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Summary

Legionella pneumophila is a bacterium that ordinarily populates freshwater biotopes, where they propagate as part of the biofilm or intracellularly inside of amoeba. When man-made water sources such as A/C units are contaminated with Legionella, humans can become infected through the inhalation of aerosolized bacteria, possibly leading to a severe form of pneumonia called Legionnaires' disease. To do this, Legionella adopts its intracellular replication strategy to invade lung macrophages and secrete over 300 different effector proteins into the host. These effectors weaken the host, prevent apoptosis, and recruit host cellular machinery to ensure a favorable growth environment for Legionella. Among these effector proteins is a family of unique ubiquitin ligases called the SidE family, which are the only known proteins to catalyze ubiquitylation without using the universally conserved E1,E2,E3 ubiquitin cascade. Studies have shown that that this family is crucial for Legionella's ability to recruit host vesicles, and therefore its ability to replicate. The activity of the SidE family is also highly toxic to the host, and regulation of this toxicity is required for Legionella to prevent premature death of the host. SidJ, a protein with no homology to any other proteins of known function has been shown to be a meta-effector against the SidE family by counteracting their toxicity through an unknown mechanism. Similar to SidE family deletion, SidJ deletion leads to a severe growth defect in intracellular replication.

In this work, we aimed to understand the interaction between SidJ and the most well-studied SidE member SdeA using structural biology, proteomics, and in vitro biochemistry, and determine the mechanism through which SidJ regulates SidE family enzymes. Using mass spectrometry, we found that SidJ disables SdeA via a post-translational modification called glutamylation on its catalytic residue, and that SidJ binds to the host protein calmodulin as a host-specific cofactor, which is required for SidJ to assume an active conformation. Using single-particle cryo-EM, we were able to determine the structure of SidJ in complex with calmodulin and found that it adopts a kinase fold, and that it possesses two catalytic pockets.

To understand how the two pockets coordinate the modification of SdeA, we also solved the structure of SidJ/calmodulin in complex with SdeA in a catalytic intermediate state and postcatalytic state. Using point mutations and a variety of in vitro biochemical assays and mass spectrometry, we elucidated the catalytic cycle of SidJ. Here, we found that the kinase pocket hydrolyses ATP to activate the catalytic residue of SdeA via AMPylation, with auto-AMPylation being a likely intermediate, before the AMPylated SdeA binds to the migrated pocket of SidJ to catalyze the glutamylation reaction.

Our results shed a light on both how Legionella regulates its own toxicity by exploiting eukaryotic systems, and how kinase-like proteins are able to catalyse glutamylation, an understudied post-translational modification. Further, SidJ could be a promising drug target for the treatment of Legionnaires' disease, because it is an essential effector for Legionella's replicative success and has no homology to other proteins of known function.

Resume

Legionella pneumophila est une bactérie qui peuple habituellement les biotopes d'eau douce, où elle se propage au sein d'un biofilm ou de manière intracellulaire à l'intérieur d'amibes.

Lorsque des sources d'eau artificielles, telles que des climatiseurs, sont contaminées par la Legionella, les humains peuvent être infectés par l'inhalation d'aérosols contaminés, ce qui peut entraîner une forme grave de pneumonie appelée maladie du légionnaire. Pour ce faire, Legionella adopte sa stratégie de réplication intracellulaire pour envahir les macrophages pulmonaires et sécréter plus de 300 protéines effectrices différentes dans l'hôte. Ces effecteurs affaiblissent l'hôte, empêchent l'apoptose et recrutent la machinerie cellulaire de l'hôte pour assurer un environnement de croissance favorable à Legionella. Parmi ces protéines effectrices, on trouve une famille d'ubiquitine ligases uniques appelée famille SidE, qui sont les seules protéines connues à catalyser l'ubiquitylation sans utiliser la cascade d'ubiquitine E1, E2, E3 universellement conservée. Des études ont montré que cette famille de protéine est cruciale pour la capacité de Legionella à recruter les vésicules de l'hôte, et donc pour sa capacité à se répliquer. L'activité de la famille SidE est également hautement toxique pour l'hôte, et la régulation de cette toxicité est nécessaire pour que Legionella puisse empêcher la mort prématurée de l'hôte. SidJ, une protéine sans homologie avec d'autres protéines de fonction connue, s'est avérée être un méta-effecteur pour la famille SidE en contrecarrant leur toxicité par un mécanisme inconnu. Tout comme la délétion de la famille SidE, la délétion de SidJ conduit à un défaut de croissance sévère de la réplication intracellulaire.

Dans ce travail, nous avons cherché à comprendre l'interaction entre SidJ et le membre le plus étudié de la famille SidE, SdeA, en utilisant la biologie structurale, la protéomique et la biochimie in vitro, et à déterminer le mécanisme par lequel SidJ régule les enzymes de la famille SidE. En utilisant la spectrométrie de masse, nous avons découvert que SidJ désactive SdeA via une modification post-traductionnelle appelée glutamylation sur son résidu catalytique, et que SidJ se lie à la protéine hôte calmoduline comme cofacteur spécifique à l'hôte, ce qui est nécessaire pour que SidJ prenne une conformation active. En utilisant la cryo-EM à molécule unique, nous avons pu déterminer la structure de SidJ en complexe avec la calmoduline et avons découvert qu'elle adopte un repliement de type kinase et qu'elle possède deux poches catalytiques. Pour comprendre comment les deux poches coordonnent la modification de SdeA, nous avons également résolu la structure de SidJ/calmoduline en complexe avec SdeA dans un état intermédiaire catalytique et un état post-catalytique. En utilisant des mutations ponctuelles et une variété de tests biochimiques in vitro et de spectrométrie de masse, nous avons élucidé le cycle catalytique de SidJ. Nous avons découvert que la poche kinase hydrolyse l'ATP pour activer le résidu catalytique de SdeA via l'AMPylation, l'auto-AMPylation étant un intermédiaire probable, avant que la SdeA AMPylée ne se lie à la poche migratoire de SidJ pour catalyser la réaction de glutamylation.

