats in T. brucei may therefore adopt an unusual chromatin conformation, rendering the region prone to DNA damage. Indeed, the T. brucei TTA TAA codons of the 70 bp repeats could form an unstable non H-bonded structure [START_REF] Ohshima | TTA.TAA Triplet Repeats in Plasmids Form a Non-H Bonded Structure[END_REF]. Alternatively, the fragility of the site may arise from the extraordinarily high levels of transcription from the site, with over 10% of the total cell protein transcribed from a single VSG gene [START_REF] Bangs | Evolution of Antigenic Variation in African Trypanosomes: Variant Surface Glycoprotein Expression, Structure, and Function[END_REF]. These high levels of transcription may result in either collapse of the replication fork or clashes between the replication and transcription machinery, both of which would result in DSBs (da Silva et al. 2018). The high abundance of VSG transcripts may also result in R-loop formation, which would render the region vulnerable to DSBs or nuclease cleavage (Briggs, Crouch, et al. 2018). Moreover, the active BES is early replicating and replication-associated fragility is also thought to drive fragility at this loci [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF]). However, given that DSBs accumulate at both active and silent BESs it is likely that DNA replication or inherent fragility of the repetitive region, rather than transcription alone, contribute to naturally occurring DSBs in the BES [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. The length of the telomere is also associated with the rate of VSG switching, and trypanosomes with shorter telomeres have a 10-100 fold increase in switch frequency compared to those with longer telomeres, with a strong preference for switching via GC [START_REF] Dreesen | Trypanosomes : A Proposal[END_REF][START_REF] Hovel-Miner | Telomere Length Affects the Frequency and Mechanism of Antigenic Variation in Trypanosoma Brucei[END_REF]. It is therefore likely that VSG switching is driven by a combination of factors including the fragility of the subtelomeric region, replication and transcription stress and telomere length.

Genome architecture and VSG switching frequency are intimately linked, and disruption of factors that preserve genome integrity have been shown to increase the rate of antigen exchange via DNA recombination events. Disruption of the cohesion complex results in a ~10 fold increase in switching rate [START_REF] Landeira | Cohesin Regulates VSG Monoallelic Expression in Trypanosomes[END_REF], whilst the depletion of NUP-1 causes clustering of the telomeric regions and an elevated level of VSG switching [START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF]. Two histone variants H3.V and H4.V play a central roles in chromatin organisation, and the knockdown of both variants results in global changes to the chromatin organisation, with increased clustering of the telomeric regions of the megabase chromosomes [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]. This increased clustering is accompanied by a large increase in homologous recombination (HR) driven VSG switching, with an approximately 1000 fold increase in switch frequency reported [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]. Interestingly, amongst the cells that had undergone VSG Double-stranded breaks and VSG switching Double strand break repair and recombination DSBs are potent triggers of antigenic variation [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]) and gene conversion dominates VSG switching, placing T. brucei DSB repair (DSBR) at the heart of escaping host immune detection. In trypanosomes, DSBR predominantly occurs via the error-free homologous repair (HR) pathway (Figure 11) [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF] which predominates in the S and G2

phases of the cell cycle in mammals (Saleh-Gohari and Helleday 2004). Microhomology mediated end joining (MMEJ) also occurs at a lower frequency, however the predominant DSBR pathway in metazoans, non-homologous end joining (NHEJ), is not observed in trypanosomes and homologs of the NHEJ machinery are missing [START_REF] Burton | Ku Heterodimer-Independent End Joining in Trypanosoma Brucei Cell Extracts Relies upon Sequence Microhomology[END_REF][START_REF] Nenarokova | Causes and Effects of Loss of Classical Nonhomologous End Joining Pathway in Parasitic Eukaryotes[END_REF]. HR is initiated by the Meiotic REcombination 11 homolog 1 (MRE11) -RAD50 -Nijmegen Breakage Syndrome protein 1 (NBS1) (MRN) complex, which diffuses along homoduplex DNA searching for free DNA ends. This process is driven by the dynamic interactions of the RAD50 ATPase subunit with the DNA [START_REF] Myler | Single-Molecule Imaging Reveals How Mre11-Rad50-Nbs1 Initiates DNA Break Repair[END_REF]. Upon detection of a DSB, RAD50 binds in an ATP dependent manner, and the complex acts as a tether to hold together free DNA ends (Figure 11 (ii)). DSB sensing by the MRN complex stimulates the rapid recruitment of the Ataxia-Telangiectasia Mutated (ATM) kinase [START_REF] Maréchal | DNA Damage Sensing by the ATM and ATR Kinases[END_REF], which in combination with the related Ataxia Telangiectasia and Rad3-related (ATR) kinase phosphorylates over 900 substrates in the cell in response to DNA damage, many of which are themselves kinases, activating a phosphorylation cascade [START_REF] Matsuoka | ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage[END_REF]. A key substrate of ATM and ATR in mammals is the serine 139 residue of the histone variant H2AX, which is termed γH2AX when phosphorylated [START_REF] Van | Histone Modifications and the DNA Double-Strand Break Response[END_REF] and the equivalent modification has also been identified in T.

brucei [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. γH2AX is an early marker of DNA damage [START_REF] Rogakou | DNA Double-Stranded Breaks Induce Histone H2AX Phosphorylation on Serine 139[END_REF], with rapid foci formation that spreads bi-directionally along the chromatin fibre from the DSB site [START_REF] Rogakou | DNA Double-Stranded Breaks Induce Histone H2AX Phosphorylation on Serine 139[END_REF]. This concentrates repair factors at the sites of DNA damage, allowing DNA repair factors access the DSB [START_REF] Van | Histone Modifications and the DNA Double-Strand Break Response[END_REF][START_REF] Xiao | WSTF Regulates the H2A.X DNA Damage Response via a Novel Tyrosine Kinase Activity[END_REF]. DNA resection is mediated by the MRE11 endonuclease which catalyses the resection of DNA in the 5' to 3' direction away from the DSB creating short overhangs (Figure 11 (iii)), and the extent of resection is mediated by the phosphorylation of MRE11 by ATM [START_REF] Kijas | ATM-Dependent Phosphorylation of MRE11 Controls Extent of Resection during Homology Directed Repair by Signalling through Exonuclease 1[END_REF]. MRE11 resection is dependent on Breast Cancer 1 (BRCA1) and CtIP [START_REF] Ouchi | BRCA1 Phosphorylation: Biological Consequences[END_REF][START_REF] You | DNA Damage and Decisions: CtIP Coordinates DNA Repair and Cell Cycle Checkpoints[END_REF] and the long-range exonuclease 1 (EXO1) is also recruited to generate long 3' ssDNA overhangs [START_REF] Ouchi | BRCA1 Phosphorylation: Biological Consequences[END_REF]). The ssDNA is stabilised by the binding of Replication Protein A (RPA) (Figure 11 (iv)), a heterotrimeric DNA binding complex consisting of RPA-1, 2 and 3 

i) (ii) (iii) (iv)) (v) (vi) 
(vi) [START_REF] Bolderson | Phosphorylation of Exo1 Modulates Homologous Recombination Repair of DNA Double-Strand Breaks[END_REF]) that subsequently inhibits EXO1 activity [START_REF] Zou | Sensing DNA Damage through ATRIP Recognition of RPA-SsDNA Complexes[END_REF]. The ssDNA-RPA complex provides a scaffold for the binding of the RAD51 recombinase, which is delivered to the DSB site by BRCA2 [START_REF] Myler | Single-Molecule Imaging Reveals the Mechanism of Exo1 Regulation by Single-Stranded DNA Binding Proteins[END_REF], and is activated by checkpoint kinase 1 (CHK1) phosphorylation (Figure 11 (v)) [START_REF] Davies | Interaction with the BRCA2 C Terminus Protects RAD51-DNA Filaments from Disassembly by BRC Repeats[END_REF]. RAD51 forms filaments along the ssDNA, where its drives the homology search and strand invasion for homologous recombination [START_REF] Sørensen | The Cell-Cycle Checkpoint Kinase Chk1 Is Required for Mammalian Homologous Recombination Repair[END_REF].

MMEJ is a non-conservative DSBR mechanism that is the less dominant repair pathway in T.

brucei. Also known as 'micro-single strand annealing' [START_REF] Syed | The MRE11-RAD50-NBS1 Complex Conducts the Bibliography 190 Orchestration of Damage Signaling and Outcomes to Stress in DNA Replication and Repair[END_REF] or alternative NHEJ, MMEJ was originally identified during class switch recombination in mammalian lymphocytes [START_REF] Decottignies | Microhomology-Mediated End Joining in Fission Yeast Is Repressed by Pku70 and Relies on Genes Involved in Homologous Recombination[END_REF]. The initial steps of MMEJ are shared with HR, with the MRN complex sensing DSB and generating short regions of resection either side of the DSB [START_REF] Robert | Parp1 Facilitates Alternative NHEJ, Whereas Parp2 Suppresses IgH/c-Myc Translocations during Immunoglobulin Class Switch Recombination[END_REF][START_REF] Yan | IgH Class Switching and Translocations Use a Robust Non-Classical End-Joining Pathway[END_REF]). However, unlike HR, there is no requirement for long-range resection by EXO1 and the homology search. Instead, MMEJ is RAD51 independent [START_REF] Sfeir | Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway?[END_REF] and relies on the annealing of short regions of micro homology exposed by resection and fill in synthesis by the DNA ligase XRCC1/ DNA liagase III (Figure 12) [START_REF] Glover | Microhomology-Mediated Deletion and Gene Conversion in African Trypanosomes[END_REF]. The length of the homology regions required for MMEJ are typically 6-16 bp in length [START_REF] Sfeir | Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway?[END_REF] and MMEJ is promoted by GC-rich homologous sequences either side of the DSB [START_REF] Daley | Rejoining of DNA Double-Strand Breaks as a Function of Overhang Length[END_REF][START_REF] Decottignies | Microhomology-Mediated End Joining in Fission Yeast Is Repressed by Pku70 and Relies on Genes Involved in Homologous Recombination[END_REF]), with the efficiency of repair decreasing in the presence of non-homologous nucleotides within the annealing sequences [START_REF] Glover | Microhomology-Mediated Deletion and Gene Conversion in African Trypanosomes[END_REF]. MMEJ is a non-conservative repair pathway and results in the deletion of the DNA sequences between the homologous sequences, which in trypanosomes are on average 284 bp in length [START_REF] Glover | Microhomology-Mediated Deletion and Gene Conversion in African Trypanosomes[END_REF].

Double strand break repair and recombination in T. brucei

In T. brucei DSBR is directed by predominantly via HR with MMEJ making a greater contribution at subtelomeric loci [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. The DNA damage response (DDR) in trypanosomes is associated with robust single stranded DNA (ssDNA) accumulation [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]Glover and Horn 2014b;[START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF], which is directed by the MRE11 exonuclease at a subtelomeric loci [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. Upon activation of the DDR, stalling of the cell cycle in G2 / M allows for DNA repair to occur before the cell cycle progresses [START_REF] Shaltiel | The Same, Only Different {\textendash} DNA Damage Checkpoints and Their Reversal throughout the Cell Cycle[END_REF]). In T. brucei a G2/M cell cycle check point is activated following a DSB [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF], except when a DSB introduced adjacent to the telomeric repeats. Phosphorylation of H2AX, to form γH2AX, is an early marker of DNA damage in the cell [START_REF] Rogakou | DNA Double-Stranded Breaks Induce Histone H2AX Phosphorylation on Serine 139[END_REF]. In trypanosomes, the equivalent phosphorylation event has been identified, the threonine 130 phosphorylated form of H2A (γH2A) [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF] and focal accumulation of this modification are used as a marker of DNA damage in T. brucei [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]Glover andHorn 2012, 2014b). The RAD51 recombinase, which forms filaments on ssDNA and drives the homology search, has also been found to accumulate following a DSB at a chromosome internal loci in the S and G2 phases of the cell cycle [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF][START_REF] Mcculloch | A Role for RAD51 and Homologous Recombination in Trypanosoma Brucei Antigenic Variation[END_REF], but is not detected following a DSBs in the subtelomeric regions [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF] or at a chromosome internal tandemly repeated tubulin gene array (Glover and Horn 2014b) possibly due to reduced accumulation of RAD51 and/or lack of sensitivity in this assay.

Several proteins have been shown to have locus specific function in T. brucei DSBR. At a chromosome internal loci, the histone acteyltransferase 3 (HAT3) is required for ssDNA accumulation and RAD51 focal formation following a DSB and disassembly of RAD51 foci is dependent on the sirtuin family deacetylase Silent Information Regulator 2 related protein (SIR2rp1) (Glover and Horn 2014b).

On the contrary, HAT3 suppresses ssDNA accumulation at the active BES, with ssDNA accumulating in TbHAT3 nulls and these cells also show increased cell survival (Glover and Horn 2014b). Furthermore, SIR2rp1 is not required for efficient repair at a subtelomeric loci (Glover and Horn 2014b).

Interestingly, the position of a DSB in the genome affects the rate of survival and whilst 50 % of a population are able to survive an INT DSB, only ~5% survival is observed following a DSB at the active BES [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. Therefore, there are important mechanistic differences between DSBR at a chromosome internal and subtelomeric loci and given that subtelomeric recombination drives VSG switching this has important implications for host immune evasion.

DNA damage and antigenic variation DSBR and VSG switching are intimately linked, and a number of key DNA repair proteins have been implicated in mediating VSG switching. Knockdown of RAD51 severely compromises VSG switching however, importantly, does not abolish it (Glover and Horn 2014b;H. S. Kim and Cross 2010;[START_REF] Mcculloch | A Role for RAD51 and Homologous Recombination in Trypanosoma Brucei Antigenic Variation[END_REF][START_REF] Robinson | Inactivation of Mre11 Does Not Affect VSG Gene Duplication Mediated by Homologous Recombination in Trypanosoma Brucei *[END_REF] demonstrating that VSG switching can also occur via RAD51-idependent pathway. The RAD51 related protein, RAD51-3, has also been identified that is important for HR, RAD51 function and promotes VSG switching [START_REF] Proudfoot | Distinct Roles for Two RAD51-Related Genes in Trypanosoma Brucei Antigenic Variation[END_REF].

RAD51 is delivered to the sites of DNA damage by BRCA2, and in T. brucei the mutation of BRCA2 also impairs VSG switching [START_REF] Hartley | Trypanosoma Brucei BRCA2 Acts in Antigenic Variation and Has Undergone a Recent Expansion in BRC Repeat Number That Is Important during Homologous Recombination[END_REF]. In contrast, a number of DNA repair proteins have been shown to suppress antigenic variation. RAD50 and MRE11, which form the core components of the MRN complex, restrict VSG recombination by suppressing genetic exchange using short regions of homology [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. Knockdown of ATR, the master regulator of DNA damage signaling [START_REF] Blackford | ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage Response[END_REF], results in increased levels of recombination driven VSG switching that is associated with elevated levels of DNA damage [START_REF] Black | Trypanosoma Brucei ATR Links DNA Damage Signaling during Antigenic Variation with Regulation of RNA Polymerase I-Transcribed Surface Antigens[END_REF]. Similarly, components of the RTR complex (RECQ2-TOPO3a-RMI1), which removes recombination intermediates during mitotic cross over, are also associated with suppressing VSG switching [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF]H. S. Kim and Cross 2010;[START_REF] Kim | Identification of Trypanosoma Brucei RMI1/BLAP75 Homologue and Its Roles in Antigenic Variation[END_REF]. Loss of the RECQ2 helicase leads to increased VSG switching by recombination [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF], whilst TOPO3a knockdown results in a RAD51-dependent hyper switching phenotype which has a 10-40 fold increased rate of VSG switching and the preference for repair using the 70 bp repeats ablated (H. S. Kim and Cross 2010). Likewise, deficiency of RMI1 results in elevated switching rates via genetic recombination [START_REF] Kim | Identification of Trypanosoma Brucei RMI1/BLAP75 Homologue and Its Roles in Antigenic Variation[END_REF]. Increased antigenic variation is also seen upon depletion of the RNases H1 and H2, which acts to preserve genome integrity by resolving specialised nucleic acid structures consisting of RNA-DNA hybrids known as R-loops (Briggs, Crouch, et al. 2018;[START_REF] Briggs | Genome-Wide Mapping Reveals Conserved and Diverged R-Loop Activities in the Unusual Genetic Landscape of the African Trypanosome Genome[END_REF]). In T. brucei depletion of either RNaseH1 or RNaseH2 elevates the rate of VSG switching and this is accompanied by an increase in replication associated DNA damage [START_REF] Briggs | Trypanosoma Brucei Ribonuclease H2A Is an Essential R-Loop Processing Enzyme Whose Loss Causes DNA Damage during Transcription Initiation and Antigenic Variation[END_REF]Briggs, Crouch, et al. 2018). RNase H2 interacts with the histone methyl transferase DOT1b, and upon deletion of TbDOT1b an increase in recombination driven VSG switching, RNA-DNA hybrids and DNA damage is seen [START_REF] Eisenhuth | A DOT1B/Ribonuclease H2 Protein Complex Is Involved in R-Loop Processing, Genomic Integrity and Antigenic Variation in Trypanosoma Brucei[END_REF]. Therefore, whilst BRCA2, RAD51 and a related protein promote antigenic variation, there is growing evidence that a number of DNA repair factors act in an opposing direction to preserve genome integrity and thus restrict antigenic variation. Limiting the rate at which the parasite undergoes VSG switching has likely evolved as a strategy to preserve the antigen repertoire, allowing the parasite to sustain a prolonged host infection. 144 g Glycine (Sigma), 1 % SDS, 30 g Tris base (10 X stock) (Sigma), made up to 1 L with dH2O.

Agarose gels

Agarose gels were prepared using 1 g of agarose per 100 mls of 1x TAE buffer 1 % (w/v) and stained with ethidium bromide solution (Sigma) at a 1 : 30000 dilution. 5 µl of sample diluted in loading dye was loaded onto the gel alongside 5 µl of GeneRuler® DNA ladder (ThermoFisher).

HMI-9

To make one 5L pot of HMI-11 powdered medium (Gibco) dissolved in 4.5 L of H 2 O with the addition of 15 g sodium bicarbonate, 25 ml pen/ strep (Gibco, 5000 U/ml penicillin and 5000 μg/ ml streptomycin) and 70 μl of beta-mercaptoethanol (Sigma). The mixture was stirred for 1 h and then filtered using a 0.2 μm filter. Before use, medium was supplemented with 10 % v/v Fetal Bovine Serum (FBS)(Corning) to make HMI-9 medium. The composition of medium used for proteomic experiments is found in 'Proteomics experiments' section.

In vitro culturing of T. brucei

In vitro cell culture

In this study the monomorphic BSF Lister 427 T. brucei strain was used and VSG-2 wild type refers to clone 221a (MiTaT 1.2) and VSG-5 WT refers to clone 118 (MiTaT 1.5) [START_REF] Cross | Identification, Purification and Properties of Clone-Specific Glycoprotein Antigens Constituting the Surface Coat of Trypanosoma Brucei[END_REF][START_REF] Johnson | Selective Cleavage of Variant Surface Glycoproteins from Trypanosoma Brucei[END_REF]. All genetic manipulations were carried out using the VSG-2 WT clones as the parental cell line. Both the INT (aka 1 HR) [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]) and VSG up [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]) cell lines were previously established.

T. brucei Lister 427 cell lines were grown in HMI-9 medium at 37 °C, 5% CO 2 in vented culture flasks [START_REF] Hirumi | Continuous Cultivation of Trypanosoma Brucei Blood Stream Forms in a Medium Containing a Low Concentration of Serum Protein without Feeder Cell Layers[END_REF]. The density of cell cultures measured using a Neubauer Haemocytometer and parasite maintained at a density below 1.5 x 10 6 cells/ml. The concentration of drugs used for selection and maintenance is shown in table 1. The VSG-2 and VSG-5 WT cell lines were maintained in the absence of drug selection. The VSG up and INT cell lines were maintained on hygromycin, phleomycin and puromycin. The VSG upDEX and VSGupDEX_OFF cell lines were maintained on hygromycin, phleomycin, puromycin and neomycin. The VSG upDEX VEX2 6myc , INTRPA-1 S5A and VSG up RPA-1 S5A cell lines were maintained on hygromycin, phleomycin, puromycin, neomycin and blasticidin. Induction of I-SceI meganuclease expression was always carried out using 1 µg/ml tetracycline. In any cell line, following DSB induction puromycin was removed from the growth medium.

Drug Selection Maintenance

Neomycin G418 (Sigma) 2 µg/ml 1 µg/ml Hygromycin B (Sigma) 2.5 µg/ml 1 µg/ml Puromycin (Sigma) 2 µg/ml 0.2 µg/ml Blasticidin (InvivoGen) 10 µg/ml 1 µg/ml Phleomycin (Fisher Scientific) 10 µg/ml 1 µg/ml
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Table 2: Drugs used for T. brucei cell culture

T. brucei stabilates

Parasites were stored in 10 % Glycerol (Sigma) in growth medium at either -80 °C or in liquid nitrogen for longer term storage. For retrieval of cells, the stabilate was defrosted in a 37 °C water bath, then added to 9 mls of warm HMI-9 medium and centrifuged at 1000 g for 10 minutes. The supernatant was discarded and the pellet resuspended and added to 10 mls warm HMI-9 containing appropriate drug selection.

Growth curves

To measure parasite growth, parasites were seeded at a density of 1 x 10 5 cells / ml and was counted every 24 h using a Neubauer Haemocytometer, with 3 counts made per cell line. Every 24 h, parasites were diluted to a density of 1 x 10 5 cells / ml.

Transfection of BSF T. brucei

Prior to transfection into parasites, all DNA was cleaned up by Phenol/ Chloroform extraction and precipitation in ethanol according to standard protocols [START_REF] Ausubel | Current Protocols in Molecular Biology[END_REF]). Transformation of cell lines was carried out by centrifuging 2.5 x 10 7 cells at 1000 g for 10 minutes at room temperature. The cell pellet was resuspended with 10 µg linearized DNA in 100 uL warm cytomix solution [START_REF] Van Den | Electroporation in 'intracellular' Buffer Increases Cell Survival[END_REF], placed in a cuvette (0.2 cm gap) and transformed using a

Nucleofector TM (Lonza) (X-001 function [START_REF] Burkard | Highly Efficient Stable Transformation of Bloodstream Forms of Trypanosoma Brucei[END_REF]). Transfected cells were recovered in 36 mls of warm HMI-11 at 37 °C for 4 -6 h, after which cells were plated out in 48 well plates with the required drug selection. Clones were picked 4-6 days post transfection.

Generation of RPA-1 mutant cell lines

In order to generate the INTRPA-1 S5A cell line, the INT cell line was first transfected with 10 µg pRPA1 S5A BLA, digested overnight with NotI and KpnI and phenol/chloroform extracted. Successful integration of the construct was confirmed in the resulting clones by extraction of genomic DNA and amplification using the primer set RPA-1 5' F primer and BlaNco1 R. The presence of the RPA-1 S5A mutation was confirmed by sequencing of the polymerase chain reaction (PCR) product (Eurofins Genomics). Two correct single allele mutants clones were picked and then transfected with 10 µg pRPA1 S5A NEO digested with NotI and KpnI and phenol /chloroform extracted. Genomic DNA was extracted from the resulting clones, and the mutant allele amplified using the primer set RPA1 5'F and Materials and Methods
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Neo.2 R. The resulting PCR product was sequenced (Eurofins Genomics) to confirm the point mutation and a pair of biological clones used for downstream analysis. The VSG up RPA-1 S5A cell line was made in exactly the same way but using the VSG up cell line.

Clonogenic assays

Generation of subclones was carried out by clonogenic assays in which cells were plated out in 96 well plates. Cells were seeded in 96 well plates at 32 cells per plate, and in the induced (+Tet) plates induction was carried out with 1 µg/ml tetracycline. For VSG up and VSG up RPA-1 S5A clonogenic assays, 480 cells were seeded per induced plate. Cells grown under DSB inducing conditions had puromycin and G418 drug selection removed. After 4 days, clones were picked and grown up in 10 mls of medium.

Puromycin sensitivity assay DSB induction was confirmed in all induced subclones using a puromycin sensitivity assay, in which induced subclones were grown in both the absence and in the presence of 2 µg/ml puromycin. Only those clones that did not grow in the presence of puromycin were considered sensitive.

Subclone analysis

For subclone analysis, gDNA was harvested from uninduced and induced subclones and analysed by PCR. Analysis of DSB repair in the INTRPA-1 S5A subclones was carried out using the RFP F and PAC R primer set [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. The PCR product of the one RFP-PAC positiove subclone was sequenced using the RFP F primer (Eurofins Genomics) Analysis of repair in the VSG up RPA-1 S5A subclones was carried out using the primer sets VSG2 F and VSG2 R, Pseudo F and Pseudo F and ESAG1 F and ESAG1 R.

General molecular biology

Genomic DNA and RNA extraction

For both genomic DNA and RNA extraction 5 x 10 8 cells were harvested at 1000 g for 10 minutes at RT and the supernatant discarded. 10 mls of PBS was added and the cells spun as before. For genomic DNA extractions I used the DNeasy Blood & tissue Kit (Qiagen) and for RNA extractions the RNeasy Kit (Qiagen) was used, both according to the manufacturer's protocols.

Polymerase Chain Reaction and agarose gel electrophoresis

For the amplification of DNA sequences for cloning purposes, Phusion® High-Fidelity (HF) buffer (New England Biolabs, NEB) was used and for subclone analysis, GoTaq® Flexi (Promega) DNA polymerase was used, see 
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Transformation of bacterial cells

For transformation of bacterial cells, DH5-alpha competent cells were thawed on ice for 10 minutes, and then incubated on ice for a further 20 minutes with the construct of interest. Heat shock was carried out at 42 °C for 45 seconds, cells recovered on ice for 5 minutes and then recovered in 200 µl of Luria-Bertani (LB) medium without antibiotic added and incubated shaking at 37 °C for 45 minutes. The cells were then plated out on agar plates containing 100 µg/ml ampicillin, and incubated at 37 °C over night.

To grow up bacterial clones, individual colonies were picked and grown up in 5 mls of LB containing 100 µg/ml ampicillin and incubated overnight at 37 0 C shaking. To extract plasmid DNA from bacterial cultures, the 5 mls of bacterial culture was centrifuged at 1000 g for 10 minutes at room temperature, the supernatant removed and the pellet processed using a QIAprep® Miniprep kit (Qiagen) according to manufacturer's protocols. Ligations were carried out using T4 DNA ligase (NEB) with a 1:9 ratio of plasmid backbone to insert and incubation at room temperature for 4 h

Plasmid constructs

To generate the pRPA-1 S5A NEO and pRPA-1 S5A BLA plasmids, homology regions flanking either side of the native RPA-1 gene were amplified from VSG-2 wild type (WT) genomic DNA using Phusion DNA polymerase (NEB). A 391 bp upstream homology region was amplified using the primers RPA1_US F and RPA1_US R, which generates a PCR product with a 5' Not1 restriction enzyme digest site and a 3' Xba1 site. The 498 bp downstream homology region was amplified using RPA1_DS F and RPA1_DS R which generates a PCR product with a 5' PspOMI site and a 3' Kpn1 site. PCR products were cleaned up using a QIAquick PCR purification kit (Qiagen) according to manufacturer's guidelines. The homology regions were cloned into the Mre11KOBLA and Mre11KONEO plasmids [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) using their respective restriction digest sites to generate pRPA1 S5A BLA and pRPA1 S5A NEO. The entire open reading frame (ORF) of RPA-1 was synthesized by ThermoFisher with the serine in position 5 mutated to alanine (TCA to GCT mutation), with Xba1 cleavage sites either side. The RPA-1 S5A gene was cloned into the RPA1KOBLA and RPA1KONEO plasmids at a single Xba1 site in the plasmid. The resulting clones were sanger sequenced using the RPA1_US F primer to confirm correct orientation of the RPA-1 S5A gene and successful integration of the point mutation. For generation of the pRPA-1 S43A NEO and pRPA-1 S43A BLA plasmids the same strategy was used except the synthesised RPA-1 gene contained a serine to alanine mutation at RPA-1 position 43.
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Immunofluorescence analysis

For immunofluorescence (IF) analysis cells were fixed in a final 1% volume (v/v) formaldehyde and placed on ice for 30 minutes. Fixed cells were centrifuged for 1 minute at 6000 rpm and washed with 1 ml of ice-cold PBS, twice. The cells were settled onto poly-l-lysine treated slides for 45 minutes at room temperature and washed for 5 minutes in phosphate buffered saline (PBS) 3 times, with all washes in coplin jars. For detection of internal antigens cells were permeabilised with 0.5 % (v/v) Triton-X (Sigma) in PBS for 20 minutes followed by 3 x 5 minute washes in PBS. Blocking was carried out for 15 minutes in 50% (v/v) FBS in PBS. Both primary and secondary antibody dilutions were carried out in 3% (v/v) FBS for 45 minutes each, with 3 x 5 minute washes in PBS carried out between primary and secondary antibody incubations and after the secondary antibody incubation. For antibody dilutions see Quantitative resection assay Quantification of ssDNA by qPCR was carried out using an adapted version of an established protocol [START_REF] Zierhut | Break Dosage, Cell Cycle Stage and DNA Replication Influence DNA Double Strand Break Response[END_REF]. In brief, DNA was harvested at 0, 6 and 12 h following growth in 1 µg/ml tetracycline. 500 ng of extracted DNA was digested with either HindIII or mock digested (no enzyme) overnight at 37 °C. For the INT and INT RPA-1 S5A cell lines, qPCR was carried out using the RFP.2 F and RFP.2 R primers. For the VSG up and VSG up RPA-1 S5A cell lines, the qPCR reaction was carried out using the VSG21b F and VSG21b R primers. Luna Universal qPCR master mix (New England Biolabs)

was used with 600 pM primer mix and 5 ng DNA per reaction. The PCR cycling conditions were: 95 °C for 3 minutes, and then 40 cycles of 95 °C for 10 s and 55 °C for 30 s on a thermal cycler. The Δc q was calculated by subtracting the average c q of the mock digest from the digested c q . % ssDNA was calculated using the formula: % resection = 100/[(1+2 Δcq )/2], assuming 100% efficiency of the I-SceI meganuclease. 3 technical replicates were carried out for each experiment and statistical analysis was carried out in Excel and GraphPad Prism version 9.

VSG-seq

For both the VSG up and VSG up RPA-1 S5A cell lines, 5 x 10 7 cells were harvested 0 and 7 days post growth in 1 µg/ml tetracycline, in triplicate, and RNA extracted. Frist strand synthesis was carried out using 500 ng of RNA, SuperScript® IV reverse transcriptase (ThermoFisher) and 200nM of the 'All-VSG 3'-UTR' primer [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]) that binds specifically to the conserved 14-mer in the VSG 3' UTR.

The product was cleaned up using AmPureXP beads (Beckman Coulter). VSG cDNA was then amplified by PCR using 1 µg of cDNA, 0.2 mM dNTPs, 1 x PCR buffer, Phusion HF DNA polymerase (NEB), 200 nM of the spliced leader (SL) forward primer and 200 nM of the SP6-14mer reverse primer [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]. The PCR conditions were: 5 cycles of: 94 0 c for 30 s , 50 0 C for 30 s and 72 0 C for 2 minutes, followed by 18 cycles of: 94 °C for 30 s, 55 °C for 30 s and 72 °C for 2 minutes carried out on a thermal cycler machine. The VSG PCR products were then cleaned up using AmpPureXP beads (Beckman Coulter) according to manufacturer's protocols. Sequencing was carried out using a minimum of 4 µg product per sample at Beijing Genomics Institute (BGI) using the BGISEQ-500 platform in paired end mode. For all proteomic analysis, HMI-9 SILAC medium -L-Arginine and -L-Lysine (Gibco , reference 074-91211A) was used. One 17.91g pot used to make up 1L of medium by the addition of 900 ml H 2 O, 2 g sodium bicarbonate (Sigma) and 14 μl of beta-mercaptoethanol and the mixture stirred for 1 h at room temperature. The pH was adjusted to 7.3, and the medium filtered using a 0.2 µM filter. The following components were added to the filtered medium: 10 ml of glutaMAX (ThermoFisher), 100 ml filter dialysed SILAC FBS (3 kda molecular weight cut off) (DC biosciences) Gibco, 5 ml Pen/ strep (5000 U/ml penicillin and 5000 μg/ ml streptomycin) and heavy or light labeled L-Arginine and L-Lysine to the concentrations stated in table 6 to make heavy and light medium, respectively.

Table 7. The concentration of light and heavy labeled L-Arigine and L-Lysine used to supplement both IMDM and HMI-9 SILAC medium.

Assessing incorporation of the stable isotope label

To assess incorporation of the isotope label, the INT and VSG up cell lines were seeded in 'heavy' and 'light' labeled SILAC HMI-9 and after 7 days 1 x 10 8 cells harvested from each cell culture. Samples were extracted by FASP (see section 5.3) and processed by Mass Spectrometry as described in section 5.5).