Nos résultats éclairent à la fois la manière dont Legionella régule sa propre toxicité en exploitant les systèmes eucaryotes, et la manière dont les protéines de type kinase sont capables de catalyser la glutamylation, une modification post-traductionnelle peu étudiée. En outre, SidJ pourrait être une cible prometteuse pour le traitement de la maladie du légionnaire, car elle est un effecteur essentiel au succès de la réplication de Legionella et ne présente aucune homologie avec d'autres protéines de fonction connue. 
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1: Introduction

1.1: Legionella

Legionella is a genus of gram-negative, motile bacteria that are distributed globally, ordinarily populating freshwater biotopes such as rivers or ponds. Legionella typically propagate as part of the biofilm, or intracellularly inside of protozoan hosts such as amoeba. Intracellular replication requires Legionella to establish a favorable environment for replication [START_REF] Hilbi | Legionella spp. outdoors: colonization, communication and persistence[END_REF][START_REF] Oliva | The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism[END_REF] . To achieve this, Legionella has a broad repertoire of between 100 (L. oakridgensis) and 330 (L. pneumophila) so-called effector proteins at its disposal [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . Upon entering the cytoplasm of the host via endocytosis, it is contained in a Legionella-containing vacuole (LCV) and using its type II and IV secretion systems, it will secrete these effector proteins in a time-regulated manner to fulfill a range of different functions, such as exerting toxicity on the host, evading immunity, inhibiting lysosomal degradation, blocking apoptosis and autophagy, and recruiting host organelles to the LCV 2,4-6 . Once conditions suitable for propagation are established, Legionella divides inside of the LCV, using the host's supply of nutrients and energy, before nutrient depletion triggers the lysis of the host and release of mature Legionella, repeating the cycle [START_REF] Oliva | The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism[END_REF] .

In addition to its ability to infect protozoan hosts in their natural environments, Legionella are also the causative agent for a severe form of pneumonia called Legionnaires' disease [START_REF] Burillo | Microbiology and Epidemiology of Legionnaire's Disease[END_REF] . When man-made water sources such as air-conditioning units or shower heads are contaminated with Legionella, the use of these devices can form contaminated aerosols, which, once inhaled, are able to infect alveolar macrophages using its intracellular replication strategy [START_REF] Burillo | Microbiology and Epidemiology of Legionnaire's Disease[END_REF][START_REF] Tsai | Legionnaires' Disease: Clinical Features of the Epidemic in Philadelphia[END_REF] . If treatment is not started soon after symptom onset, this can result in severe infections of the lungs, which are especially dangerous for elderly or immunocompromised patients, where the mortality rate of Legionnaires' disease exceeds 10% [START_REF] Soda | Vital Signs: Health Care-Associated Legionnaires' Disease Surveillance Data from 20 States and a Large Metropolitan Area -United States, 2015[END_REF] .

1.2: A history of Legionnaires' disease

The first Legionnaires' disease outbreak took place in late July of 1976, when around 4000 World War II veterans gathered in Philadelphia for the 58th American Legion's Convention, on the 200th anniversary of the American Declaration of Independence. The venue hosting the event was the Bellevue Stratford Hotel in downtown Philadelphia, where some guests fell ill on the opening day of the convention with breathing difficulties and flu-like symptoms. Within a few weeks, a total of 182 members of the American Legion contracted this disease, and 29 of them succumbed to it [START_REF] Tsai | Legionnaires' Disease: Clinical Features of the Epidemic in Philadelphia[END_REF][START_REF] Fraser | Legionnaires' Disease[END_REF] . The unknown cause of this major outbreak sparked speculation of the emergence of a new, highly infectious influenza strain, and was of serious concern to the Centers for Disease Control and Prevention (CDC), who sent a high-profile team of infectious disease experts to identify the causative agent and the source of the "Philly Killer", as it was nicknamed [START_REF] Honigsbaum | Legionnaires' disease: revisiting the puzzle of the century[END_REF] .

After six months of investigation, the scientists at the CDC were able to isolate the bacterium by inoculating eggs with postmortem tissue samples and infecting guinea pigs with the resulting culture, causing a strong form of pneumonia consistent with the symptoms observed in the Philadelphia outbreak [START_REF] Winn | Legionnaires disease: historical perspective[END_REF] . They called the bacterium Legionella pneumophila, and hypothesized that the sharp spike in cases, combined with the observation that infected guinea pigs do not appear to transmit the disease to one another, was suggestive of a single-source outbreak [START_REF] Tsai | Legionnaires' Disease: Clinical Features of the Epidemic in Philadelphia[END_REF] .

It would take more than a year before the researchers at the CDC were able to establish that the air-conditioning system in the lobby of the Bellevue Stratford Hotel had been contaminated with Legionella, and that due to the apparent immunity of all staff, it must have been present in the hotel for some prolonged period of time [START_REF] Fraser | Legionnaires' Disease[END_REF] . Once the cause and the source of the Philadelphia outbreak could be identified, analysis of previous unexplained incidents of respiratory illnesses revealed that this was not the first Legionella outbreak. In 1968, a similar mass-illness event at the Michigan department of Health in Pontiac took place, during which more than 95% of the department employees as well as the entire CDC research team that was sent there experienced flu-like symptoms [START_REF] Th | AN EPIDEMIC OF UNKNOWN ETIOLOGY IN A HEALTH DEPARTMENT: I. CLINICAL AND EPIDEMIOLOGIC ASPECTS[END_REF] . The "Pontiac fever", as it was called at the time, did not result in severe pneumonia in any of the infected persons and did not result in any fatalities -nearly everyone infected recovered without the need of hospitalization or other medical intervention. A bacterial culture could be isolated from patient samples, and guinea pigs infected with this culture once again developed flu-like symptoms, but researchers at the time were unable to establish the isolated bacteria to be the causative agent of the outbreak, because antibodies recovered from patient sera did not show consistent reactivity to the isolated bacteria [START_REF] Kaufmann Af | PONTIAC FEVER: ISOLATION OF THE ETIOLOGIC AGENT (LEGIONELLA PNEUMOPHILA) AND DEMONSTRATION OF ITS MODE OF TRANSMISSION[END_REF] . Upon revisiting the isolated cultures ten years later, immunological technology had advanced sufficiently, and fluorescence-based antibody testing established that this outbreak was indeed caused by a different member of the Legionella genus [START_REF] Winn | Legionnaires disease: historical perspective[END_REF][START_REF] Kaufmann Af | PONTIAC FEVER: ISOLATION OF THE ETIOLOGIC AGENT (LEGIONELLA PNEUMOPHILA) AND DEMONSTRATION OF ITS MODE OF TRANSMISSION[END_REF] . Legionella infections can therefore result in two different types of disease, differentiated by their degree of severity -Pontiac fever referring to relatively mild infections with flu-like symptoms, and Legionnaires' disease referring to potentially fatal, multi-system infections with severe pneumonia [START_REF] Burillo | Microbiology and Epidemiology of Legionnaire's Disease[END_REF] .

Over the 45 years since Legionella was first isolated and characterized as a result of the Philadelphia outbreak, more than 60 species in the Legionella genus have been identified [START_REF] Fields | Legionella and legionnaires' disease: 25 Years of investigation[END_REF] .

Only 20 of them have been associated with human disease, and Legionella pneumophila alone accounts for around 85% of all documented cases of Legionella infection [START_REF] Wee | Population analysis of Legionella pneumophila reveals a basis for resistance to complement-mediated killing[END_REF] .

Since the Philadelphia outbreak, we know more about the nutritional needs of Legionella and thus isolating the bacterium has become less challenging, diagnostic methods have improved significantly, mitigation of Legionella contamination has become a multi-billion dollar industry, and treatment plans for very sick patients using broad-spectrum antibiotics have been developed [START_REF] Mercante | Current and emerging legionella diagnostics for laboratory and outbreak investigations[END_REF][START_REF] Kalil | Management of Adults With Hospitalacquired and Ventilator-associated Pneumonia: 2016 Clinical Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society[END_REF] . Nevertheless, Legionella infection remains a serious concern in today's time due to persistent outbreaks even decades after learning about how to avoid them. This is underlined by a recent CDC study which found that 84% of the A/C cooling towers they tested in the United States contained Legionella DNA [START_REF] Llewellyn | Distribution of Legionella and bacterial community composition among regionally diverse US cooling towers[END_REF] , and the fact that industry standard Legionella decontamination using heat-treatments calls for continuous heating above 55 ℃ and supplementation of silver ions instead of the 42 ℃ sufficient for most other bacterial contaminations [START_REF] Kusnetsov | Copper and silver ions more effective against Legionellae than against mycobacteria in a hospital warm water system[END_REF] . Furthermore, the fatality rate amongst hospitalized patients with Legionnaires' disease is more than 10%, with rates in excess of 25% in some patient groups even with established treatment protocols [START_REF] Soda | Vital Signs: Health Care-Associated Legionnaires' Disease Surveillance Data from 20 States and a Large Metropolitan Area -United States, 2015[END_REF] . A renewed public awareness of infectious diseases as a result of the SARS-CoV-2 pandemic has demonstrated the value of understanding the mechanisms through which infectious diseases such as Legionnaires' disease are able to propagate, with the potential of identifying novel drug candidates to improve patient outcomes for the most susceptible population groups.

1.3: Legionella replication cycle

Although the genus Legionella has received significant scientific attention since its discovery in the 1970s, most of our knowledge of Legionella replication comes from study of one species specifically -L. Pneumophila. Although it is quite possible that commonalities in replicative strategies amongst members of the genus are significant, much remains unknown about the life cycle of other Legionella species. In Legionella pneumophila, the survival strategy can be simplified as largely bimodal, where they can either replicate intracellularly using their protozoan hosts, or exist as planktonic members of the biofilm found in freshwater biotopes [START_REF] Hilbi | Legionella spp. outdoors: colonization, communication and persistence[END_REF] .

Due to the vast environmental differences they encounter in either setting, this bimodality also manifests itself through morphological differences in Legionella 2 . The transmissive, planktonic form results in short rod-like bacteria with a single motile cilium, as well as a smooth, thick cell wall, while the replicative morphology is characterized by a more slender appearance, the lack of a motile cilium, and a wavy cell wall [START_REF] Faulkner | Ultrastructural analysis of differentiation in Legionella pneumophila[END_REF][START_REF] Cirillo | Growth of Legionella pneumophila in Acanthamoeba castellanii enhances invasion[END_REF] . These morphological differences come in tandem with metabolic changes, where the membrane permeability of Legionella is greatly reduced in its transmissive stage, and it becomes more resistant to antibiotics, biocides, lownutrient environments and extreme pH and temperature ranges [START_REF] Oliva | The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism[END_REF][START_REF] Cirillo | Growth of Legionella pneumophila in Acanthamoeba castellanii enhances invasion[END_REF][START_REF] Berk | Production of Respirable Vesicles Containing Live Legionella pneumophila Cells by Two Acanthamoeba spp[END_REF] . Conversely, the replicative stage allows for strongly increased nutrient uptake and membrane plasticity, allowing for rapid replication [START_REF] Faulkner | Ultrastructural analysis of differentiation in Legionella pneumophila[END_REF] . The alternation between these two modes of survival is principally regulated by nutrient availability, where nutrient depletion or environmental stress trigger the transition from replicative to transmissive [START_REF] Molofsky | Differentiate to thrive: Lessons from the Legionella pneumophila life cycle[END_REF][START_REF] Robertson | The many forms of a pleomorphic bacterial pathogen-the developmental network of Legionella pneumophila[END_REF][START_REF] Byrne | Expression of Legionella pneumophila Virulence Traits in Response to Growth Conditions[END_REF] . While there are many complexities to the way Legionella regulates its morphology, the underlying mechanism driving the differentiation from one mode to the other requires the tight monitoring and regulation of the alarmone guanosine tetraphosphate (ppGpp) using two ppGpp synthases called RelA and SpoT [START_REF] Hammer | Co-ordination of Legionella pneumophila virulence with entry into stationary phase by ppGpp[END_REF][START_REF] Dalebroux | ppGpp: magic beyond RNA polymerase[END_REF][START_REF] Hana | A Regulatory Feedback Loop between RpoS and SpoT Supports the Survival of Legionella pneumophila in Water[END_REF][START_REF] Dalebroux | SpoT governs Legionella pneumophila differentiation in host macrophages[END_REF] . Upon amino acid starvation, Legionella upregulates the synthase RelA, increasing production of the secondary messenger [START_REF] Hammer | Co-ordination of Legionella pneumophila virulence with entry into stationary phase by ppGpp[END_REF] . Meanwhile, the bifunctional enzyme SpoT can both hydrolyze and synthesize ppGpp depending on fatty acid availability [START_REF] Dalebroux | SpoT governs Legionella pneumophila differentiation in host macrophages[END_REF] . When fatty acids are abundant, SpoT predominantly hydrolyzes ppGpp, counteracting the ppGpp synthesis of RelA upon amino acid depletion. Once fatty acid availability diminishes, the equilibrium between SpoT-mediated ppGpp hydrolysis and synthesis shifts, resulting in a rapid accumulation of ppGpp [START_REF] Hana | A Regulatory Feedback Loop between RpoS and SpoT Supports the Survival of Legionella pneumophila in Water[END_REF][START_REF] Dalebroux | SpoT governs Legionella pneumophila differentiation in host macrophages[END_REF] , triggering the transition from replicative to transmissive through downstream recruitment of sigma factor DksA to activate promoters and initiate transcription of genes responsible for the morphological and metabolic transition into the transmissive state, such as the coordinated expression of flagellar genes, which are critical for Legionella virulence [START_REF] Dalebroux | ppGpp Conjures Bacterial Virulence[END_REF][START_REF] Haugen | Advances in bacterial promoter recognition and its control by factors that do not bind DNA[END_REF][START_REF] Dalebroux | Distinct roles of ppGpp and DksA in Legionella pneumophila differentiation[END_REF] .