Phosphoproteomic experimental set up

For preparation of samples for proteomic and phosphoproteomic analysis, SILAC adapted INT and VSG up cell lines were seeded in SILAC 'heavy' and 'light' medium and cells grown in 'heavy' medium were induced using 1 µg /ml of tetracyclin for 12 h. For each sample, a label swap replicate was carried Cell cultures were harvested by centrifugation at 1000 g for 10 minutes at 4 °C and supernatant removed. The cell pellet was resuspended in 200 µl ice cold PBS and transferred to a microcentrifuge tube, where it was harvested at full speed for 15s. The cell pellet was lysed at 0.5 × 10 9 cells/ml in icecold lysis buffer and incubated at room temperature for 5 min. Cell lysis was verified by microscopy.

Amino acid Label Source Mw Final concentration

Cell lysates were then stored at -80 °C before further processing.

FASP protocol

The preparation of peptides for Mass Sectromtery (MS) analysis was carried out using FASP [START_REF] Wisniewski | Universal Sample Preparation Method for Proteome Analysis[END_REF]) that has been optimized for T. brucei [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]. Cell lysates were defrosted on ice and mixed according to experimental design (i.e. INT DSB induced 'heavy' sample mixed with an equal quantity of INT uninduced 'light' sample). For incorporation analysis, cell lysates were not mixed.

Samples were diluted in an equal volume of 2 x solubilization buffer, vortexed in an Eppendorf tube for 30 s, heated to 95 °C for 3 minutes in a heat block and sonicated for 3 minutes in sonic water bath at 4

°C. The solubilised samples were spun at 16,000 g for 10 minutes and the pellet discarded. Samples were next diluted in a 1:6.6 ratio with UA buffer and mixed well. Samples were concentrated using an Amicon® Ultra Centrifugal 4 ml Filter with a 30 kDa molecular weight cut off (Merck), which prior to use were washed once with double ddH 2 O and once twice with UA buffer by brief centrifugation.

Protein samples were transferred to the centrifugal filters and spun at 4000 g at RT until the volume is ≤ 0.5 ul (~1.5 h spin). On the column, 3 mls IAA solution was added to the sample and mixed with a Materials and Methods 61 pipette for 1 minute, followed by incubation for 20 minute in the dark. The columns were then spun at 4000 g until volume was ≤ 0.3 mls (~45 minute spin) and 3 mls of UA buffer was next added to the column followed by centrifugation until the volume in the column was ≤ 0.3 mls. This step was repeated twice more. 1.5 ml of ABC buffer was to the column and spun at 4000 g until volume ≤ 0.3 mls and this was repeated twice. For the four samples generated for investigation of the DSB response, the total amount of protein concentrate was 1 mg and 2 mg of protein for each of the INT label swap replicates, and 0.89 and 0.62 mg of protein for each of the VSG up replicates. For digestion of peptides, the concentrated sample was removed from the ultra-centrifugal filter and a 1:50 ratio of mass spectrometry grade Trypsin Gold (Promega) added to the sample which was incubated shaking for > 12 hours at 37 °C in a thermal heat block. Trypsin digestion was inhibited by adding 0.1% formic acid (FA)

to the digest.

Peptide desalting

Peptides were desalted using a Sep-Pak C18 SPE 360mg cartridge (Waters) using a vacuum manifold.

All buffers were freshly prepared. Cartridges were placed on top of a glass support, and wetted with 5mls of 100% LC MS grade methanol three times. The cartridge was then rinsed once with 5mls conditioning buffer (80% acetonitrile (ACN) and 0.1 % formic acid (FA)) and washed 4 times with 5mls

washing buffer (0.1 % FA). The sample was then loaded twice onto the cartridge, with the flow through collected and re-loaded onto the column. The column was washed 5 times with 5 ml washing buffer (0.1% FA) and the sample eluted in two steps, each with 1 ml of elution buffer (50% ACN, 0.1% FA).

The resulting sample was dried in a SpeedVac vacuum concentrator (ThermoFisher) until 50 ul remained and then transferred to a nano LC tube (ThermoFisher) and dried by lyophilization.

Phosphopeptide enrichment

Phosphopeptide enrichment and Mass Spectromtery (MS) was carried out at the Mass Spectromtery for Biology Utechs (MSBio) platform at Institut Pasteur. Phosphopeptide enrichment was performed using a GELoader spin tip using EmporeTM C8 (3M) prepared for StageTip [START_REF] Rappsilber | Protocol for Micro-Purification, Enrichment, Pre-Fractionation and Storage of Peptides for Proteomics Using StageTips[END_REF] and washed sequentially with 100% MeOH and 30% ACN, 0.1% trifluoroacetic acid (TFA).

Before the enrichment step, 10 mg/mL TiO 2 slurry (Sachtopore-NP TiO 2 , 5 µm, 300 Å, Sachtleben)

was prepared in 30% ACN, 0.1% TFA and introduce onto the GELoader C8 spin tip. The spin column was packed by centrifugation at 100 g and then equilibrated with 80% ACN, 6% TFA, 1 M glycolic acid before loading dried tryptic peptides in the same buffer at a ratio of 1:5 (peptides to beads). A small amount of tryptic peptides was put aside for proteome analysis at this stage. ). Upon detection of a DSB by the MRN complex the ATM kinase is rapidly recruited to the site of damage [START_REF] Maréchal | DNA Damage Sensing by the ATM and ATR Kinases[END_REF]. ATM and the related ATR kinase are the master regulators of the DNA damage response (DDR), initiating a phosphorylation cascade in the cell with some 900 substrates modified in response to a DSB [START_REF] Matsuoka | ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage[END_REF]). One of the key substrates of ATM is the histone variant H2AX at S139 (termed γH2AX) which is an early marker of the DSBR in mammals [START_REF] Rogakou | DNA Double-Stranded Breaks Induce Histone H2AX Phosphorylation on Serine 139[END_REF][START_REF] Xiao | WSTF Regulates the H2A.X DNA Damage Response via a Novel Tyrosine Kinase Activity[END_REF]). γH2AX foci form within in minutes of a DNA damage and spread along large regions of chromatin fibre bi-directionally from the DSB site [START_REF] Maréchal | DNA Damage Sensing by the ATM and ATR Kinases[END_REF]. This facilitates the recruitment of chromatin remodeling factors, allows DNA damage proteins to access the DSB [START_REF] Van | Histone Modifications and the DNA Double-Strand Break Response[END_REF] and concentrates repair factors at the damaged site [START_REF] Celeste | Histone H2AX Phosphorylation Is Dispensable for the Initial Recognition of DNA Breaks[END_REF].

Understanding the phosphorylation cascade which mediates the DSBR has been driven by Stable Isotopic Labeling of Amino acids in Cell culture (SILAC) [START_REF] Ong | Stable Isotope Labeling by Amino Acids in Cell Culture, SILAC, as a Simple and Accurate Approach to Expression Proteomics[END_REF] based quantitative phosphoproteomics [START_REF] Bennetzen | Site-Specific Phosphorylation Dynamics of the Nuclear Proteome during the DNA Damage Response[END_REF][START_REF] Bensimon | ATM-Dependent and -Independent Dynamics of the Nuclear Phosphoproteome after DNA Damage[END_REF][START_REF] Matsuoka | ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage[END_REF][START_REF] Zhou | Profiling DNA Damage-Induced Phosphorylation in Budding Yeast Reveals Diverse Signaling Networks[END_REF]. SILAC provides a high throughput and unbiased approach to study a large numbers of protein modifications and relies on the metabolic incorporation of isotope labeled amino acids into cells, which are grown in medium containing either 'heavy' or 'light' labeled amino acids. Phosphopeptides extracted from the two cell cultures are analysed in a single mass spectrometry (MS) run and identified due to specific mass differences resulting from the isotope label (Figure 1). In human cells SILAC phosphoproteomics has identified over 900 phosphorylation sites associated with ionizing radiation induced DNA damage, revealing a series of interconnected networks in the DDR including modules of proteins associated with DNA repair, replication and chromatin modifications [START_REF] Matsuoka | ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage[END_REF].

Over 70% of the phosphorylation sites identified are targets of the ATM kinase, and many of these substrates are themselves kinases, highlighting the central role of the phosphorylation cascade in the DDR. In budding yeast, SILAC screens have identified a core set of 133 DDR proteins that are modified by phosphorylation [START_REF] Zhou | Profiling DNA Damage-Induced Phosphorylation in Budding Yeast Reveals Diverse Signaling Networks[END_REF].

Studies into T. brucei DNA damage have highlighted important distinctions between DSBR at a chromosome internal loci compared to repair at the active BES, where DSBs are potent triggers of VSG switching [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. A chromosome internal DSB is repaired by HR in over 90% of cases with MMEJ accounting for just 5% of repair events [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. At a chromosome internal loci, the HAT3 acetyl transferase promotes ssDNA resection and RAD51 foci assembly whilst the SIR2rp1 deacetylase is required for efficient RAD51 focus disassembly [START_REF] Glover | Locus-Specific Control of DNA Resection and Suppression of Subtelomeric VSG Recombination by HAT3 in the African Trypanosome[END_REF]. At the active BES, DSBs are repaired by HR in 75% of cases with MMEJ also making an important contribution accounting for 25% of repair events [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. In direct contrast to a chromosome internal site, HAT3 suppresses resection following a BES DSB [START_REF] Glover | Locus-Specific Control of DNA Resection and Suppression of Subtelomeric VSG Recombination by HAT3 in the African Trypanosome[END_REF].

Further, RAD50 and MRE11 play distinct roles at the subtelomeric regions, with MRE11 required for efficient resection and both MRE11 and RAD50 promote recombination using longer stretches of homology [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. This suggests that DSBR in T. brucei is compartmentalised, with the site of the DSB influencing the mechanism of repair. labeled peptides can be distinguished on specific mass differences.
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The introduction of a DSB in the active BES drives VSG switching [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF], and despite the importance of DSBR in evasion of the host immune system only one DNA damage associated phosphorylation site has been identified in T. brucei, that of γH2A [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. The aims of this study were to identify proteins (de)phosphorylated in response to a DSB at 

Adaptation of T. brucei to SILAC medium

SILAC experiments require the metabolic incorporation of stable isotope labeled amino acids present in the cell culture medium. Trypanosomatids are auxotrophic for arginine (R) and lysine (K) [START_REF] Marchese | The Uptake and Metabolism of Amino Acids, and Their Unique Role in the Biology of Pathogenic Trypanosomatids[END_REF]) and we therefore used cell culture medium that is lacking in both and supplemented with either the 'heavy' isotope labeled L-Arginine U-13 C 6 and L-Lysine 4,4,5,5-2 H 4 (R 6 K 4 ), or 'light' unlabeled L-Arginine and L-Lysine (R 0 K 0 ). Parasite growth was initially tested in an Iscove's Modified Dulbecco's Medium (IMDM) based SILAC medium (ThermoFisher) complemented with either R 6 K 4 or R 0 K 0 to produce 'heavy' and 'light' medium. Medium was supplemented with 10 % SILAC FBS (DC Biosciences), which is filter dialyzed to remove amino acids (3 kDa cut off). We found that parasite growth in SILAC IMDM was poor with cell growth severely stunted. To test whether SILAC dialyzed FBS was perturbed cell growth, cells were grown in regular HMI-11(Gibco) [START_REF] Hirumi | Continuous Cultivation of Trypanosoma Brucei Blood Stream Forms in a Medium Containing a Low Concentration of Serum Protein without Feeder Cell Layers[END_REF] supplemented with SILAC dialyzed FBS, and we observed robust cell growth. Therefore, we were not able to achieve adequate cell growth in SILAC IMDM. Following the advice of a collaborator at the University of Lancaster, Dr. Urbaniak, we next tested growth in an adapted HMI-11 that lacks R and K (SILAC HMI-11, Gibco, gift from Dr. Urbaniak) [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]. SILAC HMI-11 was supplemented with 10% dialysed FBS to produce SILAC HMI-9 and either R 0 K 0 or R 6 K 4 added to the medium. We observed no growth defect in either 'heavy' or 'light' labeled SILAC HMI-9, congruent with previous reports that show parasites grow normally in SILAC HMI-9 and remain infective in mice [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]. We therefore proceeded using SILAC HMI-9 medium for cell growth.

To assess whether parasites have efficiently incorporated the labeled amino acids, the INT and VSG up cell lines were seeded in 'heavy' labeled SILAC HMI-9 and after 7 days 1 x 10 8 cells harvested from each cell culture. Peptides that have been successfully 'heavy' labeled are identified by specific mass differences of + 6 Da for R and + 4 Da for K. Upon analysis of protein extracts by MS we observed 93.4% and 96.1% heavy label incorporation in the INT and VSG up cell lines, respectively (Figure 3A), confirming suitability for SILAC experiments. In both the INT and VSG up cell lines, γH2A foci form post DSB induction and are visible by fluorescence microscopy [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. We therefore assessed γH2A foci formation in cell lines adapted to SILAC medium. Prior to DSB induction, γH2A foci were detected in 15.6% and 16.5% of SILAC HMI-9 adapted INT and VSG up cells, respectively. At 12 h post DSB induction this increased to 33.6% in the INT cell line and 34% for VSG up (Figure 3B). Therefore, a robust DSB response is seen in cell lines adapted to SILAC medium, indicating that the DNA damage response is unperturbed. Given that current and prior studies have shown that γH2A accumulation peaks at 12 h post DSB induction in both the INT and VSG up cell lines [START_REF] Glover | Persistent DNA Damage Foci and DNA Replication with a Broken Chromosome in the African Trypanosome[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]Glover andHorn 2012, 2014b), and ssDNA accumulates between 9-12 h [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF], we chose to carry out proteomic analysis at 12 h post DSB induction. Prior to carrying out phopshoproteomic analysis, MS analysis was carried out carried on a small fraction of the total peptide extract. This served as a quality control to ensure peptide detection, and was also used to determine whether changes in protein abundance were seen following DSB induction.

(A) (B)
We did not expect to see large changes in protein abundance at 12 h post DSB induction, and in general this was the case. In the INT data set, a total of 2457 were identified (Figure 4A), and only 12 of these showed a > 2 fold change in abundance following DSB induction. In the VSG up proteome, a total of 2646 proteins were identified (Figure 4B) and only 8 of which had a > 2 fold change in abundance following DSB induction. This confirms that the samples are enriched for peptides and large changes at the protein level are not seen following DSB induction. However, I did observe a notable downregulation of the ribosomal proteins in both the INT and VSG up proteomes (Figures 4A and4B).

Ribosomal proteins are important for the assembly of ribosomal subunits and also function as RNA chaperones [START_REF] Xu | The Role of Ribosomal Proteins in the Regulation of Cell Proliferation, Tumorigenesis, and Genomic Integrity[END_REF]. The specific down regulation of ribosomal genes observed here suggests that there a may be a global inhibition of protein translation in response to DNA damage, possibly associated with a cell cycle checkpoint.

An overview of the T. brucei DNA damage phosphoproteome.

Phosphorylated peptides are of low abundance in the total protein extract and an enrichment step was carried out by affinity purification on a TiO 2 column followed by elution in alkaline buffer [START_REF] Rappsilber | Protocol for Micro-Purification, Enrichment, Pre-Fractionation and Storage of Peptides for Proteomics Using StageTips[END_REF]). Individual phosphorylation sites can be identified by MS due to the addition of 80 Da to the peptide mass. For each phosphorylation site detected, a ratio is calculated that represents the abundance of the phosphorylated peptide in the DSB induced sample vs. the uninduced sample, which we refer to as DSB I/UI. A high ratio indicates that the phosphorylation site is enriched in the DSB induced sample and a low ratio indicates the phosphorylation site is more abundant in the uninduced sample. 2). This weak correlation is likely due to experimental inaccuracies upon mixing heavy and light labeled cells in a 1:1 ratio and loss of phosphopeptides during sample preparation. Data processing was carried out using MaxQuant [START_REF] Cox | Andromeda: A Peptide Search Engine Integrated into the MaxQuant Environment[END_REF][START_REF] Cox | MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein Quantification[END_REF] and in order to maximise the total number of phosphosites identified the 'match between runs' setting in MaxQuant was used which allows peptides that are present in one sample but not identified by MS in all samples to be identified by similarities in retention times and mass.

In total, we identified 6905 phosphorylation sites in the INT phosphproteome (Figure 5A) and 6540 for VSG up (Figure 5B). Of these sites, 5991 were common to both the INT and VSG up data sets and 914 and 549 sites were unique to the INT and VSG up , respectively (Figure 5C). I used γH2A as a positive control for the phosphoproteome analysis. In the INT phosphoproteome, we report an average of 5.39 fold increase in γH2A T131 (previously annotated as T130 excluding the initiator methionine [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF])) following DSB induction, and in response to a VSG up DSB we report 1.97 fold increase (Figure 5D). This confirms that we are able to detect DSB specific phosphorylation sites using quantitative phosphoproteomics.

In the INT phosphoproteome, phosphorylation sites were distributed across phospho serine (p S ), threonine (p T ) and tyrosine (p Y ) by 87.3%, 12.2 % and 0.4%, respectively and a similar distribution was seen in the VSG up data set with 87%, 12.5% and 0.5% respectively (Figure 6A). A global analysis of the T. brucei phosphoproteome previously found that the total modifications identified in the parasite were 80% p S , 17% p T and 3% p Y [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]. Our results therefore indicates that the large majority of DNA damage associated modifications are p S , with p T making a small contribution and p T under represented compared to the global phosphoproteome. 64.2 % of the INT and 64.6% of the VSG up of the phosphorylation sites were on peptides whose associated protein is annotated hypothetical or hypothetical conserved in the T. brucei genome (Figure 6B) reflecting the abundance of proteins with unknown function in the T. brucei genome. In order to identify the number of phosphosites that showed significant changes in phosphorylation a cut-off for phosphorylation of > 2 fold was set. In the INT dataset, 318 phosphorylation sites increased over > 2 fold and 130 sites increased for VSG up (Figure 6C). Interestingly, in both cell lines down regulation of phosphorylation sites made a bigger contribution than up regulated sites following DSB induction, with 457 phosphosites > 2 fold down regulated following an INT DSB and 359 for VSG up (Figure 6C). Indeed, 52% (3622/6905) of the total modifications identified in the INT data set were down regulated, and 55% (3600/6540) in the VSG up data set. Thus, de-phosphorylation makes a significant contribution to the T. brucei DSBR. the FDR at ≤ 0.01. Categorical enrichment was calculated using a Fischer's exact test with a FDR ≤ 0.01. We identified 128 significantly enriched phopshosites in the INT phosphoproteome, 107 of which were upregulated and 22 downregulated (Figure 7).

In the VSG up phosphoproteome 135 significant sites were identified, 65 of which were upregulated and 70 down regulated (Figure 7). Twenty-six sites were identified that were significantly enriched in both the INT and VSG up phosphoproteomes, however amongst these 26 phosphorylation sites the majority of these modifications occurred in opposite directions, with 21 sites upregulated in the INT, whilst only 3 of the 'common' phosphosites were upregulated in VSG up , with down regulation of phosphorylation making a bigger contribution to subtelomeric DSBR. Thus, a large proportion of the significantly enriched sites are locus specific, highlighting the compartmentalisation of the DSBR in trypanosomes.

Here I discuss three categories of significantly enriched phosphorylation sites identified in this study;

those that are enriched in both the INT and VSG up , enriched only in INT and only in VSG up . Tables containing all significantly enriched phosphorylation sites are found in the annex (Tables 3 and4). VSG up DSBs suggests that there could be changes to how mRNA in the cell is processed following DNA damage, however this requires further investigation.

T. brucei has four eukaryotic translation intitaion factor (eIF) 4E homologs [START_REF] Rezende | The Translation Initiation Complex EIF3 in Trypanosomatids and Other Pathogenic Excavates--Identification of Conserved and Divergent Features Based on Orthologue Analysis[END_REF] and we observed down regulation of two phosphorylation sites on eIF4E-4 (Tb927.6.1870) in response to both INT and VSG up DSBs. TbeIF4E-4 S114 phosphorylation decreased 2.84 fold in response to an INT DSB (p = 1.313 x 10 -4 ) and 2.52 fold decrease in response to a VSG up DSB (p= 5.11 x 10 -4 ). A second phosphorylation site, TbeIF4E-4, S102, also decreased by 2.52 fold in the VSG up data set (p= 5.290 x 10 -4 ) and had a substantial but not significant decrease following an INT DSB of 2.37 fold. The translation of processed mRNAs requires translation initiation factors, which stabilize the ribosome binding to the mRNA [START_REF] Sonenberg | Eukaryotic Translation Initiation Factors and Regulators[END_REF]. In humans, eIF4E binds to the mRNA cap and mediates translation initiation [START_REF] Gingras | EIF4 Initiation Factors: Effectors of MRNA Recruitment to Ribosomes and Regulators of Translation[END_REF] and is activated by MAPK phosphorylation [START_REF] Flynn | Serine 209, Not Serine 53, Is the Major Site of Phosphorylation in Initiation Factor EIF-4E in Serum-Treated Chinese Hamster Ovary Cells[END_REF][START_REF] Joshi | Phosphorylation of Eukaryotic Protein Synthesis Initiation Factor 4E at Ser-209[END_REF], whilst de-phosphorylation of eIF4E is associated with translation inhibition [START_REF] Bonneau | Involvement of the 24-KDa Cap-Binding Protein in Regulation of Protein Synthesis in Mitosis[END_REF]. Therefore, the down regulation of multiple TbeIF4E-4 phosphorylation sites in response to both INT and VSG up DSBs suggests a possible translation inhibition, which is supported by the observed down regulation of ribosomal proteins following a DSB (Figure 3A and3B).

We also identified a number of significantly changing modifications on RBPs, which bind RNA through a globular domain and affect the localization, translation efficiency, splicing and metabolism of the bound RNA [START_REF] Xu | Post-Translational Modification Control of RNA-Binding Protein HnRNPK Function[END_REF]. Three significantly enriched sites were identified on RBP9 (Tb927.11.12120), which is associated with post-transcriptional repression of gene expression in T.

brucei [START_REF] Erben | A Genome-Wide Tethering Screen Reveals Novel Potential Post-Transcriptional Regulators in Trypanosoma Brucei[END_REF][START_REF] Lueong | Gene Expression Regulatory Networks in Trypanosoma Brucei: Insights into the Role of the MRNA-Binding Proteome[END_REF]. All three RBP9 phosphosites were significantly down regulated in response to a DSB, with the phosphorylation of S111 and T112 decreasing by 11.54 fold in INT (p= 7.754 x 10 -8 ) and an 8.21 fold in VSG up (p= 5.081 x 10 -6 ), whilst the phosphorylation of S108 decreased by a 5.36 fold in the INT dataset (p= 2.566 x 10 -4 ) and 5.87 fold in VSG up (p= 5.576 x 10 -5 ).

Another protein with predicted RNA binding properties, the hypothetical conserved protein Tb927.11.9400 [START_REF] Erben | A Genome-Wide Tethering Screen Reveals Novel Potential Post-Transcriptional Regulators in Trypanosoma Brucei[END_REF]) was also significantly modified in response to DSBs however, interestingly, this protein was modified in opposing ways in response to a chromosome internal DSB, where S846 phosphorylation increased 7.65 fold (p = 5.35876 x 10 -7 ), and in contrast the same residue was down regulated 5.00 fold following a VSG up DSB (p= 4.3128 x 10 -4 ). Therefore, the function of this protein in the DSBR may be locus specific. There is growing evidence that RBPs play an important role in DSBR [START_REF] Bader | The Roles of RNA in DNA Double-Strand Break Repair[END_REF], and here we identify a number of DNA damage specific modifications on protein involved in RNA binding and metabolism, indicating that the translation machinery in the cell is intimately linked with DSBR in T. brucei.

Interestingly, structural proteins were also identified. In yeast, DNA DSBs are relocated to the nuclear envelope, which is thought to provide a perimissive environment for DSB repair [START_REF] Freudenreich | Relocalization of DNA Lesions to the Nuclear Pore Complex[END_REF]. We identified a modification of NUP-1 (Tb927. Given the extraordinarily large fold change in Tb927.9.10960 phosphorylation, we looked to see whether the site is identified upon individual analysis of the label swap and technical replicates prior to using the 'match between runs' setting MaxQuant, and found that the phospho-peptide was not
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In T. brucei a 39 nt SL-RNA is added to the 3' end of every mRNA [START_REF] Boothroyd | Transcripts Coding for Variant Surface Glycoproteins of Trypanosoma Brucei Have a Short, Identical Exon at Their 5' End[END_REF][START_REF] Campbell | Apparent Discontinuous Transcription of Trypanosoma Brucei Variant Surface Antigen Genes[END_REF][START_REF] Kooter | Discontinuous Synthesis of MRNA in Trypanosomes[END_REF][START_REF] Milhausen | Identification of a Small RNA Containing the Trypanosome Spliced Leader: A Donor of Shared 5' Sequences of Trypanosomatid MRNAs?[END_REF], and the final step in processing the SL-RNA is carried out by sn RNA incomplete 3' processing (SNIP) which has 3' to 5' exonucelase activity and removes the oligo- γH2A is sown as green triangle. Tb927.9.10960 S5 is not shown. (B) Significantly changing phosphorylation sites in the VSG up phosphoproteome, with details as described in (A). CPC1 (Tb927.6.4820) S171 is not shown. U 3' extension of the SL-RNA [START_REF] Zeiner | 3'-End Polishing of the Kinetoplastid Spliced Leader RNA Is Performed by SNIP, a 3'-->5' Exonuclease with a Motley Assortment of Small RNA Substrates[END_REF]. Following an INT DSB, SNIP S52 phosphorylation increased by 3.22 fold (p= 3.43037 x 10 -4 )(Figure 8A), whilst a negligible change was seen at the same position in response to a VSG up DSB (1.02 fold change). We also observed an increase in phosphorylation of the putative RNA binding protein, Tb927.8.4170, which contains 5 predicted RNA binding domains (InterPro [START_REF] Blum | The InterPro Protein Families and Domains Database: 20 Years On[END_REF]). The phosphorylation of Tb927.8.4170 at S165 is upregulated 7.55 fold following an INT DSB (p= 6.16815 x 10 -14 )(Figure 8A), and is not identified in the VSG up phosphoproteome. Therefore, proteins in both the 'common' and 'INT only' categories show evidence of the involvement of RNA interacting factors in the T. brucei DSBR.

The majority of significant enriched phosphorylation sites following an INT DSB are upregulated (Figure 7). It is therefore of note that the phosphorylation of the serine/ threonine protein kinase NEK17 (Tb927.10.5950) is significantly enriched in response to an INT DSB. Two sites on NEK17, S197 and T195, increase by 6.14 fold in response to an INT DSB (p= 6.13622 x 10 -8 )(Figure 8A), with an insignificant change seen in response to a VSG up DSB (1.08 fold increase). NEK1 is involved in early sensing of DNA damage where it is important for check point control following DNA damage and has been shown to function independently of ATM and ATR in the DDR [START_REF] Chen | Nek1 Kinase Functions in DNA Damage Response and Checkpoint Control through a Pathway Independent of ATM and ATR[END_REF] . Therefore, the NEK17 kinase is a possible candidate for implementing phosphorylation marks that are specific to INT DSBR.

(iii) Phosphorylation sites enriched in VSG up

In total, I identified 110 significantly changing phosphorylation sites that are specific to a VSG up DSB (Figure 8B), and these sites are particularly interesting given their potential involvement in antigenic variation. The protein that showed the greatest fold change in this category was chromosome passenger complex 1 (CPC1) (Tb927.6.4820) S171, which was upregulated 132.40 fold in response to a telomeric DSB (p= 1.5668 x 10 -100 ), and this modification was not observed in response to an INT DSB. In T. brucei, CPC1 is a regulator of cytokinesis that localises to the nucleus [START_REF] Goos | The Nuclear Proteome of Trypanosoma Brucei[END_REF][START_REF] Li | Identification of a Novel Chromosomal Passenger Complex and Its Unique Localization during Cytokinesis in Trypanosoma Brucei[END_REF] and was identified by affinity purification with known components of the CPC complex [START_REF] Li | Identification of a Novel Chromosomal Passenger Complex and Its Unique Localization during Cytokinesis in Trypanosoma Brucei[END_REF].

T. brucei CPC1 has no known sequence similarity with the CPC of yeast or metazoans, and RNAi knockdown disrupts chromosome segregation, spindle assembly and cytokinesis [START_REF] Li | Identification of a Novel Chromosomal Passenger Complex and Its Unique Localization during Cytokinesis in Trypanosoma Brucei[END_REF]). CPC1 is involved in cell cycle regulation, with RNAi knockdown leading cells with greater than double diploid DNA content [START_REF] Marques | Genome-Scale Functional Profiling of Cell Cycle Controls in African Trypanosomes[END_REF]. It is therefore possible that CPC1 is involved in chromosome organization following a VSG up DSB and it would be an interesting candidate to follow up.

Amongst the VSG up specific sites we report the down regulation of the hypothetical conserved nucleolar protein NOP86 (Tb927.9.2470). In T. brucei, NOP86 is involved in regulation of mitosis (Li Results Chapter 1: The T. brucei DNA damage phosphoproteome 81 2012) and its localisation is cell cycle regulated, with the protein localising to the nucleolus in G1 cells and to the mitotic spindle in during mitosis [START_REF] Boucher | An Essential Cell Cycle-Regulated Nucleolar Protein Relocates to the Mitotic Spindle Where It Is Involved in Mitotic Progression in Trypanosoma Brucei[END_REF]). TbNOP86 is required for mitotic progression and upon depletion cells accumulate in the G2/M stage of the cell cycle, and in BSF cells depletion is also associated with a growth inhibition [START_REF] Boucher | An Essential Cell Cycle-Regulated Nucleolar Protein Relocates to the Mitotic Spindle Where It Is Involved in Mitotic Progression in Trypanosoma Brucei[END_REF]). We identified a specific down regulation of NOP86 S692 in response to a VSG up DSB (3.82 fold decrease, p= 3.48274 x 10 -7 )(Figure 8B), whilst in the INT cell line a substantial but not significant increase of 2.7 fold was observed. Post translational modifications have previously been proposed on NOP86 owing to large differences between the predicted and observed molecular weight of the protein [START_REF] Boucher | An Essential Cell Cycle-Regulated Nucleolar Protein Relocates to the Mitotic Spindle Where It Is Involved in Mitotic Progression in Trypanosoma Brucei[END_REF], and the novel phosphorylation site identified here likely corresponds to the proposed modification.

We also identified significant modifications of proteins involved in DNA replication and translation in response to subtelomeric DSBs. The eukaryotic translation initiation factor 3 (eIF3) is the largest eIF and consists of up to 13 polypeptides and in humans, interacting with the 40s ribosomal subunit to form the 43s pre-initiation complex [START_REF] Kolupaeva | Binding of Eukaryotic Initiation Factor 3 to Ribosomal 40S Subunits and Its Role in Ribosomal Dissociation and Anti-Association[END_REF]. The eIF3 beta subunit is conserved amongst eukaryotes [START_REF] Rezende | The Translation Initiation Complex EIF3 in Trypanosomatids and Other Pathogenic Excavates--Identification of Conserved and Divergent Features Based on Orthologue Analysis[END_REF]) and we identified a significant increase in phosphorylation of the T. brucei eIF subunit b (eIF3B) (Tb927.5.2570) at S624 (15.87 fold increase, p= 3.48274 x 10 -7 )(Figure 8B) and the modification of the site not identified in the INT dataset. This suggests there may be changes to translation in the cell that are specific to subtelomeric DSBR. We also report a significant increase Primase 2 (Tb927.1.4010) phosphorylation, an RNA polymerase that synthesises short RNA molecules used as primers for DNA polymerase, and is important for DNA replication [START_REF] Griep | Primase Structure and Function[END_REF]. T. brucei contains two DNA primases that are implicated in mitochondrial DNA replication [START_REF] Hines | A Second Mitochondrial DNA Primase Is Essential for Cell Growth and Kinetoplast Minicircle DNA Replication in Trypanosoma Brucei[END_REF], and we identified a specific upregulation of one of these, Primase 2, at S141, which is 14.14 fold upregulated in response to a VSG up DSB (p= 5.20713 x 10 -23 ), and this modification is not identified in response to an INT DSB. In T. brucei, PrimPol like proteins (PPL) have been implicated in post replication tolerance to the DDR [START_REF] Rudd | PPL2 Translesion Polymerase Is Essential for the Completion of Chromosomal DNA Replication in the African Trypanosome[END_REF], however the primase identified here is a mitochondrial primase, and it is unclear why a mitochondrial protein would be modified in response to a DSB in the subtelomeric regions of a megabase chromosome. However, it implies that there is a global response to DNA damage, and moreover that this global response is locus specific. All four of the modifications in the subtelomeric category discussed here are novel modifications that were not previously identified in a global analysis of the T. brucei phosphoproteome (Benz and Urbaniak 2019;[START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]. Therefore, these sites are likely highly specific to DNA damage at the VSG up DSB. 
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. There was a notable absence amongst the VSG up data set for GO terms associated classical DNA repair processes, and this may reflect mechanistic differences between VSG up DSBR compared to canonical repair at a chromosome internal site.

Phosphorylation of DNA damage proteins GO term enrichment showed that DDR proteins were significantly enriched in the INT phopshoproteome, and we were interested to identify modifications on known DNA repair proteins. So far in this chapter, I have only discussed proteins whose phosphosites are identified as significantly enriched by statistical testing, which is identified if a large proportion of the peptides of the given protein in the cell are (de)phosphorylated following a DSB. Therefore, multifunctional proteins may not be categorised as significant if only a proportion of the total protein the cell is modified in response to a single DSB. We therefore expanded our search parameters beyond the 211 significantly enriched sites and looked for proteins with a known role in the DDR, and the phosphoproteins discussed here are shown in Figure 10.