Although replication of Legionella in the biofilm is possible under nutrient-rich conditions, such as in the presence of cyanobacteria or as necrotrophic scavengers [START_REF] Taylor | Legionella, Protozoa, and Biofilms: Interactions Within Complex Microbial Systems[END_REF][START_REF] Temmerman | Necrotrophic Growth of Legionella pneumophila[END_REF] , their preferred mode of replication is intracellular, where the fastidious bacteria are able to more closely control their environmental conditions and ensure replicative success [START_REF] Hilbi | Legionella spp. outdoors: colonization, communication and persistence[END_REF][START_REF] Kuiper | Intracellular proliferation of Legionella pneumophila in Hartmannella vermiformis in aquatic biofilms grown on plasticized polyvinyl chloride[END_REF][START_REF] Pruckler | Role of biofilms in the survival of Legionella pneumophila in a model potable-water system[END_REF] . Interestingly, Legionella grown intracellularly are much more infectious than those cultured on agar, and show greater resistance to hostile environmental conditions such as antibiotics or extreme temperatures [START_REF] Cirillo | Growth of Legionella pneumophila in Acanthamoeba castellanii enhances invasion[END_REF][START_REF] Byrne | Expression of Legionella pneumophila Virulence Traits in Response to Growth Conditions[END_REF] .

In its intracellular replication, Legionella demonstrates a surprising degree of versatility due to its ability to not only replicate inside of protozoan hosts, but also in a wide range of other hosts, including human alveolar macrophages, where its replication strategy is virtually identical to that of its preferred amoebal hosts [START_REF] Fields | Legionella and legionnaires' disease: 25 Years of investigation[END_REF][START_REF] Hilbi | Environmental predators as models for bacterial pathogenesis[END_REF] .

Ordinarily, protozoans such as the amoeba Acanthamoeba castelanii phagocytose bacteria in order to perform lysosome-mediated degradation as its form of subsistence [START_REF] Hilbi | Environmental predators as models for bacterial pathogenesis[END_REF] . The vacuoles containing the bacteria acquire the characteristics of endosomes, undergo acidification before finally entering the lysosomal network, where the compartment matures into an endolysosome, which breaks down the bacterium into nutrients for reuptake [START_REF] Hilbi | Environmental predators as models for bacterial pathogenesis[END_REF] . Legionella takes advantage of this phagocytosis to gain entry into the protozoan cytoplasm, but it has evolved to evade lysosomal digestion, and instead establishes favorable conditions for replication inside a small, membrane-enclosed compartment called the Legionella-containing vacuole (LCV) (Fig. 1) [START_REF] Hilbi | Environmental predators as models for bacterial pathogenesis[END_REF][START_REF] Bozue | Interaction of Legionella Pneumophila with Acanthamoeba Castellanii: Uptake by Coiling Phagocytosis and Inhibition of Phagosome-Lysosome Fusion[END_REF] .

To do this, Legionella uses its Lsp type II secretion system (T2SS) and its Dot/Icm type IV secretion system (T4SS) to secrete a large repertoire of more than 330 different effector proteins into the host cytoplasm, resulting in physiological changes to the LCV and to the host 3- 6 . First, the LCV resists acidification, and Endoplasmic Reticulum (ER) fragmentation is accelerated [START_REF] Oliva | The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism[END_REF] . The resulting ER-derived vesicles as well as other host subcellular compartments decorate the surface of the LCV, as supported by the presence of ER-associated components on the LCV, including ribosomes and proteins such as Rab1 and Sec22b, which both regulate anterograde vesicle trafficking between ER and the Golgi apparatus [START_REF] Kagan | Legionella Subvert the Functions of Rab1 and Sec22b to Create a Replicative Organelle[END_REF][START_REF] Derré | Legionella pneumophila Replication Vacuole Formation Involves Rapid Recruitment of Proteins of the Early Secretory System[END_REF][START_REF] Robinson | Attachment and fusion of endoplasmic reticulum with vacuoles containing Legionella pneumophila[END_REF] . The ER-derived vesicles incorporate into the surface of the LCV, depositing their luminal consents into the vacuole, and resulting in the LCV gradually camouflaging itself from the host to assume the appearance of the ER [START_REF] Isberg | The Legionella pneumophila replication vacuole: making a cosy niche inside host cells[END_REF] . Simultaneously, the effector proteins secreted further serve to exert toxicity on the host to weaken it, while also inhibiting premature death of the host through inhibiting autophagy and apoptosis [START_REF] Sherwood | Autophagy Evasion and Endoplasmic Reticulum Subversion: The Yin and Yang of Legionella Intracellular Infection[END_REF][START_REF] Hubber | Modulation of host cell function by Legionella pneumophila type IV effectors[END_REF][START_REF] Xu | Cell biology of infection by Legionella pneumophila[END_REF] .

Legionella requires a steady supply of amino acids for its intracellular replication, with especially serine and, to a lesser extent, threonine being its preferred sources of energy, carbon and nitrogen for its own biosynthetic machinery [START_REF] Oliva | The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism[END_REF][START_REF] George | Amino acid requirements of Legionella pneumophila[END_REF] . It ensures this supply by incorporation of the ER-derived vesicles and secreting a range of peptidases and effectors that interact with the ubiquitin system to promote proteasomal degradation, as well as effectors that inhibit protein synthesis of the host [START_REF] Shen | Targeting eEF1A by a Legionella pneumophila effector leads to inhibition of protein synthesis and induction of host stress response[END_REF][START_REF] Rossier | The Type II Secretion System of Legionella pneumophila Elaborates Two Aminopeptidases, as Well as a Metalloprotease That Contributes to Differential Infection among Protozoan Hosts[END_REF][START_REF] White | Type II Secretion-Dependent Aminopeptidase LapA and Acyltransferase PlaC Are Redundant for Nutrient Acquisition during Legionella pneumophila Intracellular Infection of Amoebas[END_REF] . Simultaneously, Legionella translocates the transmembrane protein MavN into the LCV membrane, enabling the transport of iron into the lumen of the vacuole [START_REF] Christenson | The iron-regulated vacuolar Legionella pneumophila MavN protein is a transition-metal transporter[END_REF][START_REF] Isaac | MavN is a Legionella pneumophila vacuoleassociated protein required for efficient iron acquisition during intracellular growth[END_REF] .

Additionally, Legionella is able to secrete glucoamylases such as GamA into the host to also use carbohydrates as a further energy source [START_REF] Brüggemann | Virulence strategies for infecting phagocytes deduced from the in vivo transcriptional program of Legionella pneumophila[END_REF] . Upon achieving the required abundance of nutrients, ppGpp levels decrease, and Legionella enters its replicative mode 2 . During its exponential growth phase, Serine is metabolized for amino acid and protein biosynthesis, as well as energy production [START_REF] Eylert | Isotopologue profiling of Legionella pneumophila: role of serine and glucose as carbon substrates[END_REF][START_REF] Herrmann | GamA is a eukaryotic-like glucoamylase responsible for glycogen-and starch-degrading activity of Legionella pneumophila[END_REF][START_REF] Eylert | Isotopologue profiling of Legionella pneumophila: role of serine and glucose as carbon substrates[END_REF] . In order to prepare for potential extended periods of nutrient scarcity during the transmissive phase, Legionella also synthesizes increasing stores of poly-3hydroxybutyrate (PHB), which it uses as its main energy source during its transmissive state [START_REF] Eylert | Isotopologue profiling of Legionella pneumophila: role of serine and glucose as carbon substrates[END_REF][START_REF] Gillmaier | Growth-related Metabolism of the Carbon Storage Poly-3-hydroxybutyrate in Legionella pneumophila[END_REF] . The rapid biosynthesis and replication of Legionella means that much of the nutrient pool of the host is consumed to serve this purpose, and Legionella is bound to reach a state of nutrient depletion after successful division has produced new bacterial offspring [START_REF] Byrne | Expression of Legionella pneumophila Virulence Traits in Response to Growth Conditions[END_REF] . As a result of ever-increasing nutrient scarcity, ppGpp accumulation occurs [START_REF] Hana | A Regulatory Feedback Loop between RpoS and SpoT Supports the Survival of Legionella pneumophila in Water[END_REF] , which triggers Legionella to once again assume their transmissive morphology [START_REF] Dalebroux | SpoT governs Legionella pneumophila differentiation in host macrophages[END_REF][START_REF] Dalebroux | ppGpp Conjures Bacterial Virulence[END_REF] , with the PHB pool it built up during replication being stored in cyst-like inclusions inside Legionella's cytoplasm [START_REF] Faulkner | Ultrastructural analysis of differentiation in Legionella pneumophila[END_REF] . The spent host no longer provides a nutrient-rich environment conducive for replication, and is finally lysed, releasing highly virulent, transmissive Legionella to restart the cycle of replication [START_REF] Molmeret | How does Legionella pneumophila exit the host cell?[END_REF] . In this replicative cycle, the Dot/Icm T4SS is an essential component for replicative success, as Legionella loses its ability to exert its toxicity or modulate host pathways without the ability to secrete its effectors [START_REF] Hubber | Modulation of Host Cell Function by Legionella pneumophila Type IV Effectors[END_REF] . This is reflected in the very name of the secretion system, which stands for Defect in Organelle Trafficking / Intra-Cellular Multiplication, the observed phenotype upon deletion of the protein complex. Using Dot/Icm, L. pneumophila secretes over 300 different effector proteins into the cytoplasm to modulate the host [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF][START_REF] Hubber | Modulation of Host Cell Function by Legionella pneumophila Type IV Effectors[END_REF] . Additionally, Legionella is one of only two bacteria found to possess a functional type II secretion system (T2SS), called Lsp 58 . This secretion system also plays an important role in intracellular replicative success and nutrient availability through the secretion of at least 25 additional substrates (L. pneumophila) [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF][START_REF] Debroy | Legionella pneumophila type II secretome reveals unique exoproteins and a chitinase that promotes bacterial persistence in the lung[END_REF] . Further, it was found that L. pneumophila possesses a functional type I secretion system (T1SS), and that it plays an important role in Legionella's ability to enter its hosts, although it does not appear essential for intracellular replication, and not much is known about the substrates translocated by this secretion system, or what specific functions they serve [START_REF] Fuche | Functional type 1 secretion system involved in Legionella pneumophila virulence[END_REF] .

1.4: Legionella's repertoire of effector proteins

At Legionella's disposal lies a broad tool kit of secreted proteins that it can deploy into the host during the course of its infection cycle. While the number of effector proteins is extraordinarily large in all members of the Legionella genus, there is a vast degree of variance between them, with sequence analysis of some Legionella species predicting only 100 or fewer effectors, and even the various subspecies of L. pneumophila only having approximately 65% of their repertoire in common with one another [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . Indeed, horizontal gene transfer appears to be a frequent occurrence in the genus, resulting in highly dynamic repertoires of eukaryotic domains that the various strains of Legionella have acquired [START_REF] Hilbi | Microbe Profile: Legionella pneumophila-a copycat eukaryote[END_REF] . Legionella can only achieve replicative success if it finds a way to interact with the various biological systems found in its eukaryotic hosts, for which it evolved the ability to acquire eukaryotic-like domains in order to establish an effective interface with its host [START_REF] Martyn | The evolution and role of eukaryotic-like domains in environmental intracellular bacteria: the battle with a eukaryotic cell[END_REF] . Among the roughly 18.000 total effectors identified across the whole genus thus far, it was found that more than 200 different eukaryotic-like proteins from all domains of life could be identified, with 137 different eukaryotic protein domains being present amongst them [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . Despite this broad variance amongst effectors, the Lsp T2SS and the Dot/Icm T4SS are both encoded at least once in every member of the Legionella genus and their sequences are highly conserved, indicating that parallel evolution as a result of ecological distribution and gene acquisition due to host variety across Legionella species account for the broad variance in effectors, while Lsp and Dot/Icm are the obligate delivery mechanisms to ensure replicative success in all members [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . Interestingly, not much is understood about the underlying mechanisms that drive the acquisition of genes through horizontal transfer, and why Legionella is such a severe outlier in its genomic plasticity and the sheer number of acquired eukaryotic proteins compared to other intracellular pathogens [START_REF] Gomez-Valero | Extensive recombination events and horizontal gene transfer shaped the Legionella pneumophila genomes[END_REF] .