A number of phosphorylation sites of interest were identified on the major ssDNA binding protein in eukaryotes, the heterotrimeric RPA complex that consists of RPA-1, RPA-2 and RPA-3. We identified two sites on RPA-1 (Tb927.11.9130) the single stranded DNA binding component of the complex [START_REF] Byrne | Replication Protein A, the Laxative That Keeps Bibliography 161 DNA Regular: The Importance of RPA Phosphorylation in Maintaining Genome Stability[END_REF]. RPA-1 S5 increased by 2.77 fold and 1.31 fold in response to INT and VSG up DSB, respectively whilst the second site, RPA-1 S43, increased significantly in response to an INT DSB (6.10 fold increase p= 9.69803 x 10 -9 ), and a 1.70 fold increase was observed for a VSG up DSB. Given the central role of RPA-1 in DNA metabolism in the cell, these sites were chosen for experimental validation and are covered in detail in results chapter 2. In mammals and yeast, the Nterminus of RPA-2 is hyper phosphorylated by ATR in response to a DSB [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF][START_REF] Vassin | Human RPA Phosphorylation by ATR Stimulates DNA Synthesis and Prevents SsDNA Accumulation during DNA-Replication Stress[END_REF]). This hyperphosphorylation increases the affinity of RPA-2 for RAD51 [START_REF] Wu | Preferential Localization of Hyperphosphorylated Replication Protein A to Double-Strand Break Repair and Checkpoint Complexes upon DNA Damage[END_REF]) and promotes repair by HR 2010 [START_REF] Shi | The Role of RPA2 Phosphorylation in Homologous Recombination in Response to Replication Arrest[END_REF]. We identified only one phosphorylation site on RPA-2, S4, which showed a moderate up regulation of 1.45 and 1.82 fold in response to INT and VSG up DSBs, respectively. Therefore, our data suggests that the N-terminus of RPA-2 is not hyperphosphorylated at 12 h post DSB induction. RPA-2 N-terminal phosphorylation is associated with 

2019).

Histone modifications play a key role in the DDR, regulating access to associated chromatin and signaling for DNA damage [START_REF] Van | Histone Modifications and the DNA Double-Strand Break Response[END_REF]. γH2AX in mammals is a widely studied early marker of DNA damage that concentrates DDR proteins around the DSB site [START_REF] Foster | Histone H2A Phosphorylation in DNA Double-Strand Break Repair[END_REF][START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. The phosphoryaltion of H2A is conserved from mammals to yeast, and occurs at the serine residue four residues away from the carboxyl terminus within a conserved S/T-Q motif that is associated with DNA damage [START_REF] Redon | Histone H2A Variants H2AX and H2AZ[END_REF][START_REF] Rogakou | DNA Double-Stranded Breaks Induce Histone H2AX Phosphorylation on Serine 139[END_REF]. We observe robust phosphorylation of T. brucei γH2A (T131) in response to DSB induction by both IFA (Figure 3B) and mass spectrometry (Figure 5D). Interestingly, we also identified a further two modifications on the H2A C-terminus by MS. S133 phosphorylation increased significantly in response to both an INT (5.39 fold increase, p= 2.0283 x 10 -6 ) and VSG up DSB (1.97 fold increase, p=1.3392 x 10 -3 ). S133 lies on the same peptide as T131 and the two sites show the same fold change in response to DNA damage. The MaxQuant score for localization for both sites is 1, indicating high confidence in the allocation of the phosphorylation site, however in order ensure correct allocation of the S133 modification we looked at the tandem mass spectral data for the peptide that harbours both T131 and S133. Individual phosphorylation events are detected on fragments harbouring exclusively T131 or S133, confirming that both sites are phosphorylated (Figure 11A). Both T131 and S133 are conserved amongst trypanosomatids (Figure 11B) and given that both sites are abundantly phosphorylated in response to DNA damage, the question is raised over which site is the analogous phosphorylation site to mammalian γH2AX. Given that T131 lies four residues from the C terminus of H2A, we propose that T131 is the analogous modification however, whether there is interdependency between the two sites requires further investigation. We also identified a third phosphorylation site on the H2A tail, S113, which is 3.16-fold upregulated in response to an INT DSB and 1.38-fold in VSG up . H2A S113 is conserved in T.

cruzi but not leishmania (Figure 11B) indicating that there are lineage specific modifications to the histone tail, which may have important implications for DSBR. Phosphorylation sites beyond the canonical γH2A have also been identified in other organisms. In mammals, the γH2AX modification occurs at S139 however T136 is also phosphorylated to a lesser extent in response to a DSB [START_REF] Redon | Histone H2A Variants H2AX and H2AZ[END_REF], and other phosphorylation sites on the histone tail have also been shown to be involved in the mammalian response to DNA damage [START_REF] Xie | H2AX Post-Translational Modifications in the Ionizing Radiation Response and Homologous Recombination[END_REF]). In S. cerevisiae, systematic mutation of the histone tail identified three 133 127 The ATR kinase is a master regulator of the DDR, orchestrating the signaling pathways for DNA repair [START_REF] Maréchal | DNA Damage Sensing by the ATM and ATR Kinases[END_REF]. Here, we identify a novel dephosphorylation event on TbATR (Tb927.11.14680) at S696 in VSG up (1.67 fold decreased), but not detected in the INT cell line. TbATR is required to recruit RAD51 to sites of DNA damage, and is involved in replication fork stalling and progression through S phase [START_REF] Marin | ATR Kinase Is a Crucial Player Mediating the DNA Damage Response in Trypanosoma Brucei[END_REF]. In humans ATR is activated by autophosphorylation [START_REF] Liu | ATR Autophosphorylation as a Molecular Switch for Checkpoint Activation[END_REF], and it is therefore interesting that here we observe dephosphorylation suggesting a deactivation of the kinase in response to a VSG up DSB. In T. brucei, the loss of ATR causes increased genome instability, VSG switching and disrupts transcriptional silencing of BES associated VSGs [START_REF] Black | Trypanosoma Brucei ATR Links DNA Damage Signaling during Antigenic Variation with Regulation of RNA Polymerase I-Transcribed Surface Antigens[END_REF]) and these results suggest that the specific role of TbATR in subtelomeric DSBR could be mediated by de phosphorylation.
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DSBs are sensed by the MRN complex and upon detection of the DSB, ATP binds to the RAD50 component of the complex which initiates a conformation change, tethering and causing ATM activation [START_REF] Hopfner | Structural Biology of Rad50 ATPase: ATP-Driven Conformational Control in DNA Double-Strand Break Repair and the ABC-ATPase Superfamily[END_REF]. In mammals RAD50 is phosphorylated by ATM at position 635, which is important for DSBR and damage signaling [START_REF] Gatei | ATM Protein-Dependent Phosphorylation of Rad50 Protein Regulates DNA Repair and Cell Cycle Control[END_REF]). We identify a modest down regulation of RAD50 phosphorylation at position S296, which decreases by 1.14 and 1.32 following INT and VSG up DSBs, respectively. Our findings therefore suggest that RAD50 phosphorylation is not required at 12 h post DSB induction in T. brucei. Following DSB sensing by the MRN complex, RAD51 is delivered to the site of DNA damage by BRCA2 where it forms nucleofilaments on ssDNA [START_REF] Son | Homologous Recombination Defects and How They Affect Replication Fork Maintenance[END_REF]). In T.

brucei, BRCA2 is essential for both HR and antigenic variation [START_REF] Hartley | Trypanosoma Brucei BRCA2 Acts in Antigenic Variation and Has Undergone a Recent Expansion in BRC Repeat Number That Is Important during Homologous Recombination[END_REF][START_REF] Trenaman | Trypanosoma Brucei BRCA2 Acts in a Life Cycle-Specific Genome Stability Process and Dictates BRC Repeat Number-Dependent RAD51 Subnuclear Dynamics[END_REF]. We identified four phosphorylation sites on TbBRCA2 (Tb927.1.640) that are each moderately down regulated in response to DNA damage. BRCA2 S48 phosphorylation is 1.71 fold down regulated in response to a VSG up DSB and is not detected in INT, whilst BRCA2 S750 phosphorylation is down regulated in both INT and VSG up by 1.83 and 1.22 fold, respectively. Two adjacent serine's are modified at the C-terminus of BRCA2, S1429 and S1430 and whilst no notable change in phosphorylation is observed in response to an INT DSB (1.0 fold change), a 1.25 fold down regulation occurs in response to a VSG up DSB. In humans BRCA2 C-terminal phosphorylation mediates RAD51 release at sites of DNA damage [START_REF] Davies | Interaction with the BRCA2 C Terminus Protects RAD51-DNA Filaments from Disassembly by BRC Repeats[END_REF] and it is possible that the dephosphorylation of the TbBRCA2 C-terminus identified here may therefore restrict RAD51 release and limit HR in response to a VSG up DSB. Here, only a handful of the total protein modifications have been disussed. Phosphorylation sites were also identified on chromatin remodeling factors and components of the T. brucei telomere complex that have been shown to be important in antigenic variation and monoallelic expression (Annex figure 5). Ultimately, experimental validation the phosphorylation sites identified here will reveal key insights into how these modifications govern the DSBR in T. brucei and other eukaryotes.

Discussion

In this chapter, I have used SILAC quantitative phosphoproteomics to characterise the T.brucei DSB phosphoproteome in response DSBs targeted at both chromosome internal and subtelomeric loci. SILAC experiments require specialised growth medium, and in our hands parasite growth was severely compromised in the commercially available SILAC IMDM (ThermoScientific). I was able to proceed by switching to the use of SILAC HMI-9 medium, produced by Gibco, a kind gift from Dr. Urbaniak (Lancaster University). Therefore alternative approaches must be taken for future quantitative phosphoproteomic experiments such as label free quantification (LFQ), which measures samples individually and the resulting MS read outs are compared [START_REF] Cox | Accurate Proteome-Wide Label-Free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ[END_REF] or tandem mass tagging (TMT) [START_REF] Dayon | Relative Quantification of Proteins in Human Cerebrospinal Fluids by MS/MS Using 6-Plex Isobaric Tags[END_REF]) which requires the covalent labeling of peptides after extraction. Both techniques circumvent the need for specialised culture medium, provide the potential to multiplex multiple samples and have been successfully used in T. brucei [START_REF] Crozier | Proteomic Analysis of the Cell Cycle of Procylic Form Trypanosoma Brucei[END_REF][START_REF] Dejung | Quantitative Proteomics Uncovers Novel Factors Involved in Developmental Differentiation of Trypanosoma Brucei[END_REF].

Therefore, LFQ or TMT would provide good alternatives for future quantitative proteomic analysis in T. brucei given the challenges observed here with growth.

Proteomic analysis revealed that following a DSB in trypanosomes ribosomal proteins are down regulated. A similar phenomenon has been described in human cells where phosphorylation of eIF2a halts translation following a DSBs via ribosome remodeling [START_REF] Riepe | Double Stranded DNA Breaks and Genome Editing Trigger Ribosome Remodeling and Translational Shutdown[END_REF], whilst exposure of mouse embryonic fibroblasts to global DNA damage results in transcriptional silencing in the nucleolus [START_REF] Kruhlak | The ATM Repair Pathway Inhibits RNA Polymerase I Transcription in Response to Chromosome Breaks[END_REF]. Therefore, the down regulation of ribosomal proteins identified here may be a result of the cross talk between the nucleolus and the DDR, as has been observed in other organisms [START_REF] Ogawa | Crosstalk between the Nucleolus and the DNA Damage Response[END_REF].

Analysis of the DNA damage phosphoproteome identified the involvement of RBPs in DSBR.

RBPs bind RNA through a globular domain and are involved in RNA localization, translation and processing the localization [START_REF] Xu | Post-Translational Modification Control of RNA-Binding Protein HnRNPK Function[END_REF]) and are regulated by PTMs [START_REF] Lee | Post-Translational Modifications of RNA-Binding Proteins and Their Roles in RNA Granules[END_REF]. Phosphoproteomic studies of the DNA damage response in human cells have also identified enrichment of proteins with RNA binding capacity [START_REF] Bennetzen | Site-Specific Phosphorylation Dynamics of the Nuclear Proteome during the DNA Damage Response[END_REF][START_REF] Matsuoka | ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage[END_REF]) and a number of RBPs have been shown to have a dual role in both RNA binding and the DDR. For example, the KU70-80 heterodimer senses DSBs in yeast and humans [START_REF] Peterson | The Function of a Stem-Loop in Telomerase RNA Is Linked to the DNA Repair Protein Ku[END_REF][START_REF] Stellwagen | Ku Interacts with Telomerase RNA to Promote Telomere Addition at Native and Broken Chromosome Ends[END_REF]), yet also binds the RNA component of telomerase to maintain telomere length [START_REF] Ting | Human Ku70/80 Interacts Directly with HTR, the RNA Component of Human Telomerase[END_REF], with the DNA and RNA binding capacity of the heterodimer mediated by distinct domains [START_REF] Anisenko | Bibliography 156 "Human Ku70 Protein Binds Hairpin RNA and Double Stranded DNA through Two Different Sites[END_REF]. Such is the emerging evidence for the roles of RBPs in the DDR that a new class of proteins has been defined, the DNA damage response RNA binding proteins (DDRBPs) [START_REF] Dutertre | DNA-Damage Response RNA-Binding Proteins (DDRBPs): Perspectives from a New Class of Proteins and Their RNA Targets[END_REF]. Some of these brucei [START_REF] Briggs | Genome-Wide Mapping Reveals Conserved and Diverged R-Loop Activities in the Unusual Genetic Landscape of the African Trypanosome Genome[END_REF] and it is possible that some of the RBPs identified here supress Rloop formation following DSB induction. However, it is of note that in yeast R-loop formation is an important part of efficient HR [START_REF] Keskin | Transcript-RNA-Templated DNA Recombination and Repair[END_REF][START_REF] Ohle | Transient RNA-DNA Hybrids Are Required for Efficient Double-Strand Break Repair[END_REF]), and it is also possible that RBPs assist in productive R-loop formation that contributes to DSBR. We have shown here that RBPs play an important role in T. brucei DSBR.

I identified specific de phosphorylation of BRCA2 following a VSG up DSB. In humans BRCA2 Cterminal phosphorylation mediates RAD51 release at sites of DNA damage [START_REF] Davies | Interaction with the BRCA2 C Terminus Protects RAD51-DNA Filaments from Disassembly by BRC Repeats[END_REF] and the dephosphorylation of BRCA2 in VSG up points to a restriction of HR progression. Both HAT3 [START_REF] Glover | Locus-Specific Control of DNA Resection and Suppression of Subtelomeric VSG Recombination by HAT3 in the African Trypanosome[END_REF] and MRN [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) have been shown to restrict HR at the BES through impeding resection of ssDNA and it is possible that the TbBRCA2 C-terminus also restricts HR in response to a VSG up DSB in a phosphorylation dependent manner. It is of note that only small fold changes were associated with the modifications of BRCA2 that were not statistically significant.

Therefore, caution must be taken in over interpreting these values as they may not be DSB specific.

However given that BRCA2 has roles outside of DSBR in T. brucei [START_REF] Trenaman | Trypanosoma Brucei BRCA2 Acts in a Life Cycle-Specific Genome Stability Process and Dictates BRC Repeat Number-Dependent RAD51 Subnuclear Dynamics[END_REF], only a small proportion of the BRCA2 pool within the cell may be modified in response to a single DSB.

The phosphorylation status of a given protein is a dynamic equilibrium balanced by the actions of protein kinases and protein phosphatases. In this study, over half of the phosphorylation sites identified were down regulated in the DSB induced sample, highlighting the importance of protein phosphatases in the T. brucei DDR. In human cells, phosphoproteomic analysis of the DSBR revealed that approximately one third of the total sites identified are dephosphorylated in response to a DSB [START_REF] Bennetzen | Site-Specific Phosphorylation Dynamics of the Nuclear Proteome during the DNA Damage Response[END_REF][START_REF] Bensimon | ATM-Dependent and -Independent Dynamics of the Nuclear Phosphoproteome after DNA Damage[END_REF]. Interestingly, many of these events occur rapidly in response to a DSB signifying that de-phosphorylation is involved in the DDR cycle [START_REF] Bennetzen | Site-Specific Phosphorylation Dynamics of the Nuclear Proteome during the DNA Damage Response[END_REF]. Indeed, ATM is both activated and suppressed by dephosphorylation at different residues [START_REF] Ali | Requirement of Protein Phosphatase 5 in DNA-Damage-Induced ATM Activation[END_REF][START_REF] Shimada | Response to DNA Damage: Why Do We Need to Focus on Protein Phosphatases?[END_REF]. It is of note that dephosphorylation was particularly highly represented in VSG up , accounting for 51% of enriched modifications, indicating that dephosphorylation plays a particularly important role at the subtelomeric locus. Further investigation is required to identify whether these dephosphorylation events activate or supress the activity of DDR proteins, and how these modifications are altered throughout the progression of the DDR.

A number of proteins have previously been shown to have locus specific involvements in the T.

brucei DDR (Glover and Horn 2014a;[START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF], and here we demonstrate that several phosphorylation events are unique to each site. Further, we identify protein residues that are modified in The use of quantitative proteomics to study how these PTMs mediate the DDR will be an interesting avenue for future research. This study is the first DNA damage phosphoproteome in T. brucei, and we have identified an abundance of novel proteins involved in the DDR. Validation of candidate phosphorylation sites from this dataset will provide key insights into the protein modifications that govern both DSBR and antigenic variation in T. brucei.

Results Chapter 2: Characterisation of two

RPA-1 phosphorylation sites involved T. brucei DSB repair

Introduction

Considered the guardian of the genome, Replication Protein A (also known as Replication Factor A in budding yeast) is the major eukaryotic ssDNA binding complex [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF]. The heterotrimeric complex consists of three subunits called RPA-1, RPA-2 and RPA-3 and plays a role in diverse cellular functions including cell cycle regulation [START_REF] Dodson | DNA Replication Defects, Spontaneous DNA Damage, and ATM-Dependent Checkpoint Activation in Replication Protein A-Deficient Bibliography 165 Cells[END_REF][START_REF] Kim | Rfc4 Interacts with Rpa1 and Is Required for Both DNA Replication and DNA Damage Checkpoints in Saccharomyces Cerevisiae[END_REF], telomere maintenance [START_REF] Luciano | RPA Facilitates Telomerase Activity at Chromosome Ends in Budding and Fission Yeasts[END_REF][START_REF] Salas | Human Replication Protein A Unfolds Telomeric G-Quadruplexes[END_REF][START_REF] Schramke | RPA Regulates Telomerase Action by Providing Est1p Access to Chromosome Ends[END_REF][START_REF] Smith | Characterization of Genetic Interactions with RFA1: The Role of RPA in DNA Replication and Telomere Maintenance[END_REF], DNA repair, DNA replication and DNA recombination [START_REF] Fanning | A Dynamic Model for Replication Protein A (RPA) Function in DNA Processing Pathways[END_REF][START_REF] Iftode | Replication Protein A (RPA): The Eukaryotic SSB[END_REF][START_REF] Wold | Replication Protein A: A Heterotrimeric, Single-Stranded DNA-Binding Protein Required for Eukaryotic DNA Metabolism[END_REF]). All of these processes share the common feature of a ssDNA intermediate, which RPA binds to and stabilises with subnanomolar affinity [START_REF] Chen | Replication Protein A: Single-Stranded DNA's First Responder: Dynamic DNA-Interactions Allow Replication Protein A to Direct Single-Strand DNA Intermediates into Different Pathways for Synthesis or Repair[END_REF][START_REF] Salas | Human Replication Protein A Unfolds Telomeric G-Quadruplexes[END_REF], protecting the ssDNA from nuclease degradation and providing a platform for the binding of other factors involved in DNA repair, replication and damage signaling [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF]. In the DNA damage response (DDR) the RPA complex coats the ssDNA intermediate that forms following DNA resection and prevents illegitimate cross overs and aberrant tertiary structures forming [START_REF] Deng | Replication Protein A Prevents Promiscuous Annealing between Short Sequence Homologies: Implications for Genome Integrity[END_REF]. The interaction with ssDNA occurs via multiple oligonucleotide/oligosaccharide-binding (OB) folds, also known as DNA-binding domains (DBDs) [START_REF] Bochkarev | From RPA to BRCA2: Lessons from Single-Stranded DNA Binding by the OB-Fold[END_REF], which consist of beta sheets that wrap around ssDNA as a beta barrel structure [START_REF] Bochkarev | The Crystal Structure of the Complex of Replication Protein A Subunits RPA32 and RPA14 Reveals a Mechanism for Single-Stranded DNA Binding[END_REF]). RPA-ssDNA binding is largely mediated through the largest subunit of the complex, RPA-1, which in humans and yeast contains 4 DNA binding domains (DBD-A -C and DBD-F) and whilst each RPA-1 domain individually binds to ssDNA [START_REF] Bochkarev | Structure of the Single-Stranded-DNA-Binding Domain of Replication Protein A Bound to DNA[END_REF][START_REF] Fan | Structure and Conformational Change of a Replication Protein A Heterotrimer Bound to SsDNA[END_REF], DBD-A and DBD-B make the largest contribution to the interaction as they form the central channel for ssDNA binding [START_REF] Arunkumar | Independent and Coordinated Functions of Replication Protein A Tandem High Affinity Single-Stranded DNA Binding Domains[END_REF][START_REF] Wyka | Replication Protein A Interactions with DNA: Differential Binding of the Core Domains and Analysis of the DNA Interaction Surface[END_REF]. The N terminal DBD, DBD-F, is important for DNA repair, cell cycle regulation [START_REF] Kim | Rfc4 Interacts with Rpa1 and Is Required for Both DNA Replication and DNA Damage Checkpoints in Saccharomyces Cerevisiae[END_REF][START_REF] Longhese | The 70 KDa Subunit of Replication Protein A Is Required for the G1/S and Intra-S DNA Damage Checkpoints in Budding Yeast[END_REF][START_REF] Umezu | Genetic Analysis of Yeast RPA1 Reveals Its Multiple Functions in DNA Metabolism[END_REF]) and interactions with RPA-2 and other proteins [START_REF] Binz | Regulatory Functions of the N-Terminal Domain of the 70-KDa Subunit of Replication Protein A (RPA)[END_REF]. The activity of the RPA complex is mediated by kinases that are recruited to the RPA-ssDNA complex and then phosphorylate specific residues. The dynamic interaction of RPA-1 with Results Chapter 2: Characterisation of two RPA-1 phosphorylation sites involved T. brucei DSB repair 93 ssDNA is mediated by the phosphorylation of RPA-1 at S178 [START_REF] Yates | A Structural and Dynamic Model for the Assembly of Replication Protein A on Single-Stranded DNA[END_REF], whilst the hyper phosphorylation of the N terminus of RPA-2 by ATM/ATR and DNA PK's occurs in response to DNA damage and is associated with the HR DNA repair pathway and the maintenance of genome integrity [START_REF] Shi | The Role of RPA2 Phosphorylation in Homologous Recombination in Response to Replication Arrest[END_REF].

The RPA complex plays a central role in cell metabolism and DNA replication, and homologs have been identified in all eukaryotes studied [START_REF] Wold | Replication Protein A: A Heterotrimeric, Single-Stranded DNA-Binding Protein Required for Eukaryotic DNA Metabolism[END_REF]. In trypanosomatids, RPA-1 and RPA-2 homologs have been experimentally validated and a potential RPA-3 candidate identified but awaits experimental validation [START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF]Silva, Pavani, et al. 2017). In trypanosomatids, like in metazoans, the RPA-1 subunit of the complex is responsible for ssDNA binding. One major distinction between human and trypanosomatid RPA-1 is the presence of only 3 OB fold domains known and OB1, OB2 and OB3, with the N terminal DBD-F absent [START_REF] Brown | Conservation of Structure and Function of DNA Replication Protein A in the Trypanosomatid Crithidia Fasciculata[END_REF][START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF], however this does not restrict the involvement in the DDR and RPA-1 foci form in response to DNA damage in trypanosomatids [START_REF] Marin | Recruitment Kinetics of the Homologous Recombination Pathway in Procyclic Forms of Trypanosoma Brucei after Ionizing Radiation Treatment[END_REF][START_REF] Silva | Consequences of Acute Oxidative Stress in Leishmania Amazonensis: From Telomere Shortening to the Selection of the Fittest Parasites[END_REF][START_REF] Silveira | The Natural Absence of RPA1N Domain Did Not Impair Leishmania Amazonensis RPA-1 Participation in DNA Damage Response and Telomere Protection[END_REF]).

OB1 has emerged as the central component for ssDNA binding in trypanosomes, with the single domainpre alone shown to bind ssDNA with a high affinity [START_REF] Neto | Leishmania Replication Protein A-1 Binds in Vivo Single-Stranded Telomeric DNA[END_REF][START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF].

Like other eukaryotes, trypanosomatid RPA-1 has a high affinity for telomeric repeats and L. amazonensis RPA-1 (LaRPA-1) was pulled down in affinity chromatography experiments using telomeric ssDNA as the bait [START_REF] Fernández | Identification of Three Proteins That Associate in Vitro with the Leishmania (Leishmania) Amazonensis G-Rich Telomeric Strand[END_REF]) and T. cruzi RPA-1 has also been shown to have a high affinity for telomeric sequences [START_REF] Pavani | Replication Protein A-1 Has a Preference for the Telomeric G-Rich Sequence in Trypanosoma Cruzi[END_REF]). In T. brucei, RPA-2 is enriched at the telomeric DNA [START_REF] Reis | TelAP1 Links Telomere Complexes with Developmental Expression Site Silencing in African Trypanosomes[END_REF]. Trypanosomatids do not have any identified homologs of the telomere maintenance CST complex (Cdc13/Ctc1, Stn1, Ten1) [START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Rice | Structure and Function of the Telomeric CST Complex[END_REF], and given that telomere interacting proteins commonly contain OB fold domains [START_REF] Linger | Conservation of Telomere Protein Complexes: Shuffling through Evolution[END_REF], it has been proposed that RPA-1 acts as a telomere binding protein in L. amazonensis [START_REF] Fernandes | A Multi-Approach Analysis Highlights the Relevance of RPA-1 as a Telomere End-Binding Protein (TEBP) in Leishmania Amazonensis[END_REF].

The activity of the RPA complex is mediated by phosphorylation and several phosphorylation sites have been predicted on Leishmania braziliensis RPA-1, which is the subunit responsible for mediating ssDNA interactions [START_REF] Nocua | Leishmania Braziliensis Replication Protein A Subunit 1: Molecular Modelling, Protein Expression and Analysis of Its Affinity for Both DNA and RNA[END_REF]). In T. brucei a single RPA-1 phosphorylaton site was identified in proteomic screens [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]) and a DNA damage specific PTM proposed in T. brucei RPA-1 following ionizing radiation induced DNA damage [START_REF] Marin | Recruitment Kinetics of the Homologous Recombination Pathway in Procyclic Forms of Trypanosoma Brucei after Ionizing Radiation Treatment[END_REF]). However, none of these phosphorylation sites have been experimentally validated and little is known about how phosphorylation mediates the interaction between RPA-1 and ssDNA. In our DNA repair phosphoproteomic screens we identified two DSB associated phosphorylation sites on T. brucei RPA-1. Here, we validate these phosphorylation sites experimentally through the generation of phosphorylation-null mutants. We find that one site, RPA-1 S43 P is essential for cell survival, whilst a second site, RPA-1 S5 P , restricts ssDNA accumulation at a chromosome internal locus but promotes resection at a subtelomeric locus.

Results

T. brucei RPA-1 is recruited to sites of DNA damage Phosphoproteomic analysis of the T. brucei DNA damage response identified two DNA damage associated phosphorylation sites on RPA-1: S5 phosphorylation (RPA-1 S5 P ) and RPA-1 S43 phosphorylation (RPA-1 S43 P ). RPA-1 S5 P was previously identified in a global phopshoproteomic analysis [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]) and we reported an average fold change in phosphorylation of 2.77 and 1.31 in response to DSBs induced in the INT and VSG up cell lines, respectively (Figure 1A). One of the largest fold changes identified across the entire DSB phosphoproteome was that of RPA-1 S43 P , a novel phosphorylation site that increased by an average of 6.1 FC in response to an INT DSB (Figure 1A), which was amongst the top 15 greatest up regulated sites across phosphoproteome. In the VSG up phosphoproteome, a 1.7 fold increase in RPA-1 S43 phosphorylation was reported. Functional analysis of the T. brucei RPA-1 homolog (Tb927.11.9130) using InterPro [START_REF] Blum | The InterPro Protein Families and Domains Database: 20 Years On[END_REF]) predicts 3 DNA binding OB fold domains (Figure 1B), similar to L. amazonensis RPA-1 [START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Silveira | The Natural Absence of RPA1N Domain Did Not Impair Leishmania Amazonensis RPA-1 Participation in DNA Damage Response and Telomere Protection[END_REF] and T. cruzi RPA-1 [START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF]). The RPA-1 S43 P modification lies in the first OB fold domain, whilst S5 P lies outside of the OB fold domains (Figure 1B). We next carried out homology modeling of TbRPA-1 using Phyre2 [START_REF] Kelley | The Phyre2 Web Portal for Protein Modeling, Prediction and Analysis[END_REF], and 94% of the sequence was modeled to the crystal structure of the eukaryotic RPA-1 from the eukaryote Ustilago maydis in the absence of the Nterminal 70N domain (Fan and Pavletich 2012) (36% identity and 100% confidence). Homology modeling predicted that RPA-1 S5 lies in a disordered flexible region that was not included in the model, whilst S43 is predicted to lie in a linker sequence between two beta sheets within OB1 (Figure 1C). In order to determine whether the phosphorylation sites identified are conserved amongst trypansomatids and other eukaryotes we aligned the RPA-1 sequence of trypansomatids, Homo sapiens and Saccharomyces cerevisiae (Figure 1D). Multiple sequence alignment demonstrates that RPA-1 S5 lies in a trypanosomatid specific flexible linker, and the residue is conserved with T. cruzi but not T. vivax or L.

braziliensis. The second phosphorylation site, RPA-1 S43 P , is conserved amongst T. cruzi, T. vivax and L.

braziliensis, however not with H. sapiens or S. cerevisiae RPA-1 (Figure 1D). In H. sapiens the adjacent position, R42, has been identified as a key residue involved in interacting with DNA phosphates [START_REF] Bochkarev | Structure of the Single-Stranded-DNA-Binding Domain of Replication Protein A Bound to DNA[END_REF]).

In T. brucei, tagging of the RPA-2 subunit of the complex has shown that foci form in response to DNA damage [START_REF] Glover | Persistent DNA Damage Foci and DNA Replication with a Broken Chromosome in the African Trypanosome[END_REF]. We therefore asked whether RPA-1 foci also form in response to ---------------------WTIKARVSYKGEIKTWHNQRGDGKLFNVNFLDTSGEIR ---------------------- DNA damage and whether these foci are coincident with RPA-2. In order to study the localisation of RPA-1 and RPA-2 in response to DNA DSBs, a native RPA-1 allele was endogenously tagged to green fluorescent protein (GFP) and an RPA-2 allele with a C-terminal MYC tag in the INT cell line.

Immunofluorescence analysis was carried out at 0 and 24 h post induction of a chromosome internal DSB, and the number of cells with RPA-1 and RPA-2 foci were scored. Prior to DSB induction, RPA-1 and RPA-2 foci were detected in 2.1% and 1.0% of cells, respectively, in agreement with previous analysis of RPA-2 foci in the INT cell line [START_REF] Glover | Persistent DNA Damage Foci and DNA Replication with a Broken Chromosome in the African Trypanosome[END_REF]. At 24 h post DSB induction, the number of cells with foci increased to 41% and 39% for RPA-1 and RPA-2 respectively (Figure 1E), and 95% of the RPA-2 and RPA-2 foci were in contact and not overlapping. Therefore, both RPA-1 and RPA-2 are recruited to sites of DNA damage in T. brucei.

Generation of RPA-1 phosphorylation-null mutants

Our phopshoproteomic analysis of the DDR showed that the phosphorylation of TbRPA-1 S5 and S43 increased in response to DSBs targeted at both the telomeres and chromosome internal loci (Figure 1B).

Given that RPA-1 phosphorylation mediates ssDNA interactions in yeast [START_REF] Yates | A Structural and Dynamic Model for the Assembly of Replication Protein A on Single-Stranded DNA[END_REF], we asked whether mutation of the phosphorylation sites disrupted repair of a chromosome internal DSB, using the established INT cell line (Results chapter 1 Figure 2A) [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]). The INT cell line was modified using constructs that target the 5' and 3' flanking sequences of the RPA-1 open reading frame (ORF), and replace the entire RPA-1 coding sequence with a modified RPA-1 allele in which the serine Results Chapter 2: Characterisation of two RPA-1 phosphorylation sites involved T. brucei DSB repair 97 residue of interest is mutated to alanine. Alanine does not contain a hydroxyl functional group and therefore cannot be phosphorylated. Each RPA-1 allele was sequentially replaced using a cassette that encodes a resistance gene for neomycin phosphotransferase or blasticidin (Figure 2A). For the RPA-1 S5A phosphorylation mutant, successful integration of the construct into each allele was confirmed by PCR in a pair of clones (Figure 2B Repeated attempts were made to generate the INTRPA-1 S43A mutant and although were able to generate heterozygous mutants, we did not recover viable clones upon integration of the second allele.