Translocation of effectors is secretion-system specific, and is guided by different mechanisms for Dot/Icm and Lsp. For Dot/Icm translocation, a substrate is first recognized by the three chaperones LvgA, IcmS, and IcmW, probably through a translocation sequence of around 20 residues located at the C-terminus of the protein, although the exact recognition motif is unknown [START_REF] Nagai | A C-terminal translocation signal required for Dot/Icm-dependent delivery of the Legionella RalF protein to host cells[END_REF] . Upon entry into the syringe-like T4SS, the substrate is secreted across the entire cell wall in one step [START_REF] Ghosal | Molecular architecture, polar targeting and biogenesis of the Legionella Dot/Icm T4SS[END_REF] . In contrast, Lsp translocation is more complex: substrates are first translocated to the periplasm, before then being translocated outside the cell in a two-step mechanism by the extension and retraction of an ATPase domain in a piston-like fashion. The translocation of Lsp substrates does not rely on a translocation sequence, making identification of substrates more challenging [START_REF] Ghosal | In vivo structure of the Legionella type II secretion system by electron cryotomography[END_REF] . Tracking translocated proteins in wild-type and ΔLsp strains of Legionella has found approximately 25 Lsp substrates, which have been shown to be crucial for Legionella's ability to survive in aquatic environments as part of multi-organism biofilms [START_REF] Portlock | Structure, Dynamics and Cellular Insight Into Novel Substrates of the Legionella pneumophila Type II Secretion System[END_REF][START_REF] White | Assessing the impact, genomics and evolution of type II secretion across a large, medically important genus: the Legionella type II secretion paradigm[END_REF] . Further, they have been shown to be important for Legionella's ability to infect its protozoan hosts, and although the Lsp does not appear to be essential for evading Lysosomal degradation or recruitment of ER-derived vesicles and mitochondria to the LCV [START_REF] White | Type II Secretion Is Necessary for Optimal Association of the Legionella-Containing Vacuole with Macrophage Rab1B but Enhances Intracellular Replication Mainly by Rab1B-Independent Mechanisms[END_REF] , it has been shown that its substrates inhibit host cytokine signaling [START_REF] Mallama | The Type II Secretion System of Legionella pneumophila Dampens the MyD88 and Toll-Like Receptor 2 Signaling Pathway in Infected Human Macrophages[END_REF] . Indeed, deletion of Lsp results in Legionella reverting into a transmissive state after fewer replications than strains that have an intact T2SS, pointing towards an inability to undermine host immune responses and continuously ensure favorable growth conditions for the entire duration of its infection without Lsp [START_REF] White | Type II Secretion-Dependent Aminopeptidase LapA and Acyltransferase PlaC Are Redundant for Nutrient Acquisition during Legionella pneumophila Intracellular Infection of Amoebas[END_REF][START_REF] White | Assessing the impact, genomics and evolution of type II secretion across a large, medically important genus: the Legionella type II secretion paradigm[END_REF][START_REF] White | Type II Secretion Is Necessary for Optimal Association of the Legionella-Containing Vacuole with Macrophage Rab1B but Enhances Intracellular Replication Mainly by Rab1B-Independent Mechanisms[END_REF] .

Of the 18.000 total effectors identified thus far, the vast majority are thought to be secreted by Dot/Icm, where much of the diversity in effectors arises [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . Only a small subset of 8 of these Dot/Icm effectors are so-called "core effectors", meaning effector proteins that are conserved in the majority of species in the Legionella genus. These eight core effectors are VipF (Lpg0103), RavC (Lpg0107), AnkH (Lpg2300), MavN (also known as DimB, Lpg2815), CetLP1 (Lpg0140), and unnamed proteins Lpg2832, Lpg3000 and Lpg 1356 [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF][START_REF] Wexler | The Legionella genus core effectors display functional conservation among orthologs by themselves or combined with an accessory protein[END_REF][START_REF] Burstein | Genomic analysis of 38 Legionella species identifies large and diverse effector repertoires[END_REF] . VipF is known to be an acyltransferase which, upon binding acetyl-CoA, acetylates the antibiotic chloramphenicol [START_REF] Chen | Structural basis for the acetylation mechanism of the Legionella effector VipF[END_REF][START_REF] Young | Characterization of the structure and catalytic activity of Legionella pneumophila VipF[END_REF] . While the physiological function of this biochemical activity remains elusive, it has been implicated in vacuole sorting. RavC is predicted to contain a DUF155 domain (Domain of Unknown Function) and despite it sharing homologues with other bacterial cousins such as Chlamidiae, its function is unknown [START_REF] Gomez-Valero | More than 18,000 effectors in the Legionella genus genome provide multiple, independent combinations for replication in human cells[END_REF] . AnkH is an ankyrin-repeat containing protein, which is a eukaryotic protein domain, and has been demonstrated to interfere with host transcription. It achieves this through interactions with the 7SK snRNP complex, leading to the inhibition of transcription termination of RNA polymerase II, and causing dramatic changes in the transcriptome of the host. Deletion of this gene results in a severe growth defect in infection experiments [START_REF] Von Dwingelo | Interaction of the Ankyrin H core effector of legionella with the host LARP7 component of the 7SK snRNP complex[END_REF] . Further, AnkH is universally conserved in Legionella, and has homologues in most facultative and obligate intracellular bacteria with eukaryotic hosts [START_REF] Burstein | Genomic analysis of 38 Legionella species identifies large and diverse effector repertoires[END_REF] . This indicates that AnkH transcriptome reprogramming is an evolutionarily conserved strategy that is employed widely by many different pathogens against many different hosts. MavN, which has previously been mentioned, is a transmembrane protein that is responsible for iron capture and transport from the host cytosol into the lumen of the LCV [START_REF] Christenson | The iron-regulated vacuolar Legionella pneumophila MavN protein is a transition-metal transporter[END_REF] . Iron uptake by MavN is important for replicative success, and deletion or mutation of MavN results in an intracellular growth defect for Legionella [START_REF] Isaac | MavN is a Legionella pneumophila vacuoleassociated protein required for efficient iron acquisition during intracellular growth[END_REF] . CetLP1 is a homologue to another legionella effector LciE, and while little is known about their functions, both of them are expressed and secreted in response to an influx of copper or zinc ions, a common eukaryotic cell response to bacterial invasion [START_REF] Linsky | A Novel Legionella Genomic Island Encodes a Copper-Responsive Regulatory System and a Single Icm/Dot Effector Protein Transcriptionally Activated by Copper[END_REF] . The remaining proteins Lpg2832, Lpg3000, and Lpg1356 have not yet been characterized.