Attempts to work with the heterozygous mutants were prohibited, as the mutation was lost after several generations in cell culture. This suggests that RPA-1 S43 P is essential for parasite growth and that disruption of the phosphorylation site in a single allele is deleterious to parasite growth.

The INTRPA-1 S5A mutant has increased γH2A signaling following a DSB RPA-1 has diverse function in the cell [START_REF] Maréchal | RPA-Coated Single-Stranded DNA as a Platform for Post-Translational Modifications in the DNA Damage Response[END_REF] and we investigated whether cell growth was disrupted by the RPA-1 S5A mutation. We observed a slight reduction in INTRPA-1 S5A cell growth over 96 h when compared to the parental INT strain, however growth was not significantly compromised (Figure 3A, solid lines). To measure the ability of the mutants to survive a chromosome internal DSB, mutants were also grown under DSB inducing conditions. As was seen prior to DSB induction, the INTRPA-1 S5A cell line had a slight reduction in cell proliferation in comparison to the induced parental cell line (Figure 3A, dashed lines), however parasite growth was not severely disrupted by the RPA-1 S5A mutation.

In trypanosomes DNA damage can be monitored by γH2A foci formation, an early marker of DNA damage that can be visualised by immunofluorescence using an antibody specific to γH2A [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. We therefore examined whether γH2A foci formation was disrupted in the RPA-1 S5A mutant. In the INT cell line γH2A foci were observed in 19.4% of uninduced cells had and this increased to 58.4% at 12 h post DSB induction, in agreement with previous findings (Glover andHorn 2012, 2014b;[START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. For the INTRPA-1 S5A mutants γH2A foci were slightly increased in the uninduced cells at 24.5% and this rose to 72.4% following DSB induction, significantly higher than the induced INT strain (p = 0.0261) (Figure 3B). The RPA-1 S5A mutant therefore has a higher level of γH2A signaling following an INT DSB, which possibly reflects unrepaired DNA lesions. Repair of an INT DSB is predominantly via RAD51-dependent HR [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF], and RAD51 foci form at the site of the DSB [START_REF] Proudfoot | Distinct Roles for Two RAD51-Related Genes in Trypanosoma Brucei Antigenic Variation[END_REF]. We next examined whether RAD51 filament formation on the ssDNA using an antibody specific to TbRAD51 [START_REF] Proudfoot | Distinct Roles for Two RAD51-Related Genes in Trypanosoma Brucei Antigenic Variation[END_REF]. In the INT cell line, RAD51 foci were seen in 1.4% of uninduced cells, and this increased to 43.7% 12 h post DSB induction, consistent with previous reports [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF][START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]). In the INTRPA-1 S5A cell line RAD51 foci were seen in 2.7% of cells and this increased to 32.9% at 12 h post DSB induction, less than seen for the INT cell line following a DSB. Overall, we did not observe a significant disruption of RAD51 foci formation in the INTRPA-1 S5A cell line. These results demonstrate that the RPA-1 S5A mutation causes a slight reduction in cell growth and the survival of a chromosome internal DSB, and a significant increase in γH2A signaling at 12 h post DSB induction. The RPA-1 S5A mutation increases ssDNA resection at a chromosome internal site

The repair of a DSB begins with 5' to 3' DNA resection either side of the break, catalysed by the MRE11 exonuclease, that serve as substrates for RAD51 filament formation and provides a template for HR [START_REF] Syed | The MRE11-RAD50-NBS1 Complex Conducts the Bibliography 190 Orchestration of Damage Signaling and Outcomes to Stress in DNA Replication and Repair[END_REF]. Given that γH2A signaling increased following a DSB in the INTRPA-1 S5A cell line, we asked whether the formation of ssDNA either side of the I-SceI cleavage site is compromised by the RPA-1 S5A mutation. To investigate ssDNA formation, we used a quantitative resection assay [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF][START_REF] Zhou | Quantitation of DNA Double-Strand Break Resection Intermediates in Human Cells[END_REF][START_REF] Zierhut | Break Dosage, Cell Cycle Stage and DNA Replication Influence DNA Double Strand Break Response[END_REF] that makes use of a HindIII site that lies 692 bp upstream of the site of I-SceI cleavage. In brief, genomic DNA was harvested at 0, 6 and 12 h post DSB induction. The genomic DNA was then either digested with HindIII, or mock digested. If the gDNA extracted from parasites is single stranded at the HindIII digestion site, the restriction digest will be inhibited and a PCR product will be amplified (Figure 4A). If the DNA is double stranded, HindIII digestion will proceed and the template for the PCR amplification is destroyed. Therefore, a PCR product will only be amplified if the originating gDNA is single stranded at the HindIII site. For each sample, the amount of PCR product is compared to that of an undigested 'mock' digested sample, in which the template remains intact and a PCR product is amplified. For the INT strain we found that ssDNA increased over 0 to 12 h post DSB induction with a relative percentage of 1.7%, 30.5, 75.0 % at 0 h, 6 h and 12 h, respectively. The accumulation of ssDNA in INT cell line strain therefore follows a pattern similar to that observed previously using quantitative PCR [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) and slot blots (Glover and Horn 2014b;[START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]). In the INTRPA-1 S5A cell line, the amount of ssDNA increased from 2.4% at 0 h to 49.8% at 6 h, and then to 87.7% at 12 h. The amount of ssDNA detected at all time points was increased in the mutant cell line, and this increase was significantly higher at 6 h deviation of a pair of biological clones is shown. For all qPCR assays, each replicate is loaded three times on the qPCR plate. Significance is calculated using an unpaired t-test.

post DSB induction (p = 0.002). This suggests that the RPA-1 S5P PTM restricts ssDNA resection at a chromosome internal site.

INTRPA-1 S5A DSB repair is predominantly by HR

In T. brucei ~90% repair of a chromosome internal DSB is via HR [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. Given that the timing of ssDNA formation was disrupted in the phosphorylation mutant, we next investigated whether the proportion of repair events occurring by HR was also interrupted. In order to look at individual repair events, a panel of subclones was generated by clonogenic assays that were either uninduced (n=5)

or grown under DSB inducing condition (n=20). I-SceI cleavage was confirmed in all induced subclones by sensitivity to puromycin, as I-SceI cleavage and subsequent repair will result in either loss or disruption of the RFP:PAC cassette. All uninduced subclones were resistant to puromycin, and all induced subclones were sensitive, confirming efficient DSB induction. In order to determine whether HR predominates in the mutants we used an established PCR assay [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]) that amplifies from the 5' end of RFP to the 3' end of puromycin, which flank the I-SceI recognition site (Figure 5A). If repair has occurred by HR with the homologous allele, the RFP-PAC cassette will be deleted and no PCR product observed. If repair occurs via MMEJ, a PCR product will be seen and this product may be reduced in size due to the deletions associated with MMEJ. Out of 20 induced subclones, one subclone was RFP-PAC positive, indicating that repair by HR predominates in the mutant cell line (Figure 5B), as previously reported for the INT cell line [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. Sequencing of the region accommodating the RFP-PAC cassette was carried out for the one positive subclone, revealing an 81 bp deletion and therefore likely repair by MMEJ using short regions of homology. Generation of VSG up RPA-1 S5A cell line

Our phosphoproteomic screens identified that RPA-1 S5 is phosphorylated in response to both chromosome internal (INT) and telomeric (VSG up ) DSBs (Figure 1A). Compartmentalisation of the DSB response has previously been reported in T. brucei [START_REF] Glover | Locus-Specific Control of DNA Resection and Suppression of Subtelomeric VSG Recombination by HAT3 in the African Trypanosome[END_REF] and we were therefore interested in whether the RPA-1 S5A mutation altered repair at the active BES. To investigate repair at a subtelomeric region, we used the VSG up cell line that facilitates the introduction of a DSB upstream of the actively expressed VSG-2 in BES1 (Results chapter 1 figure 2B) [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF], and replaced each RPA-1 allele with an RPA-1 S5A mutant as was described for the INTRPA-1 S5A cell line (Figure 2A).

The replacement of both RPA-1 alleles was confirmed by PCR (Figure 6A andB) and sequencing of conditions over 96 h (Figure 7A), indicating that RPA-1 S5 P is not required for the repair of a telomeric DSB. We next looked at DNA damage signaling in response to a BES DSB through the accumulation of γH2A. In the VSG up cell line γH2A foci were observed in 19.9% of uninduced cells and this increased to 45.4% at 12 h post DSB induction (Figure 7B), consistent with previous findings [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]Glover and Horn 2014b;[START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. For the VSG up RPA-1 S5A mutant, a small increase in the percentage of cells with γH2A foci was seen in uninduced cells, with 25% of cells with γH2A foci, and this increased to 46.6% at 12 h post DSB induction (Figure 7B). In contrast to the INTRPA-1 S5A cell line (Figure 3B), the number of cells with γH2A signal was not significantly increased in the VSG up RPA-1 S5A mutant when compared to the parental cell line. This suggests that the RPA-1S5 S5A mutation has a larger impact on DSB repair at a chromosome internal site compared to at telomeric location. We did not assess RAD51 foci formation in the VSG up mutants as RAD51 foci are not observed in response to telomeric DSBs [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF].

The RPA-1 S5A mutation inhibits the initial stages of ssDNA resection at a sub telomeric loci We found that the RPA-1 S5A mutation increased ssDNA accumulation in response to a chromosome internal DSB, and therefore asked whether the same defect was seen in response to a sub telomeric DSB.

The quantitative PCR assay was adapted such that qPCR primers were used that flank a HindIII site located downstream of the I-SceI DSB site within the VSG-2 ORF, (Figure 8A) [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]). In the VSG up cell line ssDNA accumulated over 12 h post DSB induction with a relative abundance of ssDNA of 1.2% at 0 h increasing to 5.5 % at 6 h and 10.6% at 12 h (Figure 8A). ssDNA therefore accumulates in a pattern similar to that previously using quantitative PCR [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) and slot blots [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]). In the VSG up RPA-1 S5A mutants the relative amount of ssDNA was 3.3% at 0 h, and then decreased to 1.9% at 6 h, significantly lower than the same time point in the VSG up cell line (p = 0.0007). At 12 h post DSB induction, the relative amount of ssDNA in the mutant cell line increased to 15.3%, higher than that seen for the VSG up cell line. The RPA-1 S5A mutation therefore disrupts ssDNA formation in response to a subtelomeric DSB with the initial stages of ssDNA resection inhibited by the mutation. This is in direct contrast to repair at a chromosome internal site, where the mutation leads to an increase in ssDNA resection. VSG switching is not disrupted in RPA-1 S5A mutants

Given that the timing of ssDNA formation was disrupted in the VSG up RPA-1 S5A cell line, we were interested in whether VSG switching is disrupted following a DSB. Prior to DSB induction, 100% of the VSG up population was VSG-2 positive by IFA, as expected (Figure 8B). Following a DSB in the VSG up cell line, VSG-2 was detected in 6.7% of the population. The remaining 94.3% had replaced VSG-2, which we will refer to here as 'VSG-X'. In the VSG up RPA-1 S5A mutants VSG-2 was also observed at the surface of all uninduced cells and this was reduced to 7.3% of the population upon DSB induction, with 92.3% of the population had switched to VSG-X (Figure 8B). Therefore VSG switching is efficiently induced by DSB induction in the RPA-1 S5A mutants. The cells that have maintained VSG-2 on the surface following DSB induction have either not been cleaved by the I-SceI meganuclease or have recombined VSG-2 into another BES which has become active.

BES recombination is undisturbed in RPA-1 S5A mutants

To investigate how repair comes about the in the RPA-1 mutants, we used a series of established repair assays [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF] to map individual repair events in a panel of induced and uninduced subclones generated for the VSG up and VSG up RPA-1 S5A cell lines. DSB induction was confirmed in all induced subclones by sensitivity to puromycin, as the puromycin resistance gene is located downstream of the DSB site and is either lost or disrupted following a VSG up DSB. BES1 contains 2 blocks of 70 bp repeats, the first block is located immediately upstream of the VSG and a second smaller 70 bp repeat region is found further upstream, flanked by pseudo gene and ESAG1 (Figure 9A).

The presence or absence of VSG-2, ESAG1 and pseudo can be used to determine how repair has come about in induced subclones [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF] subclones, all uninduced subclones (n=5 for both cell lines) were VSG-2, ESAG1 and pseudo positive, as expected (Figure 9A, B andC). For VSG up , all induced subclones (n=20) had lost VSG-2 (Figure 9B (i)), as expected. For VSG up RPA-1 S5A all but one of the induced subclones (n=22) had lost VSG-2 (Figure 9C (i)), and the single positive subclone has likely undergone repair by MMEJ or an in situ switch. ESAG1

and pseudo gene were retained in 75% of induced VSG up subclones (Figure 8B (ii) and (iii)), consistent with previous findings that GC using the large block of 70 bp repeats predominates in this cell line [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. For the VSG up RPA-1 S5A subclones, pseudo was retained in 82% of repaired survivors 

VSGup

The RPA-1 S5A mutation does not disrupt access to the VSG repertoire

The T. brucei genome contains over 2500 VSG genes and pseudo genes in subtelomeric arrays [START_REF] Ivens | The Genome of the Kinetoplastid Parasite, Leishmania Major[END_REF][START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF], which can be used as templates for recombination during antigenic variation. The order in which these archival VSGs are activated is thought to be a semi-ordered process during an infection, with BES associated VSGs being most frequently activated followed by VSGs found in the subtelomeric arrays and finally pseudo genes [START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF][START_REF] Morrison | Probabilistic Order in Antigenic Variation of Trypanosoma Brucei[END_REF][START_REF] Stockdale | Antigenic Variation in Trypanosoma Brucei: Joining the DOTs[END_REF]. We found that mutation of the RPA-1 S5 P site does not disrupt the ability of the cells to undergo recombination driven VSG switching, however does restrict ssDNA resection at the BES. The exonuclease TbMRE11 is required for efficient DNA resection at the BES and restricts access to the antigen repertoire during a VSG switch [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) and we therefore assessed whether the RPA-1 S5A mutation disrupted access to the antigen repertoire during a VSG switch. To do this we used VSG-seq [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF], which makes use of conserved sequences in the 5' SL and 3' UTR of every VSG mRNA to amplify and subsequently sequence of all of the VSGs expressed in a population.

The expressed VSGs in the VSG up and VSG up RPA-1 S5A cell lines were amplified and sequenced 0 and 7 days post DSB induction. VSG genes were considered significantly enriched when the log 2 fold change (FC) of the induced (+ Tet) sample compared to the uninduced (-Tet) is > 2, with a p <0.05. We identified 136 VSG sequences that were significantly enriched in the VSG up cell line (Figure 10A) and 128 were enriched in the VSG up RPA-1 S5A cell line (Figure 10B). We next looked at the genomic locations of the significantly enriched genes by mapping them to the T. brucei 427 genome [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]) (Figure 10C). In the VSG up cell line 10 BES VSGs and 27 VSGs located on the minichromosomes were enriched. In the VSG up RPA-1 S5A cell line, 9 BES VSGs were enriched and 25 minichromosomal VSGs (Figure 10D). Therefore, the RPA-1 S5A mutant does not significantly alter the number and genomic positions of the templates used to repair a BES DSB, with both cells lines using a similar number and variety of templates for DSBR. 

Discussion

In this chapter I describe the experimental validation of one DNA damage associated phosphorylation site (S5) on T. brucei RPA-1 and the attempted validation of a second (S43). We propose that S43 is essential, whilst S5 has a differential role in DSB repair at a chromosome internal and subtelomeric site.

One of the distinguishing features of trypanosomatid RPA-1 is the absence of the N-terminal 70N domain [START_REF] Brown | Conservation of Structure and Function of DNA Replication Protein A in the Trypanosomatid Crithidia Fasciculata[END_REF][START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF]. In other eukaryotes the 70N domain is required for DNA damage signaling [START_REF] Xu | The Basic Cleft of RPA70N Binds Multiple Checkpoint Proteins, Including RAD9, Bibliography 193 to Regulate ATR Signaling[END_REF]) and interactions with RPA-2 [START_REF] Binz | Regulatory Functions of the N-Terminal Domain of the 70-KDa Subunit of Replication Protein A (RPA)[END_REF], however in humans the RPA-1 70N domain can be deleted without disrupting ssDNA affinity and it is not essential for cell growth [START_REF] Haring | Cellular Functions of Human RPA1. Multiple Roles of Domains in Replication, Repair, and Checkpoints[END_REF]). Here we show that RPA-1 and RPA-2 both localise to sites of DNA damage in T. brucei, indicating that they are functionally related in the cell despite the absence of the RPA-1 70N domain to mediate interactions. Trypanosomatid RPA-1 contains insertions in the disordered flexible regions between the OB domains, with a three residue insertion between OB1-OB2, and a seven residue insertion between OB2-OB3 compared to human and yeast homologs [START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF]. It is possible that these insertions afford a greater flexibility to the overall structure of the protein allowing it to compensate for the lack of the 70N domain.

One of the greatest up regulated phosphorylation sites following an INT DSB was the modification of RPA-1 S43, which increased by an average of 6.1 FC following DSB induction. This large FC change indicates that the protein is abundantly and specifically phosphorylated in response to a single DSB introduced at a chromosome internal locus. Indeed, the RPA-1 S43 phosphorylation site identified here is a novel site and was not previously identified in a global study of the T. brucei phosphoproteome [START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF] indicating that the modification is DNA damage specific. We were unable to generate homozygous RPA-1 S43A mutants despite repeated attempts and upon generation of heterozygous mutants the cell corrected the modified allele after several rounds of cell division. This suggests that prohibiting the phosphorylation of RPA-1 S43 is lethal to the cell, and the mutation of just one allele is highly unfavourable. RPA-1 S43 lies within the conserved DNA binding domain OB1, and this domain has the highest affinity for ssDNA in trypanosomes, with the OB1 subunit shown to bind ssDNA with high affinity alone [START_REF] Neto | Leishmania Replication Protein A-1 Binds in Vivo Single-Stranded Telomeric DNA[END_REF][START_REF] Pavani | RPA-1 from Leishmania Amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal OB-Fold Domain[END_REF][START_REF] Pavani | Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation Capacity of Trypanosoma Cruzi[END_REF]. T. brucei RPA-1 S43 is conserved amongst trypanosome species and lies in a serine/threonine-glutamine (S/T-Q) amino acid motif which is associated with DNA damage specific phosphorylation [START_REF] Kim | Substrate Specificities and Identification of Putative Substrates of ATM Kinase Family Members[END_REF]). The adjacent residue in H. sapiens RPA-1 has been shown to directly interact with DNA phosphates [START_REF] Bochkarev | Structure of the Single-Stranded-DNA-Binding Domain of Replication Protein A Bound to DNA[END_REF] and it is therefore possible that disruption of the neighbouring residue in trypanosomatid RPA-1 destabilises the interaction with ssDNA. Given the diverse functions of the RPA complex in the cell [START_REF] Byrne | Replication Protein A, the Laxative That Keeps Bibliography 161 DNA Regular: The Importance of RPA Phosphorylation in Maintaining Genome Stability[END_REF], the introduction of a mutation that disrupts ssDNA binding would likely be highly damaging to the cell. Future investigation of the phosphorylation site could be achieved by the generation of a phosphorylation constitutive mutant in which the serine residue is mutated to glutamine, which mimics the conformation of phospho-serine and is strategy that has been previously employed in T. brucei [START_REF] An | Article CDK Phosphorylation of Translation Initiation Factors Couples Protein Translation with Cell-Cycle Article CDK Phosphorylation of Translation Initiation Factors Couples Protein Translation with Cell-Cycle Transition[END_REF], or by using CRISPR Cas-9 editing of the RNA sequence (Cox et al. 2017a) .

The second phosphorylation site identified on RPA-1, S5, showed a moderate increase in phosphorylation compared to that of S43. We were able to generate phosphorylation-null mutants in both the INT and VSG up cell lines that showed only a moderate reduction in cell growth and no considerable defect in the number of cells able to survive a targeted DSB. Investigation of the role of RPA-1 S5 P in the DDR revealed a significant increase in γH2A foci formation following an INT DSB, however interestingly this increase was not reciprocated following a BES DSB. This indicates that the mutation has a greater effect on repair at a chromosome internal site. Indeed, a larger increase in phosphorylation was identified following an INT DSB compared to a VSG up DSB (2.7 FC in phosphorylation and 1.7 FC, respectively). The importance of the RPA-1 phosphorylation at the chromosome internal site may be related to the strong preference for HR at this site [START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF], which involves the generation of long stretches of ssDNA either side of the DSB that are stabilised by the binding of the RPA complex. DSB repair at a subtelomeric loci is less reliant on HR, showing a higher proportion of cells repairing by MMEJ [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF], which involves shorter ssDNA intermediates. Therefore, if the RPA-1 S5A mutation disrupts the ssDNA interactions it would be expected to have a greater effect at a chromosome internal locus. Indeed, we also observed an increased accumulation of ssDNA in the INTRPA-1 S5A mutants, indicating that the mutation results in less stringent resection. Therefore, the increased DNA damage signaling in the mutant may be associated with an increase in ssDNA resection.

The RPA-1 S5A mutation had contrasting effects on ssDNA accumulation at a chromosome internal vs. subtelomeric location. Whilst ssDNA accumulation increased at a chromosome internal locus, ssDNA accumulation was severely reduced in the first 6 h following a VSG up RPA-1 S5A DSB and a rapid accumulation was then observed between 6-12 h, indicating that the initial stages of resection are inhibited. Specific control of DNA resection at the BES has previously been shown to be associated with the histone acetyl transferase HAT3, which supresses subtelomeric ssDNA formation and promotes chromosome internal ssDNA accumulation [START_REF] Glover | Locus-Specific Control of DNA Resection and Suppression of Subtelomeric VSG Recombination by HAT3 in the African Trypanosome[END_REF]) and the exonuclease TbMRE11, which is involved in short range DNA resection following a DSB, and was shown to restrict resection at a subtelomeric loci but not at the INT site [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. Therefore, differential factors are involved in the accumulation of ssDNA adjacent to a DSB, and our results demonstrate that the phosphorylation of RPA-1 S5 restricts resection at a chromosome internal site, whilst it promotes the early stages of ssDNA resection in response to a subtelomeric DSB. The RPA-1 S5A mutation identified here has a similar phenotype to TbMRE11 knock out [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF], suggesting that the RPA and the MRN complexes may work together to promote DNA resection at a subtelomeric loci. The identification of a specific role for RPA-1 in mediating resection at a subtelomeric loci may also be associated with the high affinity for the telomeric repeats identified in both human [START_REF] Gao | RPA-like Proteins Mediate Yeast Telomere Function[END_REF][START_REF] Kim | Binding Properties of Replication Protein A from Human and Yeast Cells[END_REF][START_REF] Salas | Human Replication Protein A Unfolds Telomeric G-Quadruplexes[END_REF]) and trypanosomatid RPA-1 [START_REF] Fernández | Identification of Three Proteins That Associate in Vitro with the Leishmania (Leishmania) Amazonensis G-Rich Telomeric Strand[END_REF][START_REF] Pavani | Replication Protein A-1 Has a Preference for the Telomeric G-Rich Sequence in Trypanosoma Cruzi[END_REF]) and RPA-2 [START_REF] Reis | TelAP1 Links Telomere Complexes with Developmental Expression Site Silencing in African Trypanosomes[END_REF]. Indeed, the complex has been shown to have functional roles at the telomeres such as enabling telomere elongation by telomerase [START_REF] Luciano | RPA Facilitates Telomerase Activity at Chromosome Ends in Budding and Fission Yeasts[END_REF]). Therefore, it is possible that the differential effect of the RPA-1 S5A mutation is associated with RPA-1 being more readily available at the subtelomeric loci. Interestingly, despite the disruption in ssDNA accumulation at the subtelomeric loci, repair at the BES continues unrestricted, and cells were able to undergo recombination driven VSG switching. We did not see a change in the access to the genomic repertoire following a VSG switch, as has been reported upon TbMRE11 and TbRAD50 knockout [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. Therefore, the RPA-1 S5 phosphorylation site is important for DNA damage signaling following a DSB at a chromosome internal site, and restricts ssDNA resection at a chromosome internal site whilst promotes resection at the active BES. where the single active VSG is transcribed [START_REF] Chaves | Subnuclear Localization of the Active Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei[END_REF][START_REF] Landeira | Nuclear Repositioning of the VSG Promoter during Developmental Silencing in Trypanosoma Brucei[END_REF][START_REF] Navarro | A Poll Transcriptional Body Associated with VSG Mono-Allelic Expression in Trypanosoma Brucei[END_REF].

Results

The periodic exchange of the surface antigen, known as VSG switching, allows the parasite to escape detection by the host immune system. Antigen exchange can arise by a transcriptional in situ switch [START_REF] Horn | Analysis of Trypanosoma Brucei vsg Expression Site Switching in Vitro[END_REF][START_REF] Michels | The Inactivation and Reactivation of an Expression-Linked Gene Copy for a Variant Surface Glycoprotein in Trypanosoma Brucei[END_REF] or by genetic recombination. Gene conversion (GC) is considered to be the predominant mechanism of VSG switching as it allows access to the archival VSGs via recombination, and the upstream boundary of recombination is commonly the 70 bp repeats that flank the majority of archival VSGs [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Liu | The Transposition Unit of Variant Surface Glycoprotein Gene 118 of Trypanosoma Brucei[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF][START_REF] Robinson | Predominance of Duplicative VSG Gene Conversion in Antigenic Variation in African Trypanosomes[END_REF]. Further diversification of the antigen repertoire can be achieved by the use of multiple VSG donors during segmental GC to produce mosaic VSGs [START_REF] Hall | Mosaic VSGs and the Scale of Trypanosoma Brucei Antigenic Variation[END_REF][START_REF] Marcello | Analysis of the VSG Gene Silent Archive in Trypanosoma Brucei Reveals That Mosaic Gene Expression Is Prominent in Antigenic Variation and Is Favored by Archive Substructure[END_REF][START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]. There are several proposals for how a VSG switch is initiated. It has been shown that DSBs naturally accumulate in both active and silent BESs [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF], with the 70 bp repeats critical for recombination [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF]Glover et al. 2013;[START_REF] Hovel-Miner | A Conserved DNA Repeat Promotes Selection of a Diverse Repertoire of Trypanosoma Brucei Surface Antigens from the Genomic Archive[END_REF]A. Y. Liu et al. 1983). Indeed, using a meganuclease to introduce DSBs adjacent to the 70 bp repeats in the active BES results in a 250 -5000 fold increase in VSG switch frequency [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. Telomere fragility has also been proposed to contribute to antigenic variation, with loss of a component of the shelterin complex that binds telomeres increasing VSG switching though increased DNA damage [START_REF] Jehi | Trypanosoma Brucei TIF2 Suppresses VSG Switching by Maintaining Subtelomere Integrity[END_REF]. Meanwhile, shorter telomeres are correlated to increased switch frequency which is associated with an increase in subtelomeric DNA damage [START_REF] Hovel-Miner | Telomere Length Affects the Frequency and Mechanism of Antigenic Variation in Trypanosoma Brucei[END_REF][START_REF] Myler | Changes in Telomere Length Associated with Antigenic Variation in Trypanosoma Brucei[END_REF]. Further, the active BES is unique in that it is early replicating, leading to replication induced DNA damage at the active BES that possibly arises from clashes between the replication and transcription machinery in the cell [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF][START_REF] Devlin | Does DNA Replication Direct Locus-Specific Recombination during Host Immune Evasion by Antigenic Variation in the African Trypanosome?[END_REF]. It is not known which of these sources of DNA fragility drives antigen exchange during an infection, however it is clear that DNA damage is a potent driver of VSG switching.

Nuclear architecture is intimately linked to both monoallelic expression and antigenic variation, disrupts the silencing of BESs, subtelomeric VSG arrays and minichromosomes [START_REF] Reynolds | Histone H3 Variant Regulates RNA Polymerase II Transcription Termination and Dual Strand Transcription of SiRNA Loci in Trypanosoma Brucei[END_REF][START_REF] Schulz | Base J and H3.V Regulate Transcriptional Termination in Trypanosoma Brucei[END_REF]) and H3.V and H4.V nulls have increased clustering of the telomeric regions and elevated rates of VSG switching through homologous recombination (HR) [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF].

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 122 Monoallelic expression is mediated by nucleosome components and chromatin interacting factors, with the knock out of the histone methyl transferase DOT1b [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF][START_REF] Figueiredo | A Histone Methyltransferase Modulates Antigenic Variation in African Trypanosomes[END_REF] or disruption of histone H1 leading to the derepression of silent BES, with histone H1 also required for silencing of other RNA Pol I transcribed genes [START_REF] Pena | Trypanosoma Brucei Histone H1 Inhibits RNA Polymerase I Transcription and Is Important for Parasite Fitness in Vivo[END_REF][START_REF] Povelones | Histone H1 Plays a Role in Heterochromatin Formation and VSG Expression Site Silencing in Trypanosoma Brucei[END_REF]). The chromosome replication protein ORC1 [START_REF] Benmerzouga | Trypanosoma Brucei Orc1 Is Essential for Nuclear DNA Replication and Affects Both VSG Silencing and VSG Switching[END_REF], the telomeric protein RAP1 [START_REF] Pandya | Silencing Subtelomeric VSGs by Trypanosoma Brucei RAP1 at the Insect Stage Involves Chromatin Structure Changes[END_REF][START_REF] Yang | RAP1 Is Essential for Silencing Telomeric Variant Surface Glycoprotein Genes in Trypanosoma Brucei[END_REF]) and two bromo domain proteins BSF2 and BSF3 are also involved in silencing of BES VSGs [START_REF] Schulz | Bromodomain Proteins Contribute to Maintenance of Bloodstream Form Stage Identity in the African Trypanosome[END_REF]. A component of the inositol phosphatase pathway, phosphatidylinositol 5-phosphatase (PIP5Pase) interacts with RAP1 at the telomere to maintain monoallelic expression [START_REF] Cestari | Inositol Phosphate Pathway Controls Transcription of Telomeric Expression Sites in Trypanosomes[END_REF] and knock down of PIP5Pase or phosphatidylinositol 5kinase (PIP5K) or phospholipase C (PLC) overexpression results in derepression of silent BESs [START_REF] Cestari | Inositol Phosphate Pathway Controls Transcription of Telomeric Expression Sites in Trypanosomes[END_REF]. A number of factors have also been shown to be required for the silencing of a reporter gene introduced into a silent BES including H3, the histone chaperones CAF-1b and ASF [START_REF] Alsford | Cell-Cycle-Regulated Control of VSG Expression Site Silencing by Histones and Histone Chaperones ASF1A and CAF-1b in Trypanosoma Brucei[END_REF], the FACT complex [START_REF] Denninger | The FACT Subunit TbSpt16 Is Involved in Cell Cycle Specific Control of VSG Expression Sites in Trypanosoma Brucei[END_REF][START_REF] Denninger | FACT Plays a Major Role in Histone Dynamics Affecting VSG Expression Site Control in Trypanosoma Brucei[END_REF], the histone deacetylase SIR2rp1 [START_REF] Alsford | A Sirtuin in the African Trypanosome Is Involved in Both DNA Repair and Telomeric Gene Silencing but Is Not Required for Antigenic Variation[END_REF]) and components of the ISWI chromatin remodeling complex (Hughes, Wand, Young, Harley, Terry, Ersfeld, et al. 2007;[START_REF] Narayanan | NLP Is a Novel Transcription Regulator Involved in VSG Expression Site Bibliography 181 Control in Trypanosoma Brucei[END_REF][START_REF] Stanne | Identification of the ISWI Chromatin Remodeling Complex of the Early Branching Eukaryote Trypanosoma Brucei[END_REF]. To establish monoallelic expression, the single active single BES competes for a limited pool of the VSG exclusion (VEX) proteins VEX1 and VEX2 in a transcription dependent manner. Knockdown or over expression of VEX1 and knockdown of VEX2 results in an increase in transcription from all RNA Pol I transcribed loci, and the histone chaperone CAF-1 is required to maintain the epigenetic status of the active BES during DNA replication [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF][START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF]). The VEX complex mediates a specific interaction between the VSG and the spliced leader (SL)

RNA array locus [START_REF] Faria | Spatial Integration of Transcription and Splicing in a Dedicated Compartment Sustains Monogenic Antigen Expression in African Trypanosomes[END_REF], encoding the non-coding RNA that is spliced onto the 5' end of all T. brucei RNAs, with VEX2 excluding access to silent BESs [START_REF] Faria | Spatial Integration of Transcription and Splicing in a Dedicated Compartment Sustains Monogenic Antigen Expression in African Trypanosomes[END_REF]).