Because not all species of Legionella are able to infect humans, and the severity of the illness can range from mild symptoms to life-threatening depending on species and strain, most attention has been directed towards effectors of relevance for the replicative success of the most clinically important species, Legionella pneumophila. L. pneumophila contains the largest repertoire of effector proteins of any known pathogen, with over 300 being secreted by the Dot/Icm T4SS 3 , and another 25 being secreted by the Lsp T2SS [START_REF] Debroy | Legionella pneumophila type II secretome reveals unique exoproteins and a chitinase that promotes bacterial persistence in the lung[END_REF] . Interestingly, a significant subset of these effector proteins are redundant with one another, a likely result of repeated horizontal gene transfer due to its intracellular lifestyle [START_REF] Hilbi | Microbe Profile: Legionella pneumophila-a copycat eukaryote[END_REF][START_REF] Gomez-Valero | Extensive recombination events and horizontal gene transfer shaped the Legionella pneumophila genomes[END_REF][START_REF] Moliner | Genome analysis of microorganisms living in amoebae reveals a melting pot of evolution[END_REF][START_REF] Franco | The perplexing functions and surprising origins of Legionella pneumophila type IV secretion effectors[END_REF] . This redundancy may result in slight variations in function, substrate specificity, subcellular localization, or regulation, and might contribute to the observed versatility of L. pneumophila. This redundancy also means that Legionella is able to compensate for the loss of most of its individual effectors, with only very few deletions of individual effectors having an impact on intracellular replication, contrary to what the name "effector protein" would suggest. Deletion studies have found that a "minimal" L. pneumonia strain lacking 31% of its Dot/Icm repertoire was able to support intracellular growth with only marginal growth defects inside of mouse macrophages 78 .

To date, only 4 individual effectors have been identified to carry a severe defect in intracellular replication of L. pneumophila when deleted [START_REF] Wexler | The Legionella genus core effectors display functional conservation among orthologs by themselves or combined with an accessory protein[END_REF] . The first two are MavN (or DimB), and AnkH, both members of the previously mentioned core effectors. The third effector is SdhA, a protein of unknown function with two homologs, SidH and SdhB, although only the deletion of SdhA carries a severe growth defect [START_REF] Creasey | The protein SdhA maintains the integrity of the Legionellacontaining vacuole[END_REF] . The final effector to have been shown to carry a growth defect if deleted is SidJ, a protein of previously unknown function that has been shown to interact with other Legionella effectors to counteract their apparent effect [START_REF] Liu | The Legionella pneumophila effector SidJ is required for efficient recruitment of endoplasmic reticulum proteins to the bacterial phagosome[END_REF][START_REF] Havey | Toxicity and SidJ-mediated suppression of toxicity require distinct regions in the SidE family of Legionella pneumophila effectors[END_REF][START_REF] Jeong | Spatiotemporal Regulation of a Legionella pneumophila T4SS Substrate by the Metaeffector SidJ[END_REF] . This makes SidJ a socalled "meta-effector", which modulates the activity of other effector proteins in the Legionella repertoire. In fact, L. pneumophila possesses at least one dozen of these meta-effectors.

Although Legionella also encodes for homologue to SidJ called SdjA, mutation of SdjA does not produce a growth phenotype [START_REF] Liu | The Legionella pneumophila effector SidJ is required for efficient recruitment of endoplasmic reticulum proteins to the bacterial phagosome[END_REF] .

While much of the repertoire of L. pneumophila remains understudied, numerous works have been dedicated towards understanding families of homologous effectors instead, where a clear phenotype for deletion of individual members is challenging as a result of their redundancy.

The most well-studied families in this group are the SidC and SidE families. SidC and its homologue SdcA are E3 ubiquitin ligases which anchor on the surface of the LCV and facilitate the recruitment and incorporation of ER-derived vesicles by ubiquitylating as yet unknown substrates [START_REF] Hsu | The Legionella effector SidC defines a unique family of ubiquitin ligases important for bacterial phagosomal remodeling[END_REF][START_REF] Luo | Structure of the Legionella Virulence Factor, SidC Reveals a Unique PI(4)P-Specific Binding Domain Essential for Its Targeting to the Bacterial Phagosome[END_REF] . The SidE family, which consists of 4 members SidE, SdeA, SdeB, and SdeC, are proteins with a common domain arrangement of an N-terminal DUB domain, a central PDE domain, and a C-terminal mART domain. All four members of the family catalyze the same biochemical reaction, which is a non-canonical form of ubiquitination that is toxic to the host [START_REF] Sheedlo | Structural basis of substrate recognition by a bacterial deubiquitinase important for dynamics of phagosome ubiquitination[END_REF][START_REF] Bhogaraju | Phosphoribosylation of Ubiquitin Promotes Serine Ubiquitination and Impairs Conventional Ubiquitination[END_REF] . SidE-family enzymes are important for replicative success of Legionella, as deletion of all four members results in a severe growth defect [START_REF] Jeong | Spatiotemporal Regulation of a Legionella pneumophila T4SS Substrate by the Metaeffector SidJ[END_REF][START_REF] Bardill | IcmS-dependent translocation of SdeA into macrophages by the Legionella pneumophila type IV secretion system[END_REF] . Interestingly, introducing SdeA recombinantly into a mutant lacking the full SidE family completely negates this growth phenotype [START_REF] Jeong | Spatiotemporal Regulation of a Legionella pneumophila T4SS Substrate by the Metaeffector SidJ[END_REF] . SidJ, one of the so-called meta-effectors, is actually responsible for regulating the toxicity of SdeA through an unknown mechanism [START_REF] Jeong | Spatiotemporal Regulation of a Legionella pneumophila T4SS Substrate by the Metaeffector SidJ[END_REF] .

1.5: The ubiquitin system

Protein ubiquitination is an essential eukaryotic post-translational modification process that regulates a host of cellular processes including protein turnover, DNA repair, vesicular transport, innate immunity and cell cycle [START_REF] Yau | The increasing complexity of the ubiquitin code[END_REF][START_REF] Damgaard | The ubiquitin system: from cell signalling to disease biology and new therapeutic opportunities[END_REF] . Ubiquitylation is achieved through an ATPdependent, 3-step pathway involving three classes of enzymes, termed E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases [START_REF] Rj Deshaies | RING domain E3 ubiquitin ligases[END_REF][START_REF] Komander | The ubiquitin code[END_REF][START_REF] Ye | Building ubiquitin chains: E2 enzymes at work[END_REF][START_REF] Ba Schulman | Ubiquitin-like protein activation by E1 enzymes: the apex for downstream signalling pathways[END_REF][START_REF] Yang | E3 ubiquitin ligases: styles, structures and functions[END_REF] . This 3-step cascade is universally conserved across eukaryotes (Fig. 2), with the amino-acid code of ubiquitin itself sharing 96% sequence identity over its 76 residues between yeast and humans [START_REF] Pickart | Ubiquitin: structures, functions, mechanisms[END_REF] .