In the laboratory, monoallelic expression has been disrupted through the selection for activation of a second BES [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF]Ridewood et al. 2017), introducing a second VSG into the active BES [START_REF] Davies | Manipulation of the vsg Co-Transposed Region Increases Expression-Site Switching in Trypanosoma Brucei[END_REF][START_REF] Muñoz-Jordán | Stable Expression of Mosaic Coats of Variant Surface Glycoproteins in Trypanosoma Brucei[END_REF][START_REF] Pinger | Variant Surface Glycoprotein Bibliography 184 Density Defines an Immune Evasion Threshold for African Trypanosomes Undergoing Antigenic Variation[END_REF][START_REF] Smith | Blocking Variant Surface Glycoprotein Synthesis in Trypanosoma Brucei Triggers a General Arrest in Translation Initiation[END_REF] or into an rDNA locus [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF][START_REF] Dubois | Trypanosomes Expressing a Mosaic Variant Surface Glycoprotein Coat Escape Early Detection by the Immune System[END_REF]Ridewood et al. 2017). Disruption of monoallelic expression renders parasites highly vulnerable to clearance by the host immune system (Aresta-Branco et al. 2019), and parasites with two surface VSGs have been used to identify a minimum threshold of surface VSG for recognition by the host immune system during coat replacement [START_REF] Pinger | Variant Surface Glycoprotein Bibliography 184 Density Defines an Immune Evasion Threshold for African Trypanosomes Undergoing Antigenic Variation[END_REF]. Some studies have found that the simultaneous expression of two VSGs genes is unstable, with the induction of high levels of a second VSG from an rDNA locus resulting in transcriptional attenuation of the BES VSG [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF]. Upon selection for activation of two BESs both VSGs colocalise to a single transcription compartment where they undergo Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 123 dynamic switching, with monoallelic expression being rapidly restored upon the removal of drug selection [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF]. The occupation of two BESs within a single ESB is thought to be energetically unfavourable [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF]) and attempts to select for the simultaneous activation of three BESs was unsuccessful [START_REF] Ulbert | Expression Site Activation in Trypanosoma Brucei with Three Marked Variant Surface Glycoprotein Gene Expression Sites[END_REF], suggesting that the architecture of the ESB is optimised to accommodate one BES.

The VSG transcript is essential for cell survival and knock down by RNA interference is lethal, triggering a precytokinesis cell cycle arrest [START_REF] Sheader | Variant Surface Glycoprotein RNA Interference Triggers a Precytokinesis Cell Cycle Arrest in African Trypanosomes[END_REF]) and a global translation arrest [START_REF] Smith | Blocking Variant Surface Glycoprotein Synthesis in Trypanosoma Brucei Triggers a General Arrest in Translation Initiation[END_REF]. This lethal phenotype is rescued by the expression of a second VSG [START_REF] Smith | Blocking Variant Surface Glycoprotein Synthesis in Trypanosoma Brucei Triggers a General Arrest in Translation Initiation[END_REF]).

Consistent with this, a DSB introduced upstream of the actively transcribed VSG is a highly toxic lesion, with 5 -24% of cell survival [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]). Here, we asked whether the toxicity of a BES DSB could be rescued by the expression of a second VSG and if this modified the VSG switching pathway used. We established a cell line in which monoallelic VSG expression is disrupted by the stable expression of a second telomeric VSG from a ribosomal DNA (rDNA) locus, resulting in the presence of both the ectopic and native VSGs at the cell surface. We found that using a targeted DSB in the active BES to trigger a VSG switch, the DNA sequence of the ectopic VSG is lost, despite it being located at a distinct genomic locus. Deletion of the ectopic VSG is transcription dependent and does not affect the number or the variety of genomic templates used for BES repair. We propose that monoallelic expression is strictly reinforced during antigenic variation, preventing multiple VSG switching events occurring at once which would compromise parasite survival.

Materials and Methods

T. brucei cell growth and manipulation

T. brucei Lister 427 cell lines were grown in HMI-11 medium at 37.4 °C [START_REF] Hirumi | Continuous Cultivation of Trypanosoma Brucei Blood Stream Forms in a Medium Containing a Low Concentration of Serum Protein without Feeder Cell Layers[END_REF]) with 5% CO 2 and the density of cell cultures measured using a haemocytometer. Wild type cell lines used in this study were T. brucei Lister 427 MITat 1.2 clone 221a (VSG-2 WT, or VSG221 WT) and MITat 1.5

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 124 (VSG-5 WT, or VSG118 WT). Transformation of cell lines was carried out by centrifuging 2.5 x 10 7 cells at 1000 g for 10 minutes at room temperature. The cell pellet was resuspended with 10 μg linearized DNA in 100 μl warm cytomix solution [START_REF] Van Den | Electroporation in 'intracellular' Buffer Increases Cell Survival[END_REF], placed in a cuvette (0.2 cm gap) and transformed using a Nucleofector TM (Lonza) (X-001 function [START_REF] Burkard | Highly Efficient Stable Transformation of Bloodstream Forms of Trypanosoma Brucei[END_REF])).

Transfected cells were recovered in 36 ml of warm HMI-11 at 37 °C for 4 -6 h, after which cells were plated out in 48 well plates with the required drug selection. G418 selection was carried out at 2 μg/ml, puromycin at 2 μg/ml and tetracycline at 1 μg/ml. Puromycin, phleomycin, hygromycin, blasticidin and G418 selection was maintained at 1 μg/ml. The VSG up cell line has been described

previously [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. The VSG upDEX cell line were generated by transfecting the VSG up cell line with the Double EXpresser (DEX) reporter construct (previously known as p 5 NTMF [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF])) and clones with high levels of VSG-5 expression selected. The VSG upDEX_OFF cell line was generated in the same way, however cells that do not express VSG-5 selected. To measure cumulative cell growth a haemocytometer was used, and cells diluted to 1x10 5 cells/ml every 24 h. Generation of subclones was carried out by clonogenic assays in which VSG up and VSG upDEX cells were plated out in 96 well plates. For the uninduced (-Tet) plates, 32 cells were seeded per 96 well plate, and for the induced (+Tet), 480 cells were seeded per plate and were induced using 1 μg/ml tetracycline for 4 -7 days.

Cells grown under induced conditions had puromycin and G418 drug selection removed. DSB induction was confirmed in all induced subclones using a puromycin sensitivity assay, in which induced subclones were grown in the absence of puromycin and in the presence of 2 μg/ml puromycin, and only those clones that did not grow in the presence of puromycin were considered sensitive.

Plasmids

The p 5 NTMF [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF]) plasmid was linearised using SmaI. Epitope tagging of VEX2 at the native locus was achieved using the VEX2 6myc plasmid [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF]) digested using SphI.

Immunofluorescence analysis

Immunofluorescence was carried out according to standard protocols. In brief, cells were fixed final 1% volume (v/v) formaldehyde, on ice for 30 minutes. Fixed cells were centrifuged for 1 minute at 6000 rpm and washed with 1 mL ice cold PBS, twice. Cells were settled onto poly-l-lysine treated slides for up to 30 minutes and washed 3 x 5 minutes in PBS. Blocking was carried out for 15 minutes in 50% FBS in PBS, and all antibody dilutions were in 3% FBS. For visualisation of the internal antigens VEX2 and the nucleolus, prior to blocking antigen retrieval was carried out by incubation at 95 °C for 1 minute in antigen retrieval buffer (100mM Tris, 5% urea, pH 9.5) as described in [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF]). Primary

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 125 anti sera used were rat α-VSG-2 (1 :50,000), rabbit α-VSG-5 (1 :50,000), rabbit α-myc (Cell Signaling, # 71D10) (1 :200) and mouse α-L1C6 (1 :100)(Durand-Dubief and Bastin 2003), gift from the Bastin laboratory. Secondary anti-sera used were goat α-rat rhodamine conjugated (1 :100), goat αmouse FITC conjugated (1 :100), both Invitrogen and goat α-rabbit AlexaFlour® 555, goat α -mouse AlexaFlour® 488, both used at 1 :2000 dilution and provided by ThermoFisher. Cells were mounted in Vectashield (Vectorlabs) containing 4-6 diamidine-2-phenylindole (DAPI). Images were acquired using a ZEISS Axio Imager Z2 epiflourescence microscope combined with an Axiocam 506 mono camera.

Images were processed using Image J, version 2.1.0 [START_REF] Schneider | NIH Image to ImageJ: 25 Years of Image Analysis[END_REF]. Statistical analysis was carried out in GraphPad Prism, Version 9.

Protein analysis

Protein analysis was carried out using standard procedures [START_REF] Mahmood | Western Blot: Technique, Theory, and Trouble Shooting[END_REF]. Primary antisera used were rabbit α-VSG-2 and α-VSG-5 both at 1 :50,000, rabbit α-Histone H3 at 1 :100,000, α-rabbit NPT at 1 :8000 (Fitzgerald) and mouse α-EIF1α at 1 :20,000 (Millipore). Secondary antibodies used were horse radish peroxidase coupled goat α-rabbit and goat α-mouse (BioRad), used at 1 :1000. Protein blots were developed using an enhanced chemiluminescence kit (Amersham).

Flow cytometry

For flow cytometry experiments 1x 10 7 cells were analysed per condition. Primary antibodies used were mouse α-VSG-5 (1 :10,000) and rat α-VSG-2 (1 :10,000). Secondary antibodies used were goat αrabbit AlexaFluor® 488 (ThermoFischer) and goat α-rat AlexaFluor® 647 (ThermoFischer) both at 1 :2000. Samples were analysed on a MoFlo Astrios EQ cell sorter, and sorting was carried out using a 70 μm nozzle at a pressure of 60 PSI and a differential pressure with the sample of 0.3-0.4 PSI.

DNA analysis

Primers used to amplify VSG-2, ESAG1 and Pseudo gene as described in [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. Primers to amplify NPT were Neo.2 F (GATGGATTGCACGCAGGTTCTC) and Neo.2 R (CCTTGAGCCTGGCGAACAG) and to amplify the start of VSG-5 were rP2 F (AGATTAAGCAGTAAAAGTAGCGC) and VSG-5 R (CTTTTGTAGTTTTAGGCCGTGATTG).

Whole genome sequencing:

Two uninduced and four 7 days DSB induced VSG upDEX subclones were harvested at 5 x 10 7 cells and DNA extracted using a Qiagen® DNeasy Blood & Tissue Kit according to the standard protocol. DNA Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 126 was sequenced on a BGISEQ-500 platform in paired end mode at the Beijing Genomics Institute (BGI).

The number of reads per library was as follows: 10.92 million for VSG upDEX uninduced 1, 12.05 million for VSG upDEX uninduced 2, 10.91 million for VSG upDEX induced 1, 11.63 million for VSG upDEX induced 2, 12.86 million for VSG upDEX induced 3 and 12.77 million for VSG upDEX induced 4. Sequences were aligned to the T. brucei Lister 427 genome [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF], with the minichromosomal VSGs [START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF]) and p 5 NTMF sequences added, using Bowtie2 (Langmead and Salzberg 2012) with -very-sensitive parameters and BAM files generated using samtools [START_REF] Li | The Sequence Alignment/Map Format and SAMtools[END_REF]. The percentage of reads successfully aligning to the genome were as follows: 96.70% for VSG upDEX uninduced 1, 99.03% for VSG upDEX uninduced 2, 98.19% for VSG upDEX induced 1, 99.03% for VSG upDEX induced 2, 98.59% for VSG upDEX induced 3 and 98.94% for VSG upDEX induced 4. The genome was visualised using Artemis genome browser [START_REF] Carver | Artemis: An Integrated Platform for Visualization and Analysis of High-Throughput Sequence-Based Experimental Data[END_REF], reads were filtered for uniqueness using a mapping quality (MAPQ) cut off of 1.

Quantitative resection assay

Quantification of ssDNA by qPCR was carried out using an adapted version of [START_REF] Zierhut | Break Dosage, Cell Cycle Stage and DNA Replication Influence DNA Double Strand Break Response[END_REF]. In brief, DNA was harvested at 0, 6 and 12 hours following growth in 1 μg/ml tetracycline. 500 ng of extracted DNA was digested with either HindIII or mock digested (no enzyme) overnight at 37 °C. For the qPCR reaction, primers used were VSG21b F (aggccaagaaagcgctaaca) and VSG21b R (ccactggctgctcggatatg). Luna Universal qPCR master mix (New England Biolabs) was used with 600 pM primer mix and 5 ng DNA per reaction. The PCR cycling conditions were: 95 0 C for 3 minutes, and then 40 cycles of 95 0 C 10 s, 55 0 C 30 s on a thermal cycler. The Δ c q was calculated by subtracting the average c q of the mock digest from the digested c q . % ssDNA was calculated using the formula: % resection = 100/[(1+2 Δcq )/2], assuming 100% efficiency of the I-SceI meganuclease. 3 technical replicates were carried out for each experiment.

VSG -sequencing

For both the VSG up and VSG upDEX cell lines, 5 x 10 7 cells were harvested 0 and 7 days post growth in 1 μg/ml tetracycline and RNA extracted. For the VSG up cell line experiments were carried out in duplicate and for and VSG upDEX experiments were carried out in triplicate. Frist strand synthesis was carried out using 500 ng of RNA, SuperScript® IV reverse transcriptase (ThermoFisher) and 200 nM of the 'All-VSG 3'-UTR' primer (GTGTTAAAATATATC) [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF] that binds specifically to the conserved 14-mer in the VSG 3' UTR. The product was cleaned up using AmPureXP beads (BeckmanCoulter). To specifically amplify all of the VSGs expressed in a population, conserved

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 127 sequences in the 5' spliced leader and 3' UTR of every VSG mRNA were used. VSG cDNA was amplified by PCR using 1 μg of cDNA, 0.2 mM dNTPs (NEB), 1 x PCR buffer (NEB), Phusion DNA polymerase (NEB), 200 nM of the spliced leader (SL) forward primer (ACAGTTTCTGTACTATATTG) and 200nM of the SP6-14mer reverse primer (GATTTAGGTGACACTATAGTGTTAAAATATATC) [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]. The PCR conditions were: 5 cycles of: 94 0 C for 30 s, 50 0 C for 30 s and 72 0 C for 2 minutes, followed by 18 cycles of: 94 0 C for 30 s, 55 0 C for 30 s and 72 0 C for 2 minutes carried out on a thermal cycler machine. The VSG PCR products were then cleaned up using AmpPureXP beads to each transcript were acquired using featureCounts [START_REF] Liao | FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic Features[END_REF] and EdgeR [START_REF] Robinson | EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data[END_REF]) was used to perform differential expression analysis on all genes. The R script used to generate volcano and genome plots and perform differential genome analysis was adapted from [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF].

Results

Stable expression of two distinct cell surface VSGs in T. brucei

The established VSG up cell line facilitates the induction of a specific DSB adjacent to the 70 bp repeats in BES1, from which VSG-2 (also known as VSG221) is actively expressed [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF] results in a 5000-fold increase in the rate of VSG switching [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]). An ectopic copy of VSG-5, under neomycin phosphotransferase (NPT) selection, was introduced at a VSG up ribosomal promoter generating a de novo telomere seed [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF][START_REF] Horn | Telomere Maintenance and Length Regulation in Trypanosoma Brucei[END_REF] (Figure 1A (ii)). We selected two clones with high level expression of VSG-5 (Supplementary figure 1A), and the presence of both VSG-2 and VSG-5 at the cell surface was confirmed by immunofluorescence analysis (IFA) (Figure 1B). The resulting Double EXpressing (DEX) cell lines are referred to as VSG upDEX . To determine whether VSG-5 expression was stable, a pair of VSG upDEX clones were grown the absence of NPT selection for 7 days by removal of the G418 drug from the growth medium. Protein analysis revealed both VSG-5 and NPT are expressed in the absence of selection pressure, indicating that the expression of ectopic VSG-5 is stable (Supplementary Figure 1B).

Ectopic VSG-5 expression is coincident with BES1

Previous reports have shown that the simultaneous expression of two VSGs does not disrupt T. brucei parasite growth [START_REF] Baltz | Stable Expression of Two Variable Surface Glycoproteins by Cloned Trypanosoma Equiperdum[END_REF][START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF][START_REF] Muñoz-Jordán | Stable Expression of Mosaic Coats of Variant Surface Glycoproteins in Trypanosoma Brucei[END_REF][START_REF] Pinger | Variant Surface Glycoprotein Bibliography 184 Density Defines an Immune Evasion Threshold for African Trypanosomes Undergoing Antigenic Variation[END_REF].

Consistent with this, we monitored the rate of parasite proliferation over 96 h and observed no major differences in growth between the VSG up and VSG upDEX cell lines (Figure 2A, solid lines). Induction of a DSB in the VSG up cell line is highly toxic, resulting in approximately 95% cell death [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. As the VSG is essential, we hypothesised that this is due to loss of the VSG resulting from failed repair at the BES. To test this, the VSG up and VSG upDEX cell lines were grown under DSB inducing conditions over 96 h. We did not observe a significant increase in survival of VSG upDEX cells (Figure 2A, dashed lines), indicating that the expression of a second VSG does not ameliorate the toxicity of a BES DSB.

The site of VSG transcription is marked by an extranucleolar pool of RNA Pol I [START_REF] Chaves | Subnuclear Localization of the Active Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei[END_REF][START_REF] Navarro | A Poll Transcriptional Body Associated with VSG Mono-Allelic Expression in Trypanosoma Brucei[END_REF] and the VEX complex [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF][START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF]), and we asked whether the ectopically expressed VSG-5 was able to recruit VEX2. One allele of VEX2 was natively tagged [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF]) and the nucleolus marked using the L1C6 antibody [START_REF] Durand-Dubief | TbAGO1, an Argonaute Protein Required for RNA Interference, Is Involved in Mitosis and Chromosome Segregation in Trypanosoma Brucei[END_REF]. VSG up and VSG upDEX cells were scored for one or two VEX2 foci in G1 and S phase cells (Figure 2B). For VSG up and VSG upDEX 96% and 92% of cells have one VEX2 foci, respectively, and this does not significantly change at seven days post DSB induction (Figure 2B). Although we did not report a change in the number of VEX2 foci in the double expressing cell line, we did notice that the VEX2 foci often appeared larger which led us to carry out measurements of the length of the VEX2 foci.

In the VSG up cell line the average VEX2 foci length is 0.30µm, whilst in the VSG upDEX cells the length of the foci is significantly larger, with an average length of 0.38µm (p <0.0001) (Figure 2C). Following

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 130 induction and recovery of a DSB, the length of the VSG upDEX foci was significantly reduced to an average length of 0.29µm (p < 0.0001), which is not significantly different to the VSG up cell line. This suggests that in the VSG upDEX cell line the VSG transcription compartment is larger, possibly as a result of accommodating the transcription of two VSGs, and this larger size is not maintained following a DSB and subsequent repair. and NPT showed a decrease over the course of the induction (Figure 3A), suggesting that VSG-5 is not maintained at the cell surface following a DSB. We next examined parasite populations for surface VSGs by IFA to identify whether VSG-2 and VSG-5 were seen at the surface. Taking into account that it takes approximately 4.5 days to completely replace the VSG coat [START_REF] Pinger | Variant Surface Glycoprotein Bibliography 184 Density Defines an Immune Evasion Threshold for African Trypanosomes Undergoing Antigenic Variation[END_REF], analysis of surface VSGs was carried out 7 days post DSB induction, however no VSG-2 or VSG-5 was detected (Figure 3B). This was confirmed by fluorescent activated cell sorting (FACs) at 0 and 7 days post DSB. In the uninduced cells, both VSG-2 and VSG-5 are detected at the surface of 99.1% and 78.9% in a pair of VSG upDEX clones (Figure 3C). 7 days post DSB induction, both VSG-2 and VSG-5 were absent from 90.2% and 99.3% of each clone respectively. This suggests that a DSB in BES1 results in the loss of VSG-5 from the cell surface, despite the VSG-5 gene being located at a distinct locus to BES1.

The DNA sequence of ectopic VSG-5 is lost following a DSB

The concurrent reduction in VSG-2 and VSG-5 at the trypanosome surface following a BES DSB led us to ask how the cells repaired the break. It has been shown that a VSG up DSB is predominantly repaired via GC using the 70 bp repetitive sequences for homology [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]Hovel-miner, Mugnier, Goldwater, Cross, et al. 2016) and we therefore examined whether this was the case for the VSG upDEX cell line. To map individual repair events in the VSG up and VSG upDEX cell lines we used survivors from clonogenic assays (5 uninduced and 20 induced survivor subclones for each cell line) and a series of established PCR assays to assess the presence or absence of several marker genes in BES1 [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]. DSB induction was confirmed in all induced subclones by Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 132 sensitivity to puromycin, as the puromycin resistance gene is located downstream of the DSB site. Using primers specific to VSG-2 we found that for both VSG up and VSG upDEX all uninduced sub clones (n=5)

were VSG-2 positive by PCR and all induced sub clones (n=20) were VSG-2 negative (Figure 4A), [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. For VSG upDEX the findings were notably similar, with 70% (14 subclones) and 75% (15 subclones) retaining pseudo and ESAG1, respectively (Figure 4A and supplementary figure 2B). Six repaired VSG upDEX subclones had lost pseudo and 5 lost ESAG1, suggesting repair by recombination upstream of these genes or loss of entire BES. The one induced subclone that was ESAG1 positive but pseudo negative likely repaired the DSB via gene conversion with the smaller block of 70 bp repeats upstream of pseudo gene. Importantly, these analyses demonstrate that the expression of a second VSG does not disrupt the templates used within the BES to repair the DSB. We next looked for the presence or absence of VSG-5 and NPT in the VSG upDEX subclones. The T. brucei genome contains three copies of VSG-5 [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]) and specific amplification of the ectopic copy of VSG-5 was achieved using primers specific to procyclin 3' untranslated region (UTR) of ectopic VSG-5 and VSG-5 (Figure 4B). Unexpectedly, all VSG upDEX induced sub clones (n=20) were negative for both VSG-5 and NPT (Figure 4B and supplementary figure 2C). This indicates that the loss of VSG-5 at the cell surface is accompanied by loss of the DNA sequence. To validate loss of these sequences we carried out whole genome sequencing on 2 uninduced and 4 induced VSG upDEX subclones. Reads aligning to NPT were not observed in any of the four induced subclones (Supplementary figure 3), consistent with the findings of the PCR assay. We were unable to identify reads specifically mapping to ectopic VSG-5 using short paired-end reads. Loss of VSG-2 and VSG-5 protein from the surface of all induced subclones was confirmed by immunofluorescence analysis (Figure 4C). Together these data demonstrate that the reduction in VSG-5 -NPT protein that follows a DSB is a result of loss of the DNA sequence.
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Given that the ectopic copy of VSG-5 is introduced with an NPT selection marker, we reasoned that it would be possible to select for retention of ectopic VSG-5 using selection concentration of G418.

VSG upDEX cells were grown under DSB inducing conditions and selected using 2 µg/ml of G418 for 7 days. The presence of VSG-2 and VSG-5 at the cell surface was then examined by IFA, and amongst a population of cells VSG-2 and VSG-5 were seen at the surface of 96% and 100% of cells, respectively (Supplementary figure 4A) suggesting that a BES DSB has not occurred. A DSB renders cells puromycin sensitive, and we therefore generated 30 subclones and used a puromycin sensitivity assay to identify whether a DSB has occurred. Out of 30 induced subclones, 29 were puromycin resistant (Supplementary figure 4B), confirming that the majority of subclones have not been DSB induced. Given that the I-SceI meganuclease has over 95% efficiency of cutting [START_REF] Glover | Deletion of a Trypanosome Telomere Leads to Loss of Silencing and Progressive Loss of Terminal DNA in the Absence of Cell Cycle Arrest[END_REF], this suggests that by using G418 selection we have applied a strong selective pressure for uncut cells. The single puromycin sensitive subclone was VSG-2 and VSG-5 positive by IFA (data not shown) and has likely repaired the DSB using short regions of homology for imperfect repair, resulting in disruption of the puromycin open reading frame (ORF) but preserving VSG-2 in BES1. We were unable to identify any cells that had undergone GC to repair the DSB whilst maintaining VSG-5 at the cell surface. This indicates that it is highly unfavourable to undergo VSG switching whilst a second VSG is present at the cell surface.

The accumulation of single stranded DNA is delayed in DEX cells

Given that the ectopic copy of VSG-5 is lost following a BES DSB, we next investigated whether the timing of repair at the active BES is disrupted. A quantitative resection assay was employed [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF][START_REF] Zhou | Quantitation of DNA Double-Strand Break Resection Intermediates in Human Cells[END_REF][START_REF] Zierhut | Break Dosage, Cell Cycle Stage and DNA Replication Influence DNA Double Strand Break Response[END_REF] that makes use of a HindIII site within VSG-2 to assess the timing of ssDNA accumulation at the active BES (Figure 5A). In brief, genomic DNA was harvested at 0, 6 and 12 h post DSB induction. The genomic DNA was then either digested with HindIII, or mock digested. If the gDNA is single stranded (ssDNA) at the HindIII digestion site, the restriction digest will be inhibited and a PCR product will be amplified (Figure 5A). If the DNA is double stranded, HindIII digestion will proceed and the template for the PCR amplification is destroyed. Therefore, a PCR product will only be amplified if the originating gDNA is single stranded at the HindIII site. For each sample, the amount of PCR product is compared to that of an undigested 'mock' digested sample, in which the template remains intact and a PCR product is amplified. For the VSG up cell lines we found that ssDNA increased over 0 to 12 h post DSB induction with a relative percentage of 1.1%, 6.4% and 11.7% at 0 h, 6 h and 12 h, respectively (Figure 5B), in agreement with previously published data [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF]) and slot blots [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. For VSG upDEX the relative amount of ssDNA Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 137 was 1.2% at 0 h and 2% at 6 h, which is significantly lower than the same time point in VSG up (p<0.0001) (Figure 5B). By 12 h, the VSG upDEX ssDNA increased to 14.5%, similar to that of VSG up at the same time point. Therefore, the initial stages of DNA resection are delayed in VSG upDEX , with ssDNA accumulation predominantly occurring between 6 and 12 h.

Loss of VSG-5 is dependent on high levels of transcription

The loss VSG-5 -NPT following a DSB was unexpected and we therefore wanted to determine whether its transcriptional state could be an influence. Of the 10 VGS upDEX cell lines generated, only 20 % expressed high levels of VSG-5 (Supplementary figure 1), we therefore selected 2 clones that expressed VSG-2 and where VSG-5 was silenced, referred to as VSG upDEX_OFF (Figure 6A and supplementary figure 5A). As in the VSG upDEX cell line, cell growth was not affected in the VSG upDEX_OFF cell line (Figure 6B).

We therefore generated a cohort of 5 uninduced and 20 induced VSG upDEX_OFF sub clones for further analysis. All induced subclones were puromycin sensitive indicating efficient cutting by I-SceI as expected. Using our PCR assays we found that 95% of the induced VSG upDEX_OFF subclones had lost VSG-2 whereas the pseudo gene was retained in 65% (Figure 6C and supplementary figure 5B), indicating that repair using the 70 bp repeats for recombination dominates. In striking contrast to the VSG upDEX cell line, all 20 VSG upDEX_OFF subclones retained both VSG-5 and NPT following DSB induction (Figure 6B and supplementary figure 5B). This demonstrates that the loss of VSG-5 -NPT in the VSG upDEX cell line only occurs when it is transcriptionally active.

VSG switching is unperturbed in VSG upDEX cells

To assess whether the expression of a second VSG disrupts access to the antigen repertoire we used VSGseq [START_REF] Mugnier | The in Vivo Dynamics of Antigenic Variation in Trypanosoma Brucei[END_REF]. The expressed VSGs in the VSG up and VSG upDEX cell lines were amplified and sequenced 0 and 7 days post DSB induction. VSG genes were considered significantly enriched when the log 2 fold change (FC) of the induced (+ Tet) sample compared to the uninduced (-Tet) is > 2, with a probability (p) <0.05. We identified 64 VSG sequences that were significantly enriched in the VSG up cell line and 66 in the VSG upDEX cell line (Figure 7A). We next looked at the genomic locations of the significantly enriched genes by mapping them to the T. brucei 427 genome [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF]) (Figure 7B) and we found that for both the VSG up and VSG upDEX cells, 9 VSGs were located on the BESs, and 20

VSGs on the mini chromosomes (Figure 7B indicating that the expression and subsequent loss of VSG-5 following BES DSB does not disrupt access to the genomic repertoire and repair at the BES continues unabated. Interestingly, we noted a preference for intrachromosomal repair in both cell lines. VSG-2 is expressed from chromosome 6, and 8% and 11% of enriched genes aligned to chromosome 6 in the VSG up and VSG upDEX cells, respectively.

The preference for intrachromosomal repair may be associated with the proximity of the repair template to the site of the DSB. 

Discussion

Here we show that a second VSG stably expressed from a ribosomal promoter is lost following a DSB at the active BES. VSG-5 is integrated at a rDNA promoter where it is located approximately 7 kbp upstream of a de novo telomere. An rDNA promoter is used to drive high levels of VSG5 expression whilst avoiding competition with the native BES promoter [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF][START_REF] Horn | Position-Dependent and Promoter-Specific Regulation of Gene Expression in Trypanosoma Brucei[END_REF].

Using an rDNA promoter to replace a BES promoter does not disrupt allelic exclusion [START_REF] Rudenko | A Ribosomal DNA Promoter Replacing the Promoter of a Telomeric VSG Gene Expression Site Can Be Efficiently Switched on and off in T. Brucei[END_REF] and the DEX construct used is also subject to allelic exclusion [START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF], with both VSG-2 and VSG-5 present at the cell surface at equal levels. Batram et al., showed that inducing high levels of expression of a second VSG from an rDNA spacer using a T7 RNA polymerase promoter lead to an initial attenuation of the BES VSG, in a process that is reversed in around 5 days [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF]).

In the VSG upDEX cell line we found that expression of VSG-2 and VSG-5 was stable, even in the absence of drug selection pressure (Supplementary figure 1B). This is likely due to the nature of its integration and de novo telomere seeding which allows for recruitment of the VEX complex resulting in stable transcription of VSG-5. We found that the size of the VEX2 foci was significantly increased in VSG upDEX cells, and after induction of a DSB and subsequent loss of VSG5, the size of the VEX2 foci decreased comparable to that of a single expressing cell line (Figure 2C). The larger size of the VEX2 foci together with the presence of one single VEX2 foci in the large majority of VSG upDEX cells (Figure 2B) indicates that VSG-2 and VSG-5 transcription is coincident. Indeed, two VSGs expressed from distinct BESs have previously been shown to colocalise to a single ESB [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF].

What leads to the transcription dependent break induced loss of VSG-5 is unknown, but one hypothesis is that increased VSG-5 transcription to compensate for the loss of VSG-2 following a DSB could lead to genomic instability through the formation of RNA-DNA hybrids known as R-loops (Santos-Pereira and Aguilera 2015), which in T. brucei, have been shown to form in both the active BES (Briggs, Crouch, et al. 2018) and at rRNA loci [START_REF] Briggs | Genome-Wide Mapping Reveals Conserved and Diverged R-Loop Activities in the Unusual Genetic Landscape of the African Trypanosome Genome[END_REF]). R-loop induced genomic instability can result in chromosome rearrangements (Aguilera and García-Muse 2012b) and could

Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 141 account for the loss of VSG-5. Alternatively, increased transcription of VSG-5 may result in clashes between the transcription and replication machinery, leading to DNA DSBs that are repaired by recombination, generating genetic changes [START_REF] Kim | Transcription as a Source of Genome Instability[END_REF]. Analysis of the levels of VSG-5 transcription immediately following DSB induction could provide further insight into VSG-5 loss.

In the DEX cells, we observed a significant decrease in ssDNA in the first 6 h of following DSB.

The proximity of the available templates has been shown to influence the frequency of recombination [START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF] and it is possible that after a DSB in the BES, repair is initiated using the ectopic VSG-5 gene which is in close spatial proximity (Figure 2), however limited homology would result in an unsuccessful recombination event which is eventually degraded -as is seen in fission yeast [START_REF] Tinline-Purvis | Failed Gene Conversion Leads to Extensive End Processing and Chromosomal Rearrangements in Fission Yeast[END_REF]. Recombination intermediates could temporarily stall ssDNA formation until the homology search is re-established. Despite the delay in the timing of DSB repair, the mechanism of repair at the BES continued undisrupted with the preference for repair using the 70 bp repeats maintained, and the access to the genomic archive of VSG genes unabated.

Two studies have previously reported frequent deletion of an active BES during VSG switching.

Rudenko et al., used selection markers within the silent BES to activate a transcriptional switch and observed deletion of the originally active BES [START_REF] Rudenko | Selection for Activation of a New Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei Can Result in Deletion of the Old One[END_REF], with up to 100 kbp of telomeric sequence lost and large changes in chromosome size seen. Cross et al., reported a similar finding using a negative selectable marker for BES inactivation where they found that the majority of switching events were coupled to the deletion of the entire previously active BES, with large changes in chromosome size also seen [START_REF] Cross | Frequent Loss of the Active Site during Variant Surface Glycoprotein Expression Site Switching In Vitro in Trypanosoma Brucei[END_REF]. The mechanism of the chromosome truncation is unclear, however it was proposed that they could arise from either random chromosome breakage and healing as is seen in Plasmodium falciparum [START_REF] Calhoun | Chromosome End Repair and Genome Stability in Plasmodium Falciparum[END_REF][START_REF] Scherf | Cloning and Characterization of Chromosome Breakpoints of Plasmodium Falciparum: Breakage and New Telomere Formation Occurs Frequently and Randomly in Subtelomeric Genes[END_REF], interchromosomal recombination or a failed recombination event that is destroyed by exonucleases [START_REF] Cross | Frequent Loss of the Active Site during Variant Surface Glycoprotein Expression Site Switching In Vitro in Trypanosoma Brucei[END_REF]. Both studies propose that there is a requirement for the inactivation of the previously active VSG prior to activation of a new one, and this can be either by a transcriptional switch or deletion of the previously active BES.

The loss of ectopic VSG-5 reported here may therefore be part of a general pathway to preserve monoallelic expression during VSG switching and highlights the strict requirement for either silencing or loss of the previously active VSG before activation a new VSG [START_REF] Cross | Frequent Loss of the Active Site during Variant Surface Glycoprotein Expression Site Switching In Vitro in Trypanosoma Brucei[END_REF][START_REF] Rudenko | Selection for Activation of a New Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei Can Result in Deletion of the Old One[END_REF].

Indeed, deletion events may occur more commonly than previously identified, as it has not been possible to distinguish between BES GC and an in situ switch coupled to deletion of the originally active BES during a VSG switch, as the resulting BES structure and gene expression pattern is identical in both cases [START_REF] Benmerzouga | Trypanosoma Brucei Orc1 Is Essential for Nuclear DNA Replication and Affects Both VSG Silencing and VSG Switching[END_REF]Jehi, Li, et al. 2014;[START_REF] Jehi | Trypanosoma Brucei TIF2 Suppresses VSG Switching by Maintaining Subtelomere Integrity[END_REF]H. S. Kim and Cross 2010;[START_REF] Kim | Identification of Trypanosoma Brucei RMI1/BLAP75 Homologue and Its Roles in Antigenic Variation[END_REF].
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We report that in T. brucei a second actively expressed VSG is lost following DSB at the active BES, indicating that following DSB there are stringent mechanisms in the cell to ensure monoallelic VSG expression. T. brucei evasion of the mammalian host is dependent on both the monoallelic expression of a single surface antigen in order to avoid clearance by the host immune system [START_REF] Aresta-Branco | African Trypanosomes Expressing Multiple VSGs Are Rapidly Eliminated by the Host Immune System[END_REF] and the periodic switching of the single expressed VSG species. Understanding how these two processes act in concert will reveal new insights into evasion of the host immune system.

Discussion

The DSB phosphoproteome DNA DSBR lies at the crux of T. brucei's ability to undergo VSG switching and evade immune detection.

Repair of DSBs is mediated by protein phosphorylation, however only one DNA damage associated phosphorylation has been reported in T. brucei [START_REF] Glover | Trypanosomal Histone Γh2A and the DNA Damage Response[END_REF]. In results chapter 1, I have carried out systematic analysis of the T. brucei DNA damage phosphoproteome to identify protein modifications that are significantly up and down regulated in response to targeted DSBs. There is existing evidence that the DSBR is compartmentalized in T. brucei with HAT3 promoting DNA resection at a chromosome internal sites but inhibiting subtelomeric resection Glover and Horn 2014), MRE11

directing DNA resection only at a subtelomeric loci [START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF], an increased proportion of repair by MMEJ at the BES [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF] and delay in the timing of repair at the BES compared to at chromosome internal loci [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF]. I have identified protein phosphorylation sites that show locus specific regulation in response to targeted DSBs, for example the nucleoporin NUP-1 position S517 and the translation initiation factor eIF4E-4 which are both significantly upregulated in response to a chromosome internal DSB yet down regulated in response to a BES DSB.

The work that I have present builds on existing evidence that repair is compartmentalised, and begins to unravel the specific protein modifications that mediate the distinct repair processes.

In this thesis I report over 6000 phosphorylation sites, including sites on DNA repair proteins, RBPs, translation initiation factors and structural proteins that are specifically modified in response to DSBs. In this text only a handful of these modifications have been discussed, and in particular I have chosen to focus on those sites that are accompanied by abundant changes in up or down regulation.

However, proteins that show only small changes in phosphorylation status may also be of biological interest. For example, a moderate upregulation in the phosphorylation of the NLP component of the ISWI chromatin remodeling complex was identified in response to chromosome internal DSB but the same site down regulated in response to a telomeric DSB (Annex figure 5). NLP is required for the silencing of basic copy VSG arrays, minichromosomes and the procyclin gene [START_REF] Narayanan | NLP Is a Novel Transcription Regulator Involved in VSG Expression Site Bibliography 181 Control in Trypanosoma Brucei[END_REF][START_REF] Stanne | TbISWI Regulates Multiple Polymerase I ( Pol I ) -Transcribed Loci and Is Present at Pol II Transcription Boundaries in Trypanosoma Brucei ‡[END_REF] suggesting that following a DSB, specific phosphorylation of NLP is required for reestablishing silencing at these loci. Further, phosphorylation sites were identified on the telomere components RAP1 and TIF2 (Annex figure 5). RAP1 is required for the silencing of BESs and other telomeric loci [START_REF] Yang | RAP1 Is Essential for Silencing Telomeric Variant Surface Glycoprotein Genes in Trypanosoma Brucei[END_REF]) and suppresses VSG GC through maintaining subtelomeric genome integrity [START_REF] Nanavaty | Trypanosoma Brucei RAP1 Maintains Telomere and Subtelomere Integrity by Suppressing TERRA and Telomeric RNA : DNA Hybrids[END_REF], whilst TIF2 depletion leads to increased DNA damage and VSG switching [START_REF] Jehi | Trypanosoma Brucei TIF2 Suppresses VSG Switching by Maintaining Subtelomere Integrity[END_REF] with damage specifically accumulating in the subtelomeric regions [START_REF] Jehi | Trypanosoma Brucei TIF2 and TRF Suppress VSG Switching Using Overlapping and Independent Mechanisms[END_REF]. The phosphosites identified on RAP1 and TIF2 may therefore be important for preserving the integrity of the subtelomeric regions and suppressing VSG GC. Ultimately, validation of phosphorylation sites identified here is required to determine their specific role in DSBR, and even those phosphorylation sites showing small fold changes may have an important contribution to DSBR and antigenic variation.

The DNA damage phosphoroteome provides a great advance in our understanding of the protein modifications that govern the DDR in T. brucei. Phosphorylation is, however, a dynamic process with both phosphorylation and dephosphorylation governing the course of repair. For this study I only examined the cellular response at a single time point following a DSB (12 h). From my studies, I have gained a snapshot into this process but for a comprehensive understanding of the de/phosphorylation cascade over the course of the repair process, multiple timepoints are required. Additionally, it should be taken into account that an increased number of VSG up cells remained in a cell cycle check point at 24 h post DSB induction compared to the INT cell line, indicating a delay in repair [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF].

Further, a qPCR assay showed that whilst DSB repair in the INT cell line was rapid (occurring over 2-10 h), repair of a BES DSB was inefficient, possibly taking over 30 h for efficient cleavage of the DSB [START_REF] Devlin | Mapping Replication Dynamics in Trypanosoma Brucei Reveals a Link with Telomere Transcription and Antigenic Variation[END_REF]. In our phosphoproteomic analysis, we generally observed smaller changes in phosphorylation in the VSG up cell line, which may reflect the slower dynamics of repair at this site.

However, given that DSB is a highly toxic lesion resulting in ~95% of cell death [START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]), the examination of later time points may prove challenging due to the compounding phenotypes arising from the DDR and high numbers of cell death.

Beyond phosphorylation

Phosphorylation governs the DNA damage response [START_REF] Summers | Phosphorylation : The Molecular Switch of Double-Strand Break Repair[END_REF] and was therefore the focus of proteomic analysis in this thesis. However, other PTMs have been shown to be important for DSBR.

In mammalian cells, mono or polyubiquitinylation carried out by the ubiquitin E1, E2 and E3 ligases (Pickart 2001) is important for assembly of DDR proteins at the site of DNA damage and proteins with ubiquitin ligase activity accumulate at sites of DNA damage. For example BRCA1, which interacts with the MRN complex during HR [START_REF] Wu | The Role of BRCA1 in DNA Damage Response[END_REF] has ubiquitin E3 ligase activity [START_REF] Hashizume | The RING Heterodimer BRCA1-BARD1 Is a Ubiquitin Ligase Inactivated by a Breast Cancer-Derived Mutation[END_REF]) and BRCA1 subsequently ubiquitinylates its phosphorylation dependent binding partner CtIP, promoting binding to damaged chromatin [START_REF] Yu | BRCA1 Ubiquitinates Its Phosphorylation-Dependent Binding Partner CtIP[END_REF]. It is unclear if ubiquitinylation pathways act in the DDR of yeast or protozoan parasites [START_REF] Polo | Dynamics of DNA Damage Response Proteins at DNA Breaks: A Focus on Protein Modifications[END_REF], however the use of the T. brucei

INT cell line would provide an excellent opportunity to study ubiquitinylation in HR in single celled organisms. Sumoylation, acetylation and methylation PTM's have also been shown to be important in the DDR. In mammals and yeast, sumoylation promotes DDR foci formation [START_REF] Galanty | Mammalian SUMO E3-Ligases PIAS1 and PIAS4 Promote Responses to DNA Double-Strand Breaks[END_REF]) and the human equivalent to RPA-1 (RPA70) is sumoylated in response to DNA damage and this is involved in RAD51 recruitment to sites of damage [START_REF] Dou | Regulation of DNA Repair through DeSUMOylation and SUMOylation of Replication Protein A Complex[END_REF]. Methylation of MRE11 promotes accumulation at sites of DNA damage and regulates DNA binding activity [START_REF] Boisvert | Arginine Methylation of MRE11 by PRMT1 Is Required for DNA Damage Checkpoint Control[END_REF].

Further, in humans the SIRT6 deacetylase promotes HR by deacetylating CtIP [START_REF] Kaidi | Human SIRT6 Promotes DNA End Resection through CtIP Deacetylation[END_REF], which results in RPA-1 and RAD51 foci formation. Many of these DDR associated PTM's have not been well studied outside of mammals [START_REF] Polo | Dynamics of DNA Damage Response Proteins at DNA Breaks: A Focus on Protein Modifications[END_REF], and expanding the quantitative proteomic approach used in this thesis to look at different PTM's would advance our understanding of the DDR modifications that are conserved amongst eukaryotes. Moreover, I have identified locus specific PTM's and the system established here is a particularly powerful tool for examining how DNA repair differs across the genome.

Mutation of essential genes

RPA is a multifunctional protein complex involved in multiple processes in the cell, including DNA repair, replication and recombination. In humans, the complex is hyperphosphorylated in response to DNA damage, which in turn invokes a structural change in the ssDNA binding channel of RPA-1, the largest member of the complex [START_REF] Zou | Functions of Human Replication Protein A (RPA): From DNA Replication to DNA Damage and Stress Responses[END_REF]. I generated phosphorylation mutants of S5 on RPA-1 and identified distinct roles for this PTM in response to telomeric and chromosome internal DSBs.

However, attempts to generate mutants of a second site on RPA-1, S43, which showed a 6-fold upregulation following a chromosome internal DSB proved challenging. It is therefore likely that this site is essential for repair and or other processes such as replication in trypanosomes. Analysis of essential phosphorylation sites could be achieved by the generation of phospho-constitutive mutants, in which the phosphoSer/ phosphoThr site of interest is mutated to Asp/Glu, which mimics the phosphorylated conformation of the amino acid and may be more tolerable to the cell [START_REF] Thorsness | Inactivation of Isocitrate Dehydrogenase by Phosphorylation Is Mediated by the Negative Charge of the Phosphate[END_REF]. For those sites that cannot be mutated by either phospho-null or phospho-constitutive mutants, CRISPR Cas13b RNA editing (Cox et al. 2017b) could provide a useful alternative, where the Cas13b endonuclease is guided to an RNA target where it can introduce a single point mutation. Unlike Cas9 there is no requirement for a PAM sequence in the target RNA, making the system applicable to virtually any target RNA. These two approaches could be used to study phosphorylation sites that show large fold changes and are likely highly important to both the DDR and parasite survival.

The unusual loss of an ectopically expressed VSG during VSG switching

The work presented in this thesis builds on the emerging evidence that DNA repair proteins and monoallelic expression are intimately linked. Several proteins have been implicated in both DNA repair and monoallelic expression, with disruption of RAD51 (McCulloch and Barry 1999), a RAD51 paralog (RAD51-3) [START_REF] Proudfoot | Distinct Roles for Two RAD51-Related Genes in Trypanosoma Brucei Antigenic Variation[END_REF] or BRCA2 [START_REF] Hartley | Trypanosoma Brucei BRCA2 Acts in Antigenic Variation and Has Undergone a Recent Expansion in BRC Repeat Number That Is Important during Homologous Recombination[END_REF] suppressing VSG switching and also reducing transcriptional switching between BESs. Likewise, knockdown of the ATR kinase results in increased VSG switching and also disruption of monoallelic expression [START_REF] Black | Trypanosoma Brucei ATR Links DNA Damage Signaling during Antigenic Variation with Regulation of RNA Polymerase I-Transcribed Surface Antigens[END_REF], whilst the exposure of T. brucei to DNA damaging agents increases transcription from silent BESs in BSF parasites [START_REF] Sheader | Bloodstream Form-Specific Up-Regulation of Silent VSG Expression Sites and Procyclin in Trypanosoma Brucei after Inhibition of DNA Synthesis or DNA Damage*[END_REF]). Here I have shown that an ectopically expressed VSG is lost following a DSB at the active BES, providing further evidence for the link between VSG switching and allelic exclusion. Following induction of a DSB we were unable to maintain VSG-5 expression, or indeed VSG-5 sequence in the genome, even under strong drug selection pressure. What then triggers this loss? The ectopic copy of VSG-5 is expressed from an rDNA promoter where it seeds a de novo telomere that is extended by the endogenous machinery of the cell [START_REF] Horn | Telomere Maintenance and Length Regulation in Trypanosoma Brucei[END_REF]. In T.

brucei the subtelomeric regions have been shown to be fragile regions prone to DNA DSBs [START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF] and it is possible that loss of VSG-5 is dependent on linkage to the telomere. However, the loss of VSG-5 was only seen upon DSB induction and in cells where VSG-5 is actively transcribed. This suggests that it is active transcription rather than inherent instability that leads to loss. One possible hypothesis for the transcription associated loss of VSG-5 is that the induction of a DSB results in increased expression of VSG-5, in order to compensate for loss of VSG-2. Quantitative PCR would therefore be a valuable future experiment in order to determine if the loss of VSG-2 is also accompanied by an increase in VSG-5 expression. An increase in VSG-5 expression could result in either R-loop formation or clashes between the transcription and replication machinery of the cell, both outcomes could lead to genome instability and subsequent loss of VSG-5. To explore the possibility of Rloop enrichment at the VSG-5 locus, DNA-RNA Immuno Precipitaion (DRIP)-seq could be used, which uses the S9.6 antibody [START_REF] Boguslawski | Characterization of Monoclonal Antibody to DNA.RNA and Its Application to Immunodetection of Hybrids[END_REF]) to pull down R loops in the genome and sequence the associated DNA sequences and has been successfully applied in T.brucei [START_REF] Briggs | Genome-Wide Mapping Reveals Conserved and Diverged R-Loop Activities in the Unusual Genetic Landscape of the African Trypanosome Genome[END_REF]).

An alternative explanation for the loss of VSG-5 is the possibility of a failed recombination event with the BES which is then degraded. This possibility could be addressed using DNA Flourescent In Situ Hybridization (FISH) (Langer-Safer, Levine, and Ward 1982) to localize VSG-2 and VSG-5 in single cells both prior to and in the immediate aftermath of a DSB, which would determine both whether the two VSGs are found in close proximity and if so, how this changes following DSB induction. Indeed, whilst the single larger VEX2 foci in our DEX cell lines suggests that two VSGs are transcribed from a single transcription compartment as has previously been reported [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF]), this has not been formally proven by the work in this thesis. A reporter gene incorporated at an rDNA loci localized to the nucleolus [START_REF] Chaves | Subnuclear Localization of the Active Variant Surface Glycoprotein Gene Expression Site in Trypanosoma Brucei[END_REF]) and its therefore intriguing that an rDNA associated VSG may not. In order to relocate the rDNA linked VSG, the VSG would need to be recognized by cellular machinery that is capable of chromatin reorganization. The VEX complex binds specifically to VSG associated telomeric chromatin, and the VEX2 subunit has an ATPase domain [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF]) that could be used to provide the energy for chromatin rearrangements. Therefore, it is possible that the rDNA associated VSG-5 is recognized by VEX2 which mediates its relocation outside of the nucleolus.

The intriguing loss of an ectopically expressed VSG following a VSG switch may provide some illumination as to how the parasites sustains monoallelic expression following a VSG switch. Our findings suggest that there is a counting mechanism in the cell to ensure that only one VSG is expressed following VSG switching, an idea that has been echoed in previous reports examining disruption of monoallelic expression [START_REF] Batram | Expression Site Attenuation Mechanistically Links Antigenic Variation and Development in Trypanosoma Brucei[END_REF][START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF][START_REF] Munioz-Jordan | Stable Expression of Mosaic Coats of Variant Surface Glycoproteins in Trypanosoma Brucei[END_REF]. Such a counting mechanism has been seen in the monoallelic expression of the olfactory receptor (OR) genes in mammals, where the expression of an OR transgene mediates a feedback loop resulting in get inhibition of the endogenous active OR gene [START_REF] Nguyen | Prominent Roles for Odorant Receptor Coding Sequences in Allelic Exclusion[END_REF]. How this counting mechanism is mediated in T.

brucei is not yet known, but may be linked to the limited pool of VEX proteins [START_REF] Faria | Monoallelic Expression and Epigenetic Inheritance Sustained by a Trypanosoma Brucei Variant Surface Glycoprotein Exclusion Complex[END_REF][START_REF] Glover | VEX1 Controls the Allelic Exclusion Required for Antigenic Variation in Trypanosomes[END_REF] or the architecture of the ESB [START_REF] Budzak | Dynamic Colocalization of 2 Simultaneously Active VSG Expression Sites within a Single Expression-Site Body in Trypanosoma Brucei[END_REF].

Final remarks

In this thesis I have used quantitative proteomics to characterise the T. brucei DSB phosphoproteome and identify key differences in the phosphorylation marks that accompany HR driven repair at a chromosome internal locus and those modifications specific to recombination driven VSG switching. The compartmentalization of the DSBR was highlighted through the validation of the RPA-1 S5 phosphorylation site, which was shown to inhibit ssDNA resection at a chromosome internal site but promotes the initial stages of ssDNA resection at the active BES. I find that repair of a BES DSB does not tolerate the expression of a second VSG, and report the transcription dependent loss of an ectopic VSG following a VSG switch. Together, this work identifies novel features of DSBR PTMs and builds on existing evidence of the links between antigenic variation and monoallelic expression, which act in concert to sustain evasion of the host immune system.

Future directions

• Generation of RPA-1 S43 phopsho-constitutive mutants

• Validation of further candidates identified in the DNA damage phosphoproteome

• Time course analysis of the DSB phosphoproteome following both chromosome internal and subtelomeric DSBs

• Quantitative proteomic analysis of summoylation, acetylation, methylation and ubiquitinylation in DSBR 

  (HAT) is a fatal vector borne disease caused by the protozoan parasite Trypanosoma brucei. HAT is one of the 20 neglected tropical diseases (NTD) identified by the World
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 1 Figure 1. The distribution of HAT cases detected in Africa between 2017-2018. The number of T. b. gambiense HAT cases are shown in red, the T. b. rhodesiense are shown in blue and in green are places with active screening programs where no HAT cases were detected. Source: Franco et al., 2020.
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 3 Figure 3. (A) The key structural features of a bloodstream form T. brucei cell. Source: Matthews, 2005. (B) Cartoon showing nuclear and kinetoplastid DNA replication as the cell moves through the cell cycle. Source: Benz et al., 2017.
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 4 Figure 4. Map of the T. brucei mega base chromosomes. The core chromosomal regions are homozygous and only one of two homologous chromosomes is shown, whilst both of the heterozygous subtelomeric regions are shown. The black trace above each chromosome represents the relative transcription level. Source: Muller et al., 2018.
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 5 Figure 5. The dynamics of VSG switching. Each colour represents an individual VSG species, and the number of parasites in a population with the given VSG are shown. The black line represents total parasitaemia. Source: Mugnier et al., 2016.
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 6 Figure 6. Structure of a VSG homo dimer with one VSG monomer shown in blue and the other in grey. The C-terminal domain is shown in purple. The structure shown is a VSG-2 homo dimer (PDB: 1VSG and 1XU6). Source: Schwede et al., 2015.
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 7 Figure 7. Representation of the interaction between the densely packaged VSG coat and an immunoglobulin M (IgM) antibody. VSG homodimers are shown in magenta and blue, and the IgM in teal. The cell membrane is shown in grey. The density of the VSG coat prevents the IgM antibody accessing the VSG C-terminus, show in in magenta. Source: Mugnier et al., 2016.
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 8 Figure 8. Generic structure of a BES, located in the subtelomeric region of the chromosome. The black arrow represents an RNA Pol I promoter, and the grey boxes are ESAGs. The VSG is shown as a red box, and the telomeric repeats as dashed line. Source: Sima et al., 2020.

  Figure 9. Model for monoallelic VSG expression by the VEX complex. A limited pool of VEX1 and VEX2 are recruited to the single active BES in a transcription dependent manner. Silent BESs are excluded from the transcription compartment by the VEX complex. CAF-1 ensures allele specific inheritance during DNA replication. Source: Faria et al., 2019.
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 10 Figure 10. Mechanisms of VSG switching. (A) Transcription switch in which one BES is silenced and another BES is activated. (B) Telomere exchange, which involved cross over between homologous sequences in the telomere. (C) Duplicative gene conversion involves the duplication of a silent VSG into the active BES, replacing the previously active VSG. (D) In segmental gene conversion, fragments of multiple VSGs are copied into the BES, generating a new mosaic VSG. Adapted from Vink et al., 2012.
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 11 Figure 11. DSBR by HR. (i) DNA DSB. (ii) The MRN complex senses the double strand break and the ATM kinase is recruited, where it is activated by autophosphorylation. (iii) DNA resection, MRN, BRCA1 and CtIP initiate short range DNA resection on the DNA strand 5' from the DSB. EXO1 is recruited by the MRN complex and generates long range resection. ATM phosphorylation is important for activation of BRCA1, CtIP and EXO1. (iv) The RPA complex binds and stabilises the long 3' ssDNA overhangs. The RPA2 subunit is phosphorylated by ATM and ATR. (v) RAD51 is delivered to the DSB site by BRCA2, and is released following BRCA2 phosphorylation by CDK1. RAD51 is phosphorylated by CHK1, and replaces RPA on the ssDNA, forming a filament. (vi) Homology search and strand invasion. RAD51 facilitates the homology search and strand invasion using a homologous template. (vii) DNA is repair error-free. Figure created with BioRender.com and adapted from Li, 2015.
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 12 Figure 12. DSBR by MMEJ. DNA either side of the DSB is resected by the MRX complex (MRX in yeast and MRN in eukaryotes), revealing short regions of microhomology (yellow boxes), where cross over occurs. The 3' flap is cleaved followed by fill-in synthesis and ligation. Adapted from Li, 2015.
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 1 Figure 1. Experimental set up for SILAC phosphoproteomics. Cells are grown in medium supplemented with either 'heavy' (red) or 'light' (yellow) labeled amino acids. The 'heavy' cell culture is subject to treatment, for example DNA damage as shown with the red bolt. 'Heavy' and 'light' samples are mixed in a 1:1 quantity, peptides extracted and trypsin digested. For analysis of phosphorylated proteins, an additional step is carried out to enrich for phosphorylated peptides. The samples is analysed on a single MS run, where 'heavy' and 'light'

  (i) a chromosome internal loci and (ii) the active BES. Using SILAC quantitative phosphoproteomics I have identified over 6500 phosphorylation sites, including a core set of 211 DSB responsive phosphosites. I report modifications on canonical DNA damage factors and provide a comprehensive list of proteins that undergo phosphorylation in response to DNA damage in T. brucei. I also report a striking distinction between the proteins phosphorylated response to a chromosome internal DSB and one at the active BES.ResultsCell line set upIn order to study the cellular response to locus specific DSBs, we used two established cell lines that harbor the tetracyclin inducible yeast mitochondrial I-SceI homing endonuclease that induces a DSB in approximately 95 % of all cells[START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF][START_REF] Glover | Sequence Homology and Microhomology Dominate Chromosomal Double-Strand Break Repair in African Trypanosomes[END_REF]. The INT cell line contains an 18 bp I-SceI heterologous recognition sequence (I-SceI R) at an intergenic chromosome INTernal (INT) polycistronic transcription unit on one homolog of chromosome 11 (Glover et al. 2008) (Figure 2A). A DSB in the INT cell line is repaired by HR with the homologous chromosome in over 90% of cases, and results in robust γH2A and RAD51 accumulation and ssDNA formation at 9 -12 h post DSB induction.We therefore used the INT cell line to study protein modifications occurring in response to chromosome internal DSBs. To investigate subtelomeric DSBR, we used a cell line which harbors the I-SceI R upstream of the actively expressed VSG-2 (VSG up ) on chromosome 6a, adjacent to the 70 bp repeats (Figure2B)[START_REF] Boothroyd | LETTERS A Yeast-Endonuclease-Generated DNA Break Induces Antigenic Switching in Trypanosoma Brucei[END_REF][START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF] . Induction of a DSB in the VSG up cell line results a 5000 fold increase in switch frequency, with 100% of the observed population switching the expressed VSG by recombination which predominantly occurs using the 70 bp repeats directly upstream of the DSB site[START_REF] Glover | DNA Break Site at Fragile Subtelomeres Determines Probability and Mechanism of Antigenic Variation in African Trypanosomes[END_REF]. We therefore set out to characterise the phopshoproteome in response to DSBs induced at (i) chromosome internal locus (INT cell line) and (ii) within the active BES (VSG up cell line).

Figure 2 .

 2 Figure 2. Cell line set up. (A) INT cell line set up (Glover et al. 2008), showing the modified region of chromosome 11. The reconginition site of the I-SceI meganuclease is shown with a red vertical line and is the the site of the I-SceI DSB . The DSB site is flanked upstream by red fluorescent protein (RFP) and puromycin-N-acetyltransferase (PAC) downstream. The site is positioned at an intergenic region between Tb927.11.4530 and Tb927.11.4540, shown as '4530' and 

Figure 3 .

 3 Figure 3. Adaptation of cell lines to SILAC medium. (A) Table showing the percentage incorporation of heavy labeled arginine and lysine in INT and VSG up cell lines, as determined by MS. (B) γH2A foci formation in cell lines adapted to growth in SILAC HMI-9 medium. '-Tet' indicates uninduced cells, '+ Tet' indicates 12 h DSB induction. n > 100 for each count, and the error bars are the standard deviation between cells grown in 'heavy' and 'light' SILAC HMI-9. Inset, example of a γH2A positive nuclei, with γH2A shown in magenta and the DAPI nuclear stain in grey. Scale bar, 2 µm.
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 4 Figure 4. The INT and VSG up proteome. (A) Total proteins identified in INT. On the x-axis the ratio of each protein given as its presence in the DSB inudcued (I)/ uninduced (UI) sample, represented as a Log 2 value. The y-axis shows the relative intensity of a given protein in the sample, compared to the most abundant protein in the sample. Individual proteins are represented as black circles, with ribosomal proteins highlighted in red. (B) The VSG up proteome, with details as described in (A).

Figure 5 .

 5 Figure 5. The INT and VSG up DSB phosphoproteome. (A) INT phosphoproteome. On the x -axis the ratio of a given phosphorylation site is shown as its presence in the DSB inudcued (I)/ uninduced sample (UI), represented as a Log 2 value. The y -axis shows the relative intensity of a given phosphosite in the sample, relative to the most abundant phosphopeptide in the sample. Black circles represent individual phosphosites. (B) The VSG up phosphoproteome, with details as described in (A).(C) Total number of phosphosites observed in INT and VSG up phosphoproteomes, with those sites identified in both data sets shown. (D) γH2A phosphorylation as detected by MS.

Figure 6 .

 6 Figure 6. Overview of the T. brucei DNA damage phosphoproteome. (A) Distribution of the total phosphorylation sites identified in the INT and VSG up DNA damage phosphorpoteomes amongst phospho serine (p S ), thereonine (p T ) and typrosine (p Y ). A comparison to the published global phosphoproteome of T. brucei is shown (Urbaniak et al. 2013). (B) Number of phosphorylation sites in the INT and VSG up phosphoproteomes that are located on proteins identified as hypothetical or hypothetical conserved. (C) Proportion of phosphosites that have a > 2 fold change following DSB induction (Log 2 FC >1). The number of phosphosites that are up regulated are shown as positive values, whilst down regulated sites are shown as negative values.

Figure

  Figure 7. Number of phosphorylation significantly changing phosphorylation sites identified in the INT and VSG up phosphoproteomes. Up regulated phosphosites are shown as positive values and down regulated sites shown as negative values.

  2.4230) S517, a component of the T. brucei nuclear envelope[START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF], that was 7.65 fold upregulated in response to an INT DSB (p= 8.603 x 10 -8 ). Interestingly, the same residue down regulated 4.99 fold in response to a VSG up DSB (p= 5.462 x 10 -7 ). The TbNUP-1 S517 phosphorylation site has not been previously identified(Benz and Urbaniak 2019;[START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF] indicating that it is highly specific to DSBR. TbNUP-1 is important for maintaining nuclear architecture and knockdown results in derepression of telomeric VSG and procylin loci and also increases in VSG switch frequency[START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF] and it is possible that the specific role at the telomere is regulated by de-phosphorylation. Indeed, the identification of a differentially modified NUP-1 phosphorylation site adds further weight to the compartmentalization of DSBR in trypanosomes.(ii) Phosphorylation sites enriched in the INT I identified 102 significantly enriched phosphorylation sites specific to an INT DSB and including modifications of proteins involved in RNA binding and metabolism (Figure8A). The protein with by far the highest increase in phosphorylation was the ATP dependent RNA helicase (Tb927.9.10960) S5, which increased 586 fold following an INT DSB and was not detected in the VSG up phosphoproteome.

Figure 8

 8 Figure 8. (A) Significantly changing phosphorylation sites in the INT phosphoproteome. On the x -axis the ratio of a given phosphorylation site is shown as its presence in the DSB inudcued/ uninduced sample, represented as a Log 2 value. The y-axis shows the negative Log 10 of the significance B value. Significantly enriched phosphorylation sites following DSB induction are shown as blue circles and sites discussed in the text are highlighted as red squares.

Figure 9 .

 9 Figure 9. Categorical enrichment of GO terms in DNA damage responsive phosphoproteins. (A) GO terms enriched in proteins whose phosphorylation increases following (i) an INT DSB and (ii) a VSG up DSB. (B) GO terms enriched in proteins whose phosphorylation decreases following (i) an INT DSB and (ii) a VSG up DSB.

Figure 10 .

 10 Figure 10. Modifications on proteins involved DSBR. Proteins and the associated phosphorylation site are shown on the x-axis, and the fold change following DSB induction is shown on the y-axis.

  mammals[START_REF] Byrne | Replication Protein A, the Laxative That Keeps Bibliography 161 DNA Regular: The Importance of RPA Phosphorylation in Maintaining Genome Stability[END_REF], and it is possible that this signaling pathways is absent in trypanosomes. Indeed, in T. brucei RPA foci persist throughout the cell cycle following DNA damage, whilst the foci are only seen in S and G2 phase in mammals(Glover et al. 

Figure 11 .

 11 Figure 11. (A) Tandem mass spectral data showing the assignment of T131 and S133 phosphorylation sites on H2A (Tb927.7.2940).The MaxQuant localization score for each site 1. The loss of a phosphate group (-98 Da) is indicated with a *. The fragmentation pattern of the peptide is shown above. The b5 and b6 ions, highlighted on the spectrum with blue circles, show specific phosphorylation of T131, whilst the y2 and y3 ions highlighted with red circles show the specific phosphorylation of S133. (B) Amino acid sequence alignment of the H2A Cterminus amongst trypanosomatids. Alignments shown are the c-terminus of H2A from T. brucei Tb927.7.2940, T. congolense TcIL3000_7_2140.1, T. vivax (TvY486_0702710), L. braziliensis (LbrM.32.1270, Leishmania amazonensis LAMA_000111100 and Leishmania donovani LdCL_210016600-t42. Red asterisks denote the S113, T131 and S133 phosphorylation sites discussed in the text.

  sites on the H2A tail that are important for DNA damage, all of which are involved in DSBR by HR, but only some are required for NHEJ, UV irradiation or oxidative damage[START_REF] Moore | Diverse Roles for Histone H2A Modifications in DNA Damage Response Pathways in Yeast[END_REF]). Further investigation is required to determine how the three modifications on the T. brucei H2A tail identified here interact in response to different forms of DNA damage. Given that these modifications were not previously annotated in global analysis of the T. brucei phosphoproteome (Benz and Urbaniak 2019;[START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF]) they are likely highly specific to DSBR. We have also identified a novel phosphorylation site at the C terminus of H2B (Tb927.10.10590), S39 (1.89 fold increase for INT, 1.25 fold increased for VSG up ). In mammals, phosphorylation of the H2B C-terminus is a late marker of DNA damage, dependent on γH2AX (Fernandez-Capetillo, Allis, and Nussenzweig 2004). It is therefore possible that H2B C-terminal phosphorylation will increase overtime until repair is complete.

Results Chapter 1 :

 1 The T. brucei DNA damage phosphoproteome 91 directly opposite ways in response to DSBs at different loci in the genome, indicating distinct requirements for repair at each site. Protein phosphorylation is a dynamic process[START_REF] Gelens | Exploring the Function of Dynamic Phosphorylation-Dephosphorylation Cycles[END_REF] and our results show only a snapshot of the DDR capturing the response at 12 h post DSB induction. Further investigation at different time points post DSB induction, by time-course analysis of the DDR as has been carried out in human cells[START_REF] Bennetzen | Site-Specific Phosphorylation Dynamics of the Nuclear Proteome during the DNA Damage Response[END_REF], will be a useful way to build on the data set established here and provide details of the temporal order in which the DSBR is orchestrated. Other post translational modifications are also important to both the DDR[START_REF] Cremona | Sumoylation and the DNA Damage Response[END_REF][START_REF] Lee | Eukaryotic DNA Damage Responses: Homologous Recombination Factors and Ubiquitin Modification[END_REF];[START_REF] Van | Histone Modifications and the DNA Double-Strand Break Response[END_REF] and VSG switching, with histone methylation and acetylation important for antigenic variation[START_REF] Figueiredo | A Histone Methyltransferase Modulates Antigenic Variation in African Trypanosomes[END_REF] Glover and Horn 2014a;[START_REF] Wang | Histone Deacetylases Play Distinct Roles in Telomeric VSG Expression Site Silencing in African Trypanosomes[END_REF], and summoylated proteins enriched at the active BES (J.Bart et al. 2014).

Figure 1 .

 1 Figure 1. T. brucei RPA-1 is phosphorylated in response to DNA damage. (A) Fold change in RPA-1 phosphorylation identified in phosphoproteomic screens. Error bars are the standard deviation between two label swap replicates. (B) Schematic showing the major predicted functional domains of T. brucei

  of two RPA-1 phosphorylation sites involved T. brucei DSB repair 96 RPA-1 (Tb 927.11.9130) and H. sapiens RPA-1 (GI: 4506583) as predicted by InterPro from the amino acid sequences. (C) Structural model of T. brucei RPA-1. Residues 9 -447 of T. brucei RPA-1 were modeled to the structure of the eukaryote Ustilago maydis RPA-1 (PDB: 4gop.1.C) using Phyre2, with 36% sequence identity and 100% confidence. Position S43 is highlighted. Blue represents alpha helical structure, purple is beta sheet and pink is looped structure. (D) Amino acid sequence alignment of eukaryotic RPA-1 from T. brucei (Tb 927.11.9130), T. cruzi (TcCLB.510901.60) T. vivax (TvY486_1109660 ), Leishmania brazillensis (LbrM.28.1990), Saccharomyces cerevisiae ( S288C ) and Homo sapiens (GI: 4506583). Alignment to the first 60 residues of T. brucei RPA-1 is shown. Red boxes indicate phosphorylation sites identified in SILAC screens. (E) RPA-1 and RPA-2 foci form in response to induced DSBs. The number of cells with RPA-1, RPA-2 and adjacent RPA-1 and RPA-2 foci are shown. '-Tet' indicates uninduced cells, '+ Tet' indicates 24 h post DSB induction. Only cells in the G1 stage of the cell cycle were counted, n >100. Panel on the right shows example of two nuclei with adjacent RPA-1 and RPA-2 foci.

  Figure 2. Generation of RPA-1S5A phosphorylation mutants. (A) Schematic of RPA-1 phosphorylation mutant strategy. Top panel shows both wild type RPA-1 alleles, with the native serine in position 5 highlighted with a black horizontal bar. The upstream targeting region is 391 bp in length and the downstream targeting region is 498 bp in length for both alleles. Bottom panel shows the mutated RPA-1 allele with alanine in position 5 shown as a red bar. Allele 1 is replaced with RPA-1 S5A fused to a blasticidin resistance gene, and Allele 2 is replaced with RPA-1 S5A fused to a neomycin phosphotransferase gene. Bla; blasticidine resistance gene, a-b; alpha-beta tubulin intergenic regions, ald; aldolase processing sequences, Neo; neomycin phosphotransferase resistance gene. Black arrows show regions amplified by PCR to validate integration of the cassette. Figure created with BioRender.com. (B) PCR validation of replacement of the RPA-1 allele 1 with the RPA-1 S5A -Bla in the INT cell line. pRPA-1 S5A_BLA is the plasmid used for the integration, and serves as the positive control. INTRPA-1 S5A c1 and c2 refer to a pair of biological clones,

Figure 3 .

 3 Figure 3. The RPA-1 S5A mutation increases γH2A DNA damage signaling following a chromosome internal DSB. (A) Cumulative growth of the INT and INTRPA-1 S5A cell lines over 96 h. INT and INTRPA-1 S5A cell lines are is shown in black and red lines, respectively, and dashed lines indicate growth under DSB inducing conditions. Error bars represent standard deviation between a single induction in a pair of biological clones. (B) Monitoring of γH2A foci in the INT and INTRPA-1 S5A cell

Figure 4 .

 4 Figure 4. The timing of ssDNA resection is disrupted following an INT DSB. (A) Schematic of the quantitative assay used to measure ssDNA resection. Black lines represent gDNA harvested from parasites at different time points following I-SceI induction. If the DNA adjacent to the I-SceI restriction site is single stranded Hind III digestion is inhibited as shown with a red cross. Therefore, PCR amplification either side if the Hind III site, demonstrated with red arrows, will produce a product as the template is intact (green tick). If the DNA adjacent to the I-SceI cleavage site is double stranded, Hind III will digest (green tick), and the PCR will not yield a product as the template has been destroyed (red cross). Mock digestion with HindIII is used as a control. Figure created with BioRender.com. (B) Percentage of ssDNA measured in the INT and INTRPA-1 S5A cell lines at 0, 6 and 12 h post DSB induction. ssDNA is quantified relative to a mock digested sample. For the INT cell line, the average and

Figure 5 .

 5 Figure 5. Repair of an INTRPA1 S5A DSB predominantly occurs via HR. (A) Above, schematic showing binding site of primers used to assess INT DSB repair. Below, PCR analysis of 5 uninduced subclones ('-Tet') and 11 induced subclones ('+Tet). Data for 9 induced subclones not shown. Expected size of PCR product in uninduced clones is 1.314 kbp. (B) Percentage of repair events occurring by MMEJ or HR among 20 induced INTRPA-1 S5A subclones.

Figure 6 .

 6 Figure 6. Generation of VSG up RPA-1 S5A phosphorylation mutants. (A) PCR to confirm replacement of one RPA-1 allele with RPA-1 S5A fused to a blasticidin resistance cassette in the VSG up cell line. Details of schematic are as described for figure 2A. Primer binding sites used for the PCR shown are shown as black arrows. C1 and C2 refer to a pair of VSG up RPA-1 S5A phosphorylation mutants, pRPA-1 S5A_BLA is the plasmid and used as a positive control, VSG-2 wt is an unmodified cell line used as negative control. Expected size of the PCR product is 2246 bp. (B) PCR to confirm replacement of the second RPA-1 allele with RPA-1S5A fused to a Neomycin resistance gene in the VSG up cell line. pRPA-1 S5A_neo is the plasmid harboring the mutant, and serves as the positive control. Primer binding sites used for the PCR shown are shown as black arrows. Expected size of the PCR product is 2333 bp.

  Figure 7. RPA-1 S5 is not required for the repair of a VSG up DSB. (A) Cumulative growth of the VSG up and VSG up RPA-1 S5A cell lines over 96 h. VSG up and VSG up RPA-1 S5A cell lines are is shown in black and red lines, respectively and dashed lines indicate growth under DSB inducing conditions. Error bars represent standard deviation between a single induction in a pair of biological clones. (B) γH2A accumulation in VSG up RPA-1 S5A mutant cell lines. Nuclei with γH2A foci were counted prior to DSB induction (-Tet) and 12 h post DSB induction (+ Tet 12 h). n >100 for each sample. For the VSG up cell line error bars represent standard deviation between a pair of technical replicates. For the VSG up RPA-1 S5A cell line error bars represent standard deviation between a pair of biological clones. Significance was calculated using an unpaired t-test. Insert shows an example of a γH2A stained nuclei, with γH2A shown in magenta and DAPI in grey.

Figure 8 .

 8 Figure 8. The timing of repair at the BES is disrupted following a DSB. (A) Percentage of ssDNA measured in VSG up and VSG up RPA-1 S5A cell lines at 0, 6 and 12 h post DSB induction. Schematic above shows the active BES, and the I-SceI DSB site and adjacent HindIII digestion site are shown. Primer binding sites used in the quantitative resection assay shown as horizontal black arrows. ssDNA is quantified relative to a mock digested samples. For the VSG up cell line, error bars represent the standard deviation of a pair of technical replicates and for INTRPA-1 S5A error bars represent the standard deviation between a pair of a pair of biological clones. Significance is calculated using an unpaired t-test. (B) Immunoflourescence analysis of surface VSGs in the VSG up and VSG up RPA-1 S5A cell lines in uninduced and 7 days DSB induced samples (+ Tet). VSG-X refers to all VSGs except VSG-2, and

(

  18 subclones) (Figure8C(ii)), whilst ESAG1 was retained in 86% of survivors (19 subclones) (Figure8C(iii)). The one induced subclone that was ESAG1 positive but pseudo negative likely repaired the DSB via gene conversion with the smaller block of 70 bp repeats upstream of pseudo gene. Overall, we did not observe a considerable difference between repair at the BES in the parental and mutant cell line.Results Chapter 2: Characterisation of two RPA-1 phosphorylation sites involved T. brucei DSB repair 110

Figure 9 .

 9 Figure 9. The RPA1 S5A mutation does not affect DSB repair at the BES (A) PCR analysis of repair at the active BES of VSG up and VSG up RPA-1 S5A sub clones. Upper panel, schematic of the modified BES1 with red arrows to show the position of primer binding sites used for subclone analysis. Lower panel, PCR analysis of VSG up , uninduced subclones (-Tet), n=5, and induced subclones (+ Tet) n=20. VSG up RPA-1 S5A uninduced sub clones n = 5, induced n=22. (B) VSG up subclone analysis of (i) VSG-2, (ii) pseudo and (iii) ESAG which have an expected PCR product size of 527 bp, 550 bp and 380 bp, respectively. Lanes 1-5 are uninduced subclones (-Tet) and lanes 6-25 are induced (+ Tet). (C) VSG up RPA-1 S5A subclone analysis of (i) VSG-2, (ii) pseudo and (iii) ESAG1. Lanes 6 -27 are induced subclones. All other details as described in Figure 9B.

Figure 10 .

 10 Figure 10. RPA-1 S5A does not inhibit VSG switching. (A) Volcano plots showing the significantly enriched VSG genes identified by VSG-seq following a BES DSB in the VSG up and VSG up RPA-1 S5A cell lines. RNA was extracted 0 and 7 days following I-SceI induction. Red circles represent genes that are significantly up-regulated after 7 days induction (log 2 FC >2 and P value < 0.05) and black circles represent genes that are not significantly up regulated. n = 3. (B) Map of the T. brucei 427 genome showing the position of significantly up regulated VSG genes following a DSB. Megabase chromosomes are shown in black horizontal lines and genes in grey vertical lines. VSG genes that are significantly up regulated following a DSB are in highlighted with blue bars for the VSG up and red bars for VSG up RPA-1 S5A . Individual BESs are shown separately on the right hand side. An enlarged version of chromosome 6 is shown below. (C) Table summarising the position of significantly enriched VSG genes identified by VSG-seq.

  Biology, Department of Parasites and Insect Vectors, Institut Pasteur, 25-28 Rue du Docteur Roux 75015, Paris, France. 2 Université de Paris, Sorbonne Paris Cité, 12 rue de l'Ecole de Médecine, 75006, Paris, FranceIntroductionTrypanosoma brucei (T. brucei) resides in the extracellular spaces of its mammalian host, where survival is dependent on the stochastic switching of the dense variant surface glycoprotein (VSG) coat, consisting of over 10 million molecules of a single VSG species[START_REF] Overath | Endocytosis, Membrane Recycling and Sorting of GPI-Anchored Proteins: Trypanosoma Brucei as a Model System[END_REF]. Trypanosomes have dedicated a remarkably large proportion of their genome to antigenic variation, with a repertoire of over 2500 VSG isoforms[START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF]) however only one VSG is expressed at any one time from locus known as a bloodstream-form expression site (BES). There are approximately 15 BESs in the T. brucei genome which all share the same basic structure, with the VSG flanked downstream by the telomere and upstream by a block of repetitive sequence known as the 70 bp repeats[START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]). The VSG is co-transcribed with a number of expression site associated genes (ESAGs), with the complete BES approximately 60 kbp in length. Unusually, the single active VSG is transcribed by RNA polymerase I (RNA Pol I)[START_REF] Günzl | RNA Polymerase I Transcribes Procyclin Genes and Variant Surface Glycoprotein Gene Expression Sites in Trypanosoma Brucei[END_REF][START_REF] Navarro | A Poll Transcriptional Body Associated with VSG Mono-Allelic Expression in Trypanosoma Brucei[END_REF] which is normally reserved for the Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 121 transcription of rRNA genes[START_REF] Németh | Dynamic Regulation of Nucleolar Architecture[END_REF], and a pool of extranucleolar RNA Pol I is recruited to a specialised transcription compartment known as the expression site body (ESB), from

  with the knockdown of the nuclear lamin proteins NUP-1[START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF] or NUP-2[START_REF] Maishman | Co-Dependence between Trypanosome Nuclear Lamina Components in Nuclear Stability and Control of Gene Expression[END_REF] resulting in the derepression of silent BES and procyclin genes, with NUP-1 disruption also increasing VSG switch frequency[START_REF] Dubois | NUP-1 Is a Large Coiled-Coil Nucleoskeletal Protein in Trypanosomes with Lamin-like Functions[END_REF]. Likewise, deletion of the H3 variant (H3.V)

  ; Glover Results Chapter 3: Transcription dependent loss of an ectopically expressed variant surface glycoprotein during antigenic variation 128 et al. 2013) (Figure 1A(i)). Tetracycline inducible expression of the I-SceI meganuclease cleaves an 18 bp recognition site adjacent to the 70 bp repeats of BES1, and although highly toxic, repair of the DSB

Figure 1 .

 1 Figure 1. Two VSGs are stably expressed at the parasite cell surface (A) (i) Schematic of the VSG up cell line, showing BES1 on chromosome 6a. An I-SceI meganuclease recognition site (I-SceI DSB) is inserted upstream of the actively expressed VSG-2. P ES ; native BES1 promoter, grey boxes; ESAGs, striped boxes; 70 bp repetitive sequence, PAC; Puromycin N-Acetyltransferase resistance gene, black circles; telomeric sequence. (ii) Schematic of the VSG-5 -NPT reporter construct which is integrated in a single crossover event at a ribosomal RNA (rRNA) promoter (P rRNA ) to generate the VSG upDEX cell line. mRNA processing sequences are shown as black boxes. VSG-5

Figure 2 .

 2 Figure 2. Expression of ectopic VSG-5 appears coincident with BES1. (A) Cumulative growth of VSG up and VSG upDEX cell lines. Error bars represent standard deviation between a single induction in a pair of biological clones. (B) Percentage of cells with one or two VEX2 foci in the VSG up and VSG upDEX cell lines. Cells gown under ether uninduced conditions or DSB inducing conditions for 7 days (+ Tet) were scored for 1 or 2 VEX2 foci. Only cells in G1 or S phase were counted. For the VSG up cell line, error bars represent standard deviation between a pair of technical replicates. For the VSG upDEX cell line, error bars represent standard deviation between a pair of biological clones. n >100 for each condition. (C) VEX2 foci length (µm) in VSG up and VSG upDEX cell lines. Individual black circles represent a single

  Figure 3. VSG-2 and VSG-5 are lost from the cell surface following a DSB (A) Western blot analysis of protein extracted from VSG upDEX clones over 96 h following induction of an I-SceI DSB. VSG-2 and VSG-5 wild type (WT) single expressing cell lines serve as positive controls. Protein extracts were probed using antibodies specific to VSG-2, VSG-5 and NPT. The bottom panel is Coomassie stained and serves as a loading control and also reveals the major VSGs. I-SceI was induced with 1µg/ml tetracycline. (B) IFA of VSG upDEX using antibodies specific for VSG-2 and VSG-5. '+ Tet' indicates 7 days DSB induction. (C) Analysis off a pair of VSG upDEX clones 0 and 7 days post DSB induction by flow cytometry. Quantitation of the abundance of VSG-5 stained with Alexa 488 secondary antibody are show on the x-axis, whilst VSG-2 stained with Alexa 647 secondary antibody are shown on the y-axis. Top panel; single expressing wild type cell lines. Middle panel; uninduced VSG upDEX clones,

Figure 4 .

 4 Figure 4. The ectopic copy of VSG-5 is lost following a DSB. (A) PCR analysis of repair at the active BES of VSG up and VSG upDEX subclones. Upper panel, schematic of the modified BES1 with black arrows to show the position of primer binding sites used for subclone analysis, all other details as in Figure 1A(i). Lower panel, PCR analysis of VSG up and VSG upDEX subclones to detect the presence or absence of VSG-2, Pseudo and ESAG1. Induced subclones, n=20 and uninduced subclones, n=5. (B) Upper panel: Schematic showing primers used to specifically amplify VSG-5 and NPT in black arrows, all other details as in Figure 1A (ii). Lower panel, PCR analysis of NPT and VSG-5 in VSG upDEX subclones. Induced subclones, n=20 and uninduced subclones, n=5. (C) Immunofluorescence assay showing the presence of VSG-2 and VSG-5 at the cell surface of VSG upDEX subclones. Induced subclones, n=20 and uninduced subclones, n=5.

Results Chapter 3 :Figure 5 .

 35 Figure 5. The expression of a second VSG disrupts the timing of repair at the active BES. (A) Schematic of the quantitative assay used to measure ssDNA resection. Black lines represent genomic DNA harvested from parasites at different time points following I-SceI induction. The I-SceI recognition site in BES1 shown as a blue bar and HindIII digestion site with a red bar. If the DNA adjacent to the I-SceI restriction site is single stranded, HindIII will not be able to digest, as shown with a red cross. PCR amplification either side if the Hind III site, demonstrated with red arrows, will produce a product as the template is intact (green tick). If the DNA adjacent to the I-SceI cleavage site is double stranded, Hind III will digest (green tick), and the PCR will not yield a product as the template has been destroyed (red cross). Mock digestion with HindIII is used as a control. Figure created with BioRender.com (B) Quantification of DNA end resection, measured in VSG up and VSG upDEX cell lines 0, 6 and 12 h following induction of a DSB. The VSG up error bars represent standard deviation between a pair of technical replicates, whilst the VSG upDEX error bars represent standard deviation between a pair of biological clones. The qPCR assay was performed in triplicate.

Figure 6 .

 6 Figure 6. Loss of ectopic VGS-5 is dependent on high levels of transcription. (A) Schematic of the VSG upDEX_OFF cell line set up. (i) shows the modified BES1, details as in Figure 1A(i). (ii) Transcriptionally silenced ectopic VSG-5 locus. The ribosomal promoter upstream of VSG-5 is silenced, as indicated by a black rectangular bar. All other details as in Figure 1A(ii). (B) Cumulative growth of the VSG upDEX_OFF cell line over 96 h. (C) PCR analysis of VSG upDEX_OFF subclones. Primer binding sites for PCRs are shown as black arrows on Figure 6A and '-Tet' n= 5, induced '+ Tet' n=20.

Figure 7 .

 7 Figure 7. The expression of a second VSG does not disrupt VSG switching. (A) Volcano plots showing the significantly enriched VSG genes identified by VSG-seq following a BES DSB in the VSG up and VSG upDEX cell lines. RNA was extracted 0 and 7 days following I-SceI induction. Red circles represent genes that are significantly up-regulated after 7 days induction (log 2 FC >2 and p < 0.05) and black circles

  Phosphorylation sites identified on components of the ISWI chromatin remodeling complex NLP (Tb927.10.5450) and FYRP (Tb927.7.1060) and the telomeric components RAP1 (Tb927.11.370) and TIF2 (Tb927.3.1560). Proteins and the associated phosphorylation site are shown on the x-axis, and the fold change following DSB induction is shown on the y-

  

  

  

  table for composition of the relative PCR mixes. PCR reactions were carried out in a thermal cycler (Bio-Rad) under the following conditions: 95 °C for 3 minutes and 30 cycles of 95 °C for 30 s, 52 -64 °C annealing for 30 s, 72 °C extension (length of time dependent on product size) and a final extension at 72 °C for 10 minutes.

	PCR component	Phusion	GoTaq flexi
	Buffer	Phusion GC, 10 ul GoTaq Flexi buffer, 10 µl
	10 mM dNTPs	1 µl	1 µl
	10 µM forward primer 2.5 µl	2.5 µl
	10 µM reverse primer	2.5 µl	2.5 µl
	Template DNA	200 ng	200 ng
	DMSO	1.5 µl	1.5 µl
	MgCl 2	-	3 mM
	Enzyme	Phusion HF, 0.5 µl GoTaq Flexi 0.25 µl
	H2O	Up to 50 µl	Up to 50 µl
	Extension time	30 s per kbp	60 s per kbp

Table 3 .

 3 Components of Phusion and Go-Taq PCR reactions per 50 µl mixture.

	Materials and Methods

Table 4 .

 4 Primer sequences used.

table 3

 3 

	Antibody		Animal Dilution Source
	Anti-γH2A		Rabbit	1:250	Glover & Horn 2012
	Anti-RAD51		Rabbit	1:250	Proudfoot & McCulloch, 2005. Clone R1256
	Anti-VSG2		Rat	1: 50,000 George Cross
	Anti-VSG5		Rabbit	1: 50,000 George Cross
	Anti-GFP 1:500		Rabbit	1:500	ThermoFisher (A-11122)
	Anti c-Myc		Mouse	1:400	Santa Cruz biotechnology (9E10)
	Anti-rat rhodamine conjugate Goat	1:100	ThermoFisher
	Anti-rabbit	rhodamine	Goat	1:100	ThermoFisher
	conjugate				
	Anti-rabbit AlexaFluor® 488 Goat	1:2000	ThermoFisher
	Anti-mouse AlexaFluor® 488 Goat	1:2000	ThermoFisher

. Cells were mounted in Vectashield (Vector laboratories) containing 4 ' -6 diamidine-2phenylindole (DAPI, final concentration 0.1 µg/ml). IF images were acquired using a ZEISS Axio Imager Z2 epifluorescence microscope combined with an Axiocam 506 mono camera. Images processing was carried put in Image J, version 2.1.0

[START_REF] Schneider | NIH Image to ImageJ: 25 Years of Image Analysis[END_REF]

.

Table 5 .

 5 Antibody dilutions used for immunofluorescence assays

	Materials and Methods

Table 6 .

 6 The number of million reads per library was: 4.01 for VSG up uninduced replicate 1, 4.02 for VSG up uninduced replicate 2, 4.00 for VSG up uninduced replicate 3, 4.02 for VSG and 3.78 for VSG up RPA-1 S5A induced replicate 3. Reads were aligned to the T. brucei Lister 427 genome[START_REF] Müller | Genome Organization and DNA Accessibility Control Antigenic Variation in Trypanosomes[END_REF] with the BESs and minichromosomal VSGs added from the VSGnome[START_REF] Cross | Capturing the Variant Surface Glycoprotein Repertoire (the VSGnome) of Trypanosoma Brucei Lister 427[END_REF][START_REF] Hertz-Fowler | Telomeric Expression Sites Are Highly Conserved in Trypanosoma Brucei[END_REF]) using Bowtie2[START_REF] Langmead | Fast Gapped-Read Alignment with Bowtie 2[END_REF] with -very-sensitive parameters. BAM files were generated using samtools[START_REF] Li | The Sequence Alignment/Map Format and SAMtools[END_REF]). The overall alignment was: 98.82% for VSG up uninduced replicate 1, 98.88% for VSG up uninduced replicate 2, 99.13% for VSG up uninduced replicate 3, 98.56% for VSG up induced replicate 1, 98.32% for VSG up induced replicate 2, 98.57% for VSG up induced replicate 3, 99.06% for VSG up RPA-1 S5A uninduced replicate 1, 98.93% for VSG up RPA-1 S5A uninduced replicate 2, 98.89% for VSG up RPA-1 S5A uninduced replicate 3, and 98.19% for VSG up RPA-1 S5A induced replicate 1, 98.09% for VSG up RPA-1 S5A induced replicate 2 and 97.64% for VSG up RPA-1 S5A induced replicate 3. Reads aligning to each transcript were acquired using featureCounts[START_REF] Liao | FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic Features[END_REF] and EdgeR(Robinson, McCarthy, and Smyth Composition of IMDM based SILAC medium 

	Ingredient	Product	500 ml medium
	IMDM without L-Arg or L-Lys	ThermoFisher 88367	450 ml
	Pyruvic Acid Na salt	Sigma P4562	55 mg
	Thymidine	Sigma T9250	19.5 mg
	Bathocuproinedisulphonic Acid	Sigma B1125	14 mg
	Hypoxanthine stock* (200x)	Sigma H9337	2.5 ml
	Foetal Bovine Serum, dialysed, 3 kDa mw cut off	DC Biosciences DS1005 50 ml
	L-Cysteine	Sigma C7352	91 mg
	1-Thioglycerol	Sigma M6145	2.5 μl
	Glutamax I (100x)	Labtech	5 ml

up induced replicate 1, 4.00 for VSG up induced replicate 2, 4.03 for VSG up induced replicate 3, 3.90 for VSG up RPA-1 S5A uninduced replicate 1, 4.01 for VSG up RPA-1 S5A uninduced replicate 2, 4.00 for VSG up RPA-1 S5A uninduced replicate 3, and 4.01 for VSG up RPA-1 S5A induced replicate 1, 3.97 for VSG up RPA-1 S5A Materials and Methods 58 induced replicate 2 2010) was used to perform differential expression analysis on all genes. The R script used to generate volcano and genome plots and perform differential genome analysis can be found in the thesis annex figure

6

and is adapted from

[START_REF] Mehnert | The MRN Complex Promotes DNA Repair by Homologous Recombination and Restrains Antigenic Variation in African Trypanosomes[END_REF] 

Proteomic experiments Iscove's Modified Dulbeccos Media (IMDM) SILAC medium Cell culture was initially tested in IMDM-based SILAC medium. The IMDM-based medium was made using the components in table 5. Components were added in the order stated, stirred for 1 hour and filter sterilized using a 0.2 µM filter. Once filtered, either 'heavy' and 'light' labeled L-arginine and Llysine was added to the final concentration stated in Table 6

[START_REF] Urbaniak | Global Quantitative SILAC Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic and Bloodstream Form Lifecycle Stages of Trypanosoma Brucei[END_REF] 

to make 'heavy

' and 'light' labeled medium, respectively. 

brucei DNA damage phosphoproteome

  TiO 2 beads by transfer to into a new Eppendorf tube containing 20% FA, using 10 % NH 4 OH solution via low centrifugation of 100 g. To prevent the loss of phosphopeptides retained by the C8 plug a second elution was done with 80% ACN, 2% FA via low centrifugation of 100 g. Eluate fractions were combined and further lyophilized until mass spectrometry analysis. each experiment which allows peptides that are present in one sample but not identified by MS/MS in all samples to be identified by similarities in retention times and mass. The false discovery rates (FDRs) of 0.01 was calculated from the number of hits against a reversed sequence database. Only phosphorylation sites with a MaxQuant localisation probability > 0.95 were considered.IntroductionDamage to the genetic material poses a universal threat to all forms of life. One of the most toxic insults to the genome is a DNA DSB, where breaks occur simultaneously in the phosphate backbone of two complementary DNA strands. DSBs in the DNA can arise due to endogenous processes in the cell, such

	Mass spectrometry analysis Statistical analysis of proteomic data
	For MS analysis, peptides were analyzed on a Q-Exactive HF instrument (Thermo Scientific) coupled Statistical analysis was carried out using Persues (Tyanova et al. 2016) version1.6.1.3. SILAC ratios
	with an EASY nLC 1200 chromatography system (Thermo Scientific). Samples were loaded at 900 bars were transformed to Log 2 and intensities to Log 10 . Values were subject to further quality filtering such
	on an in-house packed 50 cm nano-HPLC column (75 µm inner diameter) with C18 resin (3 µm that ratios with >100% variation between label swap replicates were removed, and the localization
	particles, 100 Å pore size, Reprosil-Pur Basic C18-HD resin) and equilibrated in 98 % solvent A (H 2 O, probability of each phosphorylation site set to ≥ 0.95. Significantly changing phosphorylation sites were
	identified using Significance B testing (Cox and Mann 2008) which takes into account the intensity-
	Mass spectrometry data processing
	All data was searched using MaxQuant software version 1.6.1.0 (Cox and Mann, 2008; Tyanova et al.,
	2016), which incorporates the Andromeda search engine (Cox et al. 2011), against Trypanosoma brucei
	genome downloaded from TritrypDB (http://www.tritrypdb.org/) (Version 37, 11,074 protein
	sequences) supplemented with frequently observed contaminants (mammalian keratins, porcine trypsin
	and bovine serum albumins). All SILAC features were selected by default using the appropriate heavy K
	and R amino acid to be detected. Modifications included carbamidomethylation (Cys, fixed), oxidation

TiO 2 spin tip was first washed with 80 % ACN, 6% TFA and then with 50% ACN, 0.1% TFA at 200 g. Phosphopeptides were Materials and Methods 62 eluted from 0.1 % formic acid) and 2 % solvent B (acetonitrile, 0.1 % formic acid). For both proteome and phosphoproteome analysis, peptides were eluted using a 3 to 29 % gradient of solvent B during 105 min, then a 29 to 56 % gradient of solvent B during 20 min and finally a 56 to 90 % gradient of solvent B during 5 min all at 250 nl/minute flow rate (chromatography method was 145 minutes including high ACN steps for column cleaning and further regeneration in A buffer). The instrument method for the Q-Exactive HF was set up in the data dependent acquisition mode. After a survey scan in the Orbitrap (resolution 60 000), the 12 most intense precursor ions were selected for higher-energy collisional dissociation (HCD) fragmentation with a normalized collision energy set up to 26. Precursors were selected with a window of 2.0 Th. MS/MS spectra were recorded with a resolution of 15000. Charge state screening was enabled, and precursors with unknown charge state or a charge state of 1 and >7 were excluded. Dynamic exclusion was enabled for 30 s. For phosphoproteomic analysis, technical replicates were carried out in which samples acquisition was repeated twice for each label swap replicate.

(Met, variable) and N-terminal acetylation (variable) and phosphorylation (S, T, Y variable) were searched. The mass tolerance was set to 6 parts per million (ppm) and peptides were required to be minimum 7 amino acids in length. The experimental design used matching between runs for the Materials and Methods 63 concatenated fractions in weighted significance and used a Benjamini-Hochberg correction

[START_REF] Benjamini | Benjamini-1995.Pdf[END_REF] 

to set the false discovery rate at ≤ 0.01. Categorical enrichment was calculated using a Fischer's exact test with a false discovery rate (FDR) ≤ 0.01. Gene Ontology (GO) term enrichment was carried out on the significantly enriched phopshosites for the NT and VSG up data sets, using a Fischer's exact test (FDR ≤ 0.05). All other statistical analysis was carried out in Microsoft Excel and GraphPad Prism, version 9.

Results Chapter 1: The T.

as replication fork collapse or stalling, and can also result from exogenous agents, such as chemicals or ionising radiation

[START_REF] Mehta | Sources of DNA Double-Strand Breaks and Models of Recombinational DNA Repair[END_REF]

. DNA repair mechanisms play a vital role in preventing the potentially fatal consequences of DSBs. Protein phosphorylation lies at the heart of the DSB repair (DSBR

  Analysis of the proteome by mass spectrometryTo prepare samples for MS analysis, the SILAC adapted INT and VSG up cell lines were seeded in either 'heavy' or 'light' SILAC HMI-9. Experimental set up was as follows: 5 x 10 8 'heavy' induced (1 µg/ml of tetracyclin for 12 h) cells were mixed with an equal quantity of 'light' uninduced cells, for each of the INT and VSG up cell lines. For each sample, a label swap replicate was carried (induced cells grown in 'light' media and uninduced in'heavy' media). The total protein harvested from the INT replicates was 1.0 and 2.0 mg of protein and 0.89 and 0.62 mg of protein from the VSG up replicates.

		Cell line	Number of peptides	Number of 'heavy'	Incorporation
				labelled peptides
		INT	12, 006	11, 217	93,3%
		VSG up	17, 163	16, 500	96,1%
		40		
	% cells with yH2A foci	10 20 30		-Tet + Tet
		0		
		INT	VSG up	

  Results Chapter 1: The T. brucei DNA damage phosphoproteome 90 DDRBPs can also bind double or ssDNA and are involved in regulating R-loop formation (Aguilera and García-Muse 2012a; Dutertre and Vagner 2017) by coating the nascent RNA[START_REF] Nishida | RNA Binding Proteins and Genome Integrity[END_REF][START_REF] Sollier | Transcription-Coupled Nucleotide Excision Repair Factors Promote R-Loop-Induced Genome Instability[END_REF]). R-loop formation is associated with increased DNA damage and VSG switching in T.

  as a homologous template. If pseudo gene and VSG-2 are lost but ESAG1 preserved, repair has likely occurred by gene conversion using the smaller block of 70 bp repeats upstream of pseudo, whilst subclones that have lost ESAG1, pseudo and VSG-2 have likely undergone replacement of the entire BES or BES loss. Using primers specific to VSG-2, we found that for both VSG up and VSG up RPA-1 S5A

. Cells that are PCR positive for VSG-2 and ESAG1 but do not express VSG-2 at the surface have likely undergone an in situ switch. Those that have retained ESAG1 and pseudo but lost VSG-2 are expected to have undergone GC using the 70 bp repeats directly upstream Results Chapter 2: Characterisation of two RPA-1 phosphorylation sites involved T. brucei DSB repair 109 of VSG-2

  (Beckman Coulter) according to manufacturer's protocols. Sequencing was carried out using a minimum of 4 µg product per sample at Beijing Genomics Institute (BGI) using the BGISEQ-500 platform in paired end mode. The number of million reads per library was: 9.21 for VSGup uninduced replicate 1 and 9.29 for VSG up uninduced replicate 2, 8.01 for VSG up induced replicate 1, 7.98 for VSG up induced replicate 2, 9.50 for VSG upDEX uninduced replicate 1, 9.63 for VSG upDEX uninduced replicate 2, 8.42 for VSG upDEX uninduced replicate 3, 8.02 for VSG upDEX induced replicate 1, 8.02 for VSG upDEX induced replicate 2, and 8.06 for VSG upDEX induced replicate 3. Reads were aligned to the T. brucei Lister 427 genome (Müller et al. 2018) with the minichromosomal VSGs added from the VSGnome (Hertz-Fowler et al. 2008) using Bowtie2[START_REF] Langmead | Fast Gapped-Read Alignment with Bowtie 2[END_REF] with -very-sensitive parameters and BAM files generated using samtools[START_REF] Li | The Sequence Alignment/Map Format and SAMtools[END_REF]). The overall alignment was: 95.21% for VSG up replicate

	1, 95.24% for VSG up replicate 2, 97.51% for VSG up induced replicate 1, 97.08% for VSG up induced
	replicate 2, 97.08% for VSG upDEX uninduced replicate 1, 97.83% for VSG upDEX uninduced replicate 2,
	97.81% for VSG upDEX uninduced replicate 3, 98.41% for VSG upDEX induced replicate 1, 98.52% for
	VSG upDEX induced replicate 2 and 99.08% for VSG upDEX for VSG upDEX induced replicate 3. Reads aligning

•

  Examine VSG-2 and VSG-5 expression following DSB induction by qPCR • Subnuclear localization of VSG-2 and VSG-5 using DNA FISH Table showing the 128 significantly enriched phosphorylation sites following an INT DSB. The sites are ordered from most up regulated sites to most down regulated sites. The localization probability is the MaxQuant score for localization. Table showing the 135 significantly enriched phosphorylation sites following a VSG up DSB. The sites are ordered from most up regulated sites to most down regulated sites. The localization probability is the MaxQuant score for localization.

	Annex Annex Protein ID and phospho site Tb927.6.4820 S171 Annex	Protein chromosomal passenger complex protein 1	Ratio VSGup I/UI (Log 2) 7,04876	Localization probability 0,985691	VSGup Signifance B 1,5668E-100
	Tb927.5.2570 S624	eukaryotic translation initiation factor 3 subunit b	3,98859	1		1,24543E-19
	Tb927.6.3430 T85	Serine/threonine-protein kinase NEK10, putative	3,83512	1		9,01891E-13
	Protein ID and phospho site Tb927.9.10960 S5 Tb927.10.1630 S270 Tb927.3.1110 S356 Tb927.3.1110 S355 Tb927.7.5240 S294 Tb927.10.5880 S598 Tb927.11.9400 S846 Tb927.8.4170 S165 Tb927.1.2100 S285 Tb927.11.11600 S259 Tb927.7.5450 S343 Tb927.1.2100 S104 Tb927.3.3130 S1216 Tb927.1.4310 S601 Tb927.10.5950 T195 Tb927.10.5950 S197 Tb927.11.9130 S43 Tb927.2.4230 S517 Tb927.9.8880 S373 Tb927.11.15120 S77 Tb927.4.3510 S26 Tb927.4.3510 S31 Tb927.7.2650 S178 Tb927.2.4050 S61 Tb927.7.2940 S133 Tb927.7.2940 T131 Tb927.7.810 T1140 Tb927.1.4310 S228 Tb927.1.4310 S229 Tb927.6.3720 S522 Tb927.3.1110 S364 Tb927.3.3130 S1178 Tb927.1.2100 S77 Tb927.10.10010 S85 Tb927.3.4900 T212 Tb927.3.4900 Y209 Tb927.4.2080 S329 Tb927.9.14030 S372 Tb927.10.16100 S13 Tb927.1.4310 S456 Tb927.7.810 S1144 Tb927.10.4860 T162 Tb927.1.2100 S81 Tb927.1.4310 S535 Tb927.1.2100 S13 Tb927.1.4310 S451 Tb927.1.4310 S452 Tb927.1.4310 S453 Tb927.10.16100 T9 Tb927.1.2100 S292 Tb927.6.4710 T553 Tb927.10.11780 S289 Tb927.9.2470 S695 Tb927.11.10650 S276 Tb927.7.6610 S78 Tb927.11.14970 S561 Tb927.11.16890 S553 Tb927.1.2100 S81 Tb927.3.3840 S300 Annex 3: Tb927.10.16100 S2 Tb927.4.2920 S269 Tb927.7.2940 S113 Tb927.3.1010 S381 Tb927.10.14010 T393 Tb927.10.5310 S525 Tb927.1.4310 S410 Tb927.9.10870 S9 Tb927.9.3130 T358 Tb927.9.3130 S356 Tb927.10.16100 S6 Tb927.6.1730 S1271 Tb927.1.4310 S264 Tb927.7.810 S1137 Tb927.9.7690 T1037 Tb927.9.1750 S1601 Tb927.7.5940 T577 Tb927.8.7650 S8 Tb927.10.14770 T6 Tb927.11.3920 S94 Tb927.11.11600 S642 Tb927.11.8450 S40 Tb927.11.9400 T844 Tb927.11.6440 S428 Tb927.6.1870 S114 Tb927.11.14750 S159 Tb927.10.1490 S1005 Tb927.9.2760 S412 Tb927.11.9400 S270 Tb927.11.11770 S162 Tb927.6.1910 S233 Tb927.6.1910 S237 Tb927.9.7520 S225 Tb927.11.7140 S64 Tb927.11.7140 T68 Tb927.11.13110 S566 Tb927.11.13110 S570 Tb927.11.12120 S108 Tb927.7.810 S1141 Tb927.10.11880 T99 Tb927.8.8350 S156 Tb927.7.4910 S230 Tb927.9.9940 S101 Tb927.10.3340 S152 Tb927.3.2070 S369 Tb927.3.2070 T368 Tb927.3.2070 Y371 Tb927.7.6730 S323 Tb927.8.6660 T582 Tb09.v4.0092 T481 Tb09.v4.0092 Y484 Tb927.11.12120 S111 Tb927.11.12120 T112 Tb927.10.4830 S117 Tb927.9.9690 T21 Tb927.1.4010 S141 Tb927.9.12490 S1195 Tb927.9.12490 T1198 Tb927.9.12490 T1200 Tb927.11.8470 S37 Tb927.8.2330 S167 Tb927.10.4860 T162 Tb927.8.5300 S392 Tb927.8.5300 T395 Tb10.v4.0250 S304 Tb927.9.8330 S242 Tb927.9.14470 S945 Tb927.8.5050 S695 Tb927.10.5190 S112 Tb927.4.2640 S1272 Tb927.4.5310 S281 Tb927.8.4200 S587 Tb927.11.8080 S33 Tb927.11.8080 T38 Tb927.7.2120 S151 Tb927.7.7160 S839 Tb927.1.1960 S100 Tb927.10.2440 S63 Tb927.10.2440 T56 Tb927.10.3780 S631 Tb927.11.16650 S133 Tb927.11.16650 S142 Tb927.3.1920 S254 Tb927.10.12510 S36 Tb927.11.3300 S51 Tb927.7.2660 S288 Tb927.8.4780 S68 Tb927.6.820 S307 Tb927.6.820 T311 Tb927.8.1050 S2193 Tb927.10.15390 S259 Tb927.9.2075 S1052 Tb927.8.5450 T67 Tb927.11.830 S449 Tb927.11.830 T446 Tb927.8.3700 S697 Tb927.8.3700 S702 Tb927.9.2470 S697 Tb927.10.10010 S85 Tb927.10.2930 S187 Tb927.8.4400 S615 Tb927.9.4450 S273 Tb927.10.14340 S1144 Tb927.11.12640 S651 Tb927.9.4450 S269 Tb927.1.4310 S667 Tb927.11.14020 S86 Tb927.3.1200.2 S582 Tb927.7.1420 S1140 Tb927.10.10280 S2186 Tb927.1.4310 S409 Tb927.10.2930 S84 Tb927.9.9520 S277 Tb927.4.1890 S11 Tb927.4.1890 S12 Tb927.1.4310 S410 Tb927.9.2470 S692 Tb927.9.5730 S382 Tb927.6.1730 S1274 Tb927.10.16100 S7 Tb927.7.6690 S180 Tb927.11.4000 T453 Tb927.9.5730 S397 Tb927.10.16100 S13 Tb927.11.9400 S846 Tb927.8.6640 S69 Tb927.8.6640 S70 Tb927.6.3720 S522 Tb927.8.6280 Y92 Tb927.11.12120 S108 Tb927.8.7970 S277 Tb927.4.5120 T400 Tb927.8.3100 S414 Tb927.11.14270 S114 Tb927.3.1110 S355 Tb927.2.4230 S517 Tb927.10.16100 T9 Tb927.8.3100 S419 Tb11.v5.0452.1 S2 Tb927.3.1110 S356 Tb927.5.1950 S360 Tb927.5.1950 S365 Tb927.11.12120 S111 Tb927.11.12120 T112 Tb927.10.1620 S513 Tb927.3.1900 S799 Tb927.7.3230 S14 Tb927.10.16100 S6 Tb927.6.4040 S183 Tb927.10.16100 S3 Tb927.10.16100 S2 Tb927.3.5020 S1139 Tb927.3.5020 S1145 Tb927.3.1110 S364 Tb927.10.14010 T393 Tb927.10.14010 S397 Tb927.3.4900 T212 Tb927.3.4900 Y209 Annex 4: Tb927.10.1490 S1005 Tb927.10.4290 S58	Protein ATP-dependent DEAD/H RNA helicase, putative atp-binding cassette sub-family e member 1 Putative intraflagellar transport protein A1 Putative intraflagellar transport protein A1 Flagellum attachment zone protein 21 Proteophosphoglycan, putative hypothetical protein, conserved RNA-binding protein, putative Calpain-like protein 1.1 hypothetical protein, conserved lipin Calpain-like protein 1.1 Present in the outer mitochondrial membrane proteome 24 Flagellum attachment zone protein 2 Serine/threonine-protein kinase NEK17, putative Serine/threonine-protein kinase NEK17, putative Replication factor A protein 1 NUP-1 protein, putative actin B hypothetical protein, conserved DNA-directed RNA polymerase subunit, putative DNA-directed RNA polymerase subunit, putative hypothetical protein, conserved hypothetical protein, conserved histone H2A, putative histone H2A, putative hypothetical protein, conserved Flagellum attachment zone protein 2 Flagellum attachment zone protein 2 hypothetical protein, conserved Putative intraflagellar transport protein A1 Present in the outer mitochondrial membrane proteome 24 Calpain-like protein 1.1 mRNA turnover protein 4 homolog, putative tRNA isopentenyltransferase, putative tRNA isopentenyltransferase, putative Coiled-coil and C2 domain-containing protein hypothetical protein, conserved FK506-binding protein (FKBP)-type peptidyl-prolyl isomera Flagellum attachment zone protein 2 hypothetical protein, conserved hypothetical protein, conserved Calpain-like protein 1.1 Flagellum attachment zone protein 2 Calpain-like protein 1.1 Flagellum attachment zone protein 2 Flagellum attachment zone protein 2 Flagellum attachment zone protein 2 FK506-binding protein (FKBP)-type peptidyl-prolyl isomera Calpain-like protein 1.1 calmodulin, putative hypothetical protein, conserved nucleolar protein Adaptor protein complex AP-3 subunit beta-3 hypothetical protein, conserved hypothetical protein, conserved Tetratricopeptide-like helical domain containing protein Calpain-like protein 1.1 Family of unknown function (DUF572), putative FK506-binding protein (FKBP)-type peptidyl-prolyl isomera hypothetical protein, conserved histone H2A, putative hypothetical protein, conserved tubulin cofactor C domain-containing protein RP2 SNF1-related protein kinases, putative Flagellum attachment zone protein 2 hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved FK506-binding protein (FKBP)-type peptidyl-prolyl isomera hypothetical protein, conserved Flagellum attachment zone protein 2 hypothetical protein, conserved SUMO-interacting motif-containing protein Fibronectin type III domain containing protein, putative Protein Associated with Differentiation amino acid transporter, putative Associated kinase of Tb14-3-3 hypothetical protein, conserved hypothetical protein, conserved Amastin surface glycoprotein, putative hypothetical protein, conserved hypothetical protein, conserved Eukaryotic translation initiation factor 4E-4 PSP1 C-terminal conserved region, putative Temperature dependent protein affecting M2 dsRNA replica EB1-like C-terminal motif containing protein, putative hypothetical protein, conserved Eukaryotic translation initiation factor 4E-3 hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved cell cycle sequence binding phosphoprotein (RBP33), putat cell cycle sequence binding phosphoprotein (RBP33), putat hypothetical protein, conserved hypothetical protein, conserved RNA-binding protein, putative hypothetical protein, conserved hypothetical protein, conserved Kinesin-13 4b, putative hypothetical protein, conserved parkin coregulated gene protein CMGC/MAPK protein kinase, putative hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved paraflagellar rod component, putative variant surface glycoprotein (VSG, pseudogene), putative variant surface glycoprotein (VSG, pseudogene), putative RNA-binding protein, putative RNA-binding protein, putative hypothetical protein, conserved hypothetical protein, conserved primase 2 hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved zinc finger protein family member, putative hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved variant surface glycoprotein (VSG, pseudogene), putative hypothetical protein ubiquitin carboxyl-terminal hydrolase, putative OTU-like cysteine protease, putative Kinesin associated protein, putative hypothetical protein, conserved Repressor of differentiation kinase 2 hypothetical protein, conserved btb/poz domain containing protein, putative btb/poz domain containing protein, putative hypothetical protein, conserved kinetoplastid-specific dual specificity phosphatase, putative chaperone protein DnaJ, putative Metacaspase-4 Metacaspase-4 hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved General negative regulator of transcription subunit 5 P-type H+-ATPase, putative Spindle assembly abnormal 4 zinc finger protein family member, putative Flagellar Member 3 Pumilio homology domain family member 4 Pumilio homology domain family member 4 SUMO-interacting motif-containing protein Flagellum attachment zone protein 7 hypothetical protein amino acid permease 24 hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved hypothetical protein, conserved nucleolar protein mRNA turnover protein 4 homolog, putative hypothetical protein, conserved Outer dynein arm docking complex protein 1, putative hypothetical protein hypothetical protein, conserved PH domain containing protein, putative hypothetical protein Flagellum attachment zone protein 2 nuclear RNA binding domain 2 hypothetical protein, conserved hypothetical protein, conserved microtubule-associated protein, putative Temperature dependent protein affecting M2 dsRNA replication Ratio INT I/UI (Log 2) 9,19621 8,42004 3,65157 3,44573 3,35248 3,35021 2,93576 2,91594 2,88331 2,84197 2,73626 2,72146 2,68138 2,64729 2,61873 2,61873 2,60888 2,58957 2,57017 2,46837 2,44276 2,44276 2,43568 2,4347 2,43058 2,43058 2,41816 2,41473 2,41473 2,40792 2,36303 2,36 2,35459 2,33825 2,31037 2,31037 2,28738 2,26661 2,2022 2,18005 2,16672 2,13659 2,10695 2,10645 2,10017 2,0939 2,0939 2,0939 2,07139 2,05662 2,05506 2,04457 2,04051 2,03974 2,03136 2,02453 1,14209 1,11417 1,10266 1,6736 1,67197 1,65782 1,6564 1,64759 1,63115 1,62302 1,62298 1,59445 1,59445 1,57928 1,5693 1,56886 1,54265 1,53012 1,49488 1,47586 1,4755 1,43333 1,42369 1,40152 1,38907 1,371 -1,29385 -1,50594 -1,54987 -1,60327 -1,6045 -1,77888 -1,89873 -1,98913 -1,98913 -1,99815 -2,16372 -2,16372 -2,34718 -2,34718 -2,42329 -2,44804 -2,50873 -2,60147 -2,6444 -2,66804 -2,70425 -2,72566 -2,72566 -2,72566 -2,78538 -3,11379 -3,29889 -3,29889 -3,52849 -3,52849 -4,97111 -5,29223 3,82212 3,15843 3,15843 3,15843 3,14793 2,68921 2,59522 2,57618 2,57618 2,37387 2,30749 2,23085 2,18498 2,10383 2,05821 1,96088 1,90045 1,8662 1,8662 1,80954 1,78253 1,74222 1,72023 1,72023 1,70026 1,69933 1,69933 1,63329 1,59077 1,57502 1,55493 1,50513 1,49442 1,49442 1,48445 1,45149 1,44164 1,43797 1,41857 1,41857 1,4055 1,4055 1,37884 1,3774 1,3658 1,32981 1,3147 1,30632 1,30422 1,29831 1,25223 1,22897 1,16356 1,15892 1,15218 -1,64562 Flagellum attachment zone protein 2 -1,65963 hypothetical protein, conserved -1,70092 zinc finger protein family member, putative -1,7504 hypothetical protein, conserved -1,79001 hypothetical protein, conserved -1,79001 Flagellum attachment zone protein 2 -1,82317 nucleolar protein -1,93517 nucleosome assembly protein-like protein -1,99407 hypothetical protein, conserved -2,00474 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -2,01619 Trypanosoma specific protein, unknown function -2,1011 hypothetical protein, conserved -2,10519 nucleosome assembly protein-like protein -2,15386 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -2,27697 hypothetical protein, conserved -2,31955 Male sterility protein, putative -2,32764 Male sterility protein, putative -2,32764 hypothetical protein, conserved -2,41565 cyclophilin-type peptidyl-prolyl cis-trans isomerase, putative -2,43799 RNA-binding protein, putative -2,5541 hypothetical protein -2,56098 hypothetical protein, conserved -2,56115 coronin, putative -2,61945 STE group serine/threonine-protein kinase, putative -2,7117 Putative intraflagellar transport protein A1 -2,73006 NUP-1 protein, putative -2,75419 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -2,79586 coronin, putative -2,79947 GTPase activating protein, putative -2,89776 Putative intraflagellar transport protein A1 -2,91594 hypothetical protein, conserved -3,0255 hypothetical protein, conserved -3,0255 RNA-binding protein, putative -3,03801 RNA-binding protein, putative -3,03801 phosphoserine/threonine/tyrosine-binding protein, putative -3,08779 conserved protein, unknown function -3,19456 hypothetical protein, conserved -3,27063 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -3,31833 mitochondrial ribosomal protein L28 -3,49434 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -3,77893 FK506-binding protein (FKBP)-type peptidyl-prolyl isomerase -3,77893 Flagellar Member 6 -3,91984 Flagellar Member 6 -3,91984 Putative intraflagellar transport protein A1 -4,5448 tubulin cofactor C domain-containing protein RP2 -4,9317 tubulin cofactor C domain-containing protein RP2 -4,9317 tRNA isopentenyltransferase, putative -5,21341 tRNA isopentenyltransferase, putative -5,21341 hypothetical protein, conserved -5,82812	Localization probability 0,993464 1 0,986853 0,99928 0,999999 0,999973 0,978219 1 0,952452 0,958672 0,982178 0,999886 1 0,999973 0,991093 0,997822 0,971035 0,993771 0,999988 0,999713 0,971492 0,996319 0,999934 0,996117 1 1 0,9699 1 1 0,965565 0,999468 0,999999 0,990669 0,986663 1 1 1 0,972678 0,999983 0,9998 0,999188 0,983771 0,999438 1 0,999389 0,976313 0,994743 0,998446 0,956086 0,999707 0,999381 0,99998 0,999998 1 1 1 0,995706 0,999438 1 0,999801 0,999989 1 0,999927 1 0,998438 0,997467 0,999999 0,99564 0,99776 0,999858 0,999949 0,999999 0,99999 1 1 1 0,999155 0,999497 0,995399 1 0,999888 0,998897 1 0,999862 1 0,999999 0,999808 0,999921 0,999993 1 1 1 1 0,992784 0,999314 0,975415 0,997235 0,985408 0,999972 0,997504 0,990892 1 0,999808 1 1 1 0,999997 0,999999 0,994062 0,994338 0,998532 0,999843 1 0,993287 1 0,998702 0,998702 0,998702 0,999143 0,961755 0,983771 0,999183 0,991672 0,991439 1 0,999999 0,991984 0,999871 0,996293 1 1 0,997787 0,993545 1 0,996594 0,999999 0,999998 0,999853 0,963015 0,999999 0,999947 0,995944 0,999999 0,998137 0,983499 1 0,999914 0,967859 1 0,999999 1 0,999431 0,980312 0,998239 1 1 0,999997 0,986663 1 0,988399 0,970225 1 1 0,996174 0,967149 0,966323 1 1 1 0,999999 0,997939 0,995906 0,961728 0,999867 0,999953 0,997467 0,999999 0,999962 0,999999 0,997309 1 1 1 0,999983 0,978219 1 1 0,965565 1 0,997235 0,999914 1 1 0,997257 0,99928 0,993771 0,956086 1 0,999999 0,986853 0,999413 0,999911 0,998532 0,999843 0,97537 1 1 0,999858 1 0,999852 0,999801 0,999996 0,996802 0,999468 1 0,963635 1 1 0,996126	INT Significance B 1,71024E-79 9,77502E-67 4,42421E-16 6,40103E-12 1,11611E-12 6,32721E-10 5,35876E-07 6,16815E-14 9,09379E-08 4,66545E-06 1,02145E-05 3,22953E-06 1,26467E-08 1,95971E-07 6,13622E-08 6,13622E-08 9,69803E-09 8,503E-08 1,05444E-07 3,18323E-07 7,59735E-08 7,59735E-08 2,35096E-07 8,36854E-08 2,0283E-06 2,0283E-06 9,19485E-05 9,23322E-08 9,23322E-08 5,69022E-10 1,7436E-07 7,81423E-07 4,39226E-06 5,90314E-05 0,000279925 0,000279925 3,88594E-09 1,4623E-06 1,42754E-08 4,74188E-06 0,000191007 7,19044E-06 3,34948E-06 4,62652E-05 0,000295002 8,84346E-06 8,84346E-06 8,84346E-06 9,61503E-08 1,18437E-07 1,86317E-05 6,33931E-06 8,28379E-05 3,33192E-06 1,20862E-07 0,000476698 0,000381779 0,000277646 0,000633745 0,00024037 1,26238E-05 0,000432564 1,97877E-05 0,000170145 0,000294498 0,00021229 0,000315278 0,000695943 0,000695943 0,000540343 4,09443E-05 0,000589386 0,000606757 0,000477291 0,000641935 0,000751401 0,000143339 0,000175517 0,000193738 0,000303614 0,000343334 0,000328989 0,00062689 0,000131269 0,000352754 0,00059901 0,000593222 8,49816E-06 0,000465728 0,000800278 0,000800278 0,000428942 0,00013516 0,00013516 0,00021233 0,00021233 0,000256603 1,53309E-05 0,000151663 0,00016039 0,000246997 0,000345301 0,000659484 0,000250635 0,000250635 0,000250635 5,12405E-05 6,69686E-16 1,44196E-06 1,44196E-06 7,7536E-08 7,7536E-08 3,94411E-32 4,39817E-17 5,20713E-23 1,73878E-13 1,73878E-13 1,73878E-13 2,0823E-13 4,536E-07 8,80388E-09 6,44529E-11 6,44529E-11 6,86992E-06 2,14921E-09 9,96687E-12 3,23617E-05 3,00331E-06 1,27073E-06 6,08192E-06 0,000024119 0,000343803 0,000343803 3,00861E-08 0,000025307 8,10988E-05 0,000099104 0,000099104 1,19817E-05 0,00008226 0,00008226 2,51837E-05 1,04205E-06 1,23554E-06 0,000301159 0,000626699 0,000503712 0,000503712 0,000418019 0,000554699 0,000777842 0,00080131 0,000731874 0,000731874 0,000815801 0,000815801 8,10611E-06 0,000338947 0,000024537 4,31376E-06 4,64872E-05 5,17455E-05 5,75989E-05 5,72946E-05 0,000110541 0,000138255 0,000318521 0,000309148 6,28682E-05 5,01773E-05 0,000682061 0,000148625 0,000332924 1,90668E-07 1,90668E-07 0,00018271 3,48274E-07 5,98527E-09 3,70816E-05 3,33768E-05 2,54832E-06 1,44492E-05 3,0936E-10 2,60907E-06 0,00043128 0,000247315 0,000247315 3,99146E-05 0,000671809 5,57569E-05 5,96075E-14 3,29168E-06 1,54888E-14 3,59327E-05 4,39628E-13 5,46197E-07 6,85701E-09 2,02416E-16 9,75343E-06 5,4198E-11 2,04533E-10 2,04533E-10 1,50809E-06 1,50809E-06 2,22622E-16 4,13742E-07 3,85198E-06 7,73085E-14 1,76567E-10 7,69915E-29 7,02249E-24 1,35912E-25 1,35912E-25 9,98107E-25 3,0328E-14 1,79157E-12 9,2386E-16 9,2386E-16 3,70016E-27
	Tb927.8.7970 T290 Tb927.10.8440 S524	hypothetical protein glucose transporter 1B	2,00014 1,0706	1	1	1,04513E-05 0,000192222
	Tb927.6.1730 S1274 Tb927.10.2880 S2565	hypothetical protein, conserved Voltage-dependent calcium channel subunit, putative	1,97247 1,03921	0,999999 0,999998	0,000028403 0,000671221
	Tb927.7.2650 T173 Tb927.3.3300 T496	hypothetical protein, conserved Flagellum attachment zone protein 19	1,92979 1,03921	0,999994	1	2,14532E-05 0,000671221
	Tb927.11.3700.2 S6 Tb927.2.100 S2	Uncharacterised ACR, YagE family COG1723, putative, unsp retrotransposon hot spot protein 1 (RHS1), putative	1,85364 0,968718	1	1	0,00047286 0,000703028
	Tb927.10.11780 S293 Tb927.8.7970 S275	hypothetical protein, conserved hypothetical protein	1,83806 -1,16718	0,999999 0,999936	2,76841E-05 0,000809388
	Tb927.8.6280 Y92 Tb927.11.9400 S817	cyclophilin-type peptidyl-prolyl cis-trans isomerase, putati hypothetical protein, conserved	1,81476 -1,18692	1	1	0,000146336 0,000653276
	Tb927.10.8060 S237 Tb927.1.4310 S529	SET domain containing protein, putative Flagellum attachment zone protein 2	1,80079 -1,22658	1	1	0,000671865 0,000420573
	Tb927.6.3330 S254 Tb927.10.12330 S201	hypothetical protein, conserved zinc finger protein family member, putative	1,78772 -1,25126	0,97335 1	0,000138998 0,000317635
	Tb927.8.3100 S419 Tb927.11.11600 S486	coronin, putative hypothetical protein, conserved	1,76086 -1,26185	1	1	0,000802094 0,000281148
	Tb927.10.11780 S292 Tb927.6.1870 S102	hypothetical protein, conserved Eukaryotic translation initiation factor 4E-4	1,75975 -1,33195	0,999994 1	5,96769E-05 0,000529114
	Tb927.8.2860 S2 Tb927.11.3250 S4091	hypothetical protein, conserved dynein heavy chain, putative	1,73604 -1,33253	0,987979 0,999985	0,000273888 0,000121539
	Tb927.3.1630 S12 Tb927.11.3250 S4089	casein kinase 1, putative dynein heavy chain, putative	1,7226 -1,33253	0,957546 0,999985	6,89412E-06 0,000121539
	Tb927.11.14560 S220 Tb927.6.1870 S114	Cleavage and polyadenylation specificity factor CPSF160, p Eukaryotic translation initiation factor 4E-4	1,7212 -1,33541	0,99993 0,999862	8,61418E-05 0,000511015
	Tb927.11.11600 S586 Tb927.1.4310 S598	hypothetical protein, conserved Flagellum attachment zone protein 2	1,71392 -1,43932	0,999984	1	0,000010096 3,15909E-05
	Tb927.11.15140 S82 Tb927.11.9400 S885	bilobe region protein, putative hypothetical protein, conserved	1,69929 -1,54191	0,999969	1	9,12665E-06 0,000055115
	Tb927.8.3710 S52 Tb927.10.13580 S468	3'-5' exonuclease major facilitator superfamily protein (MFS), putative	1,68724 -1,54608	0,999905 0,956221	0,000343037 0,000143561
	Tb927.7.3560 S973 Tb927.11.16630 S75	Component of motile flagella 7 major facilitator superfamily, putative	1,6845 -1,56098	1	1	0,000407584 0,000123135
	Tb927.11.13360 S494	AAA ATPase, putative	-1,57579	0,991614		0,000849501
	Tb927.11.11600 S645	hypothetical protein, conserved	-1,58545	1		9,54179E-05
	Tb927.9.2470 S695	nucleolar protein	-1,59027	0,999998		3,13466E-05
	Tb927.11.1740 S77	intraflagellar transport protein 88	-1,59553	1		0,000380181
	Tb927.11.4200 S454	mannose-specific lectin, putative	-1,59654	0,994876		2,91002E-05
	Tb927.11.11600 S583	hypothetical protein, conserved	-1,60117	1		0,000362043
	Tb927.8.4780 S3484	Flagellar Member 3	-1,63765	1		1,77502E-05	198 199 200
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Supplementary Figures

Supplementary Figure 1 The VSG up and DEX constructs were manually added to the genome. Reads were aligned using Bowtie 2 [START_REF] Langmead | Fast Gapped-Read Alignment with Bowtie 2[END_REF] and visualized using Artemis (version 18.1.0) [START_REF] Carver | Artemis: An Integrated Platform for Visualization and Analysis of High-Throughput Sequence-Based Experimental Data[END_REF], with a Mapping Quality (MAPQ) of 1. ('xVSGup_1.bam','xVSGup_2.bam','xVSGup_3.bam','xVSGup_i_1.bam','xVSGup_i_2.bam','xVSGup_i_3.bam','xRPA1S5A_1.bam','xRPA1S5A_2.bam','xRPA1S5A_3.bam','xRPA1S5A_i_1.bam','xRPA1S5A_i_2.bam','xRPA1S5A_i_3.bam') head(geneCounts) #Perform differential expression group <-factor(c(1,1,1,2,2,2,3,3,3,4,4,4)) y <-DGEList(counts=geneCounts, group=group) y <-calcNormFactors(y) y <-estimateDisp(y) Cond1_UvsI <-exactTest(y, pair = c(1,2)) Cond2_UvsI pair = c(3,4)) #Merge tables and generage significant Cond1_UvsI$table,all.x = TRUE,by = 0,sort 

#Save tables and reinitialise with as.is function to avoid factors (important for the genome plot) write.table (x = Cond1_BED_sig,file = "Cond1_BED_sig.bed",quote = FALSE,sep = "\t",row.names = FALSE) Cond1_BED_sig header = TRUE,sep = "\t",as.

is = "V1")) #Merge tables and generage significant lists -Cond2

Cond2_BED Cond2_UvsI$table,all.x 

#Save tables and reinitialise with as.is function to avoid factors (important for the genome plot) write.table(x = Cond2_BED_sig, file = "Cond2_BED_sig.bed", quote = FALSE, sep = "\t", row.names = FALSE)

Cond2_BED_sig header = TRUE,sep = "\t",as.is 

Annex 203 merged_Cond1_Cond2 <-merge(x = Cond2_BED_sig, y= Cond1_BED_sig, all = TRUE, by = "Row.names", sort = TRUE) write.table(x = merged_Cond1_Cond2, file = "MergedCond1_Cond2.txt", quote = FALSE, sep = "\t") #Draw Volcano plots #Draw genome plot pdf("genome_plot.pdf", paper = "a4") ## set up the plot region: op <-par(bg = "White", bty = 'n') plot (x= c(0,7000000), y=c(0,120000),type = "n", xlab = "", ylab = "", axes = FALSE) # Draw on the gene models from Muller et al 2018 for(i in 1:nrow(genomeBED)) { for (j in 1:nrow(chromosomes