To catalyze ubiquitylation, ubiquitin is first activated by an E1 enzyme in an ATP-dependent fashion, where the C-terminal glycine of ubiquitin hydrolyzes ATP to form an acyl-adenylate intermediate , before the catalytic cysteine of E1 attacks the activated C-terminus of ubiquitin to form a thioester bond between ubiquitin an E1, releasing the AMP moiety [START_REF] Ba Schulman | Ubiquitin-like protein activation by E1 enzymes: the apex for downstream signalling pathways[END_REF] . In the second step, the E2 enzyme attacks the E1-ubiquitin complex (E1-Ub), transferring the thioester bond from the E1 active cysteine to the E2 active cysteine [START_REF] Ye | Building ubiquitin chains: E2 enzymes at work[END_REF] . The E3 ligase then facilitates the final ubiquitylation reaction by bringing the substrate together with the E2-ubiquitin (E2-Ub) complex, where the C-terminus of ubiquitin is ligated to a target lysine residue, forming an isopeptide bond [START_REF] Yang | E3 ubiquitin ligases: styles, structures and functions[END_REF] . Because ubiquitin itself possesses seven lysine residues, ubiquitin can also act as a target for E3 ubiquitin ligases, forming so-called poly-ubiquitin chains [START_REF] Yau | The increasing complexity of the ubiquitin code[END_REF] . These chains are capable of being quite varied in length and arrangement, with branching poly-ubiquitin chains being possible. In eukaryotes, there are a broad range of proteins that are able to sense these different poly-ubiquitin chain arrangements, leading to a myriad of different downstream effects [START_REF] Ye | Ubiquitin chain conformation regulates recognition and activity of interacting proteins[END_REF][START_REF] Husnjak | Ubiquitin-binding proteins: decoders of ubiquitin-mediated cellular functions[END_REF] . Like many other post-translational modifications, ubiquitination is reversible through a family of so-called deubiquitinating enzymes, or DUBs [START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF] . The most commonly associated function of ubiquitination is its role in protein turnover.

Because the proteome is in a constant state of flux in order to adjust to dynamic environmental conditions, the cell has developed ways to degrade proteins that are no longer needed and recycle the resulting amino acids back into its protein synthesis machinery. This process is catalyzed by barrel-shaped multi-protein complexes called proteasomes, which bind to substrates destined for degradation, unfold them, and break them down through their proteolytic activity [START_REF] Lecker | Protein Degradation by the Ubiquitin-Proteasome Pathway in Normal and Disease States[END_REF] . The most well-characterized type of ubiquitylation that tags proteins for proteasomal degradation is the so-called K-48 linkage, where poly-ubiquitin chains are formed via lysine 48 100 .

The human genome encodes for thousands of genes involved in the ubiquitin system, including four genes for ubiquitin, eight for E1 ubiquitin activating enzymes, nearly 40 E2 enzymes, and between 500 and 1000 E3 enzymes [START_REF] Rj Deshaies | RING domain E3 ubiquitin ligases[END_REF][START_REF] Ye | Building ubiquitin chains: E2 enzymes at work[END_REF][START_REF] Ba Schulman | Ubiquitin-like protein activation by E1 enzymes: the apex for downstream signalling pathways[END_REF] . Additionally, there are hundreds of DUBs and ubiquitin-binding proteins, as well as a myriad of ubiquitin-like proteins such as SUMO or NEDD8, which undergo a nearly identical 3-enzyme cascade, with numerous E1 and E2 enzymes of the ubiquitin cascade also being capable of participating in the SUMOylation or NEDDylation cascade [START_REF] Pickart | Ubiquitin: structures, functions, mechanisms[END_REF][START_REF] Ye | Ubiquitin chain conformation regulates recognition and activity of interacting proteins[END_REF][START_REF] Husnjak | Ubiquitin-binding proteins: decoders of ubiquitin-mediated cellular functions[END_REF][START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF]101 .

With only few enzymes in the E1 and E2 enzyme families, the greatest diversity is found in E3 enzymes, which can further be subdivided into four classes called RING-Finger, HECT, Ubox, and RBR, which differ both structurally and mechanistically from one another [START_REF] Yang | E3 ubiquitin ligases: styles, structures and functions[END_REF] (Fig. 3) HECT (Homologue of the E6AP Carboxyl Terminus)-family E3 ligases contain a common HECT domain, which contains an active cysteine, much like E1 and E2 enzymes, and they briefly receive activated ubiquitin from E2-Ub to form a thioester intermediate before catalyzing the ubiquitylation reaction on the target lysine residue 102 . RING (Really Interesting New Gene) and U-box family ligases do not form such a thioester intermediate, instead facilitating ubiquitylation by bringing the E2-ubiquitin complex and its target substrate together [START_REF] Rj Deshaies | RING domain E3 ubiquitin ligases[END_REF]103 . To do this, their RING or U-box domain binds to the E2 enzyme, while other variable regions bind to specific target proteins. RING and U-box are structurally similar to one another, with the major difference between the two enzyme families being that RING domains are typically N-terminal of the substrate-binding regions, while U-box domains are C-terminal of the substrate-binding regions. RING-E3 ligases are the most common family of E3 enzymes in humans, with them accounting for nearly half of the E3 ligases encoded in the human genome, while U-box ligases are a small family in comparison. RBR (RING-Between-RING) ligases are a unique family of enzymes, because despite possessing two RING-domains, they form a thioester intermediate like HECT ligases 104 . To do this, the N-terminal RING domain (RING1) binds to E2-Ub, before RING2, which possesses an active cysteine, forms a thioester intermediate before transferring the ubiquitin to its target lysine, which binds to the substrate-binding region C-terminal of the two RING domains. Lastly, there are multi-protein complexes which together can confer E3 ligase activity [START_REF] Yang | E3 ubiquitin ligases: styles, structures and functions[END_REF] . One prominent example is the Skp, Cullin, F-box (SCF) complex, which regulates the cell cycle by ubiquitinating substrates for 26S proteasomal degradation 105 . To achieve this, the adaptor protein Skp binds to Cullin, which binds to a RING-domain containing protein named Rbx1, recruiting the E2-Ub complex 106 . This complex derives its substrate specificity from a family of F-box proteins, which bind to Skp and their respective target proteins, which are often only recognized upon posttranslational modification such as phosphorylation 107 . E3 ligases can vary widely from one another in terms of substrate specificity, type of ubiquitin chains formed, subcellular localization, and expression patterns. As a result, ubiquitylation, as the name suggests, is involved in virtually every cellular process, and is essential to all eukaryotes [START_REF] Yau | The increasing complexity of the ubiquitin code[END_REF][START_REF] Damgaard | The ubiquitin system: from cell signalling to disease biology and new therapeutic opportunities[END_REF] . Due to the important role that the ubiquitin system has in regulating many different cellular processes, it is unsurprising that many pathogens seek to exploit this system to their advantage 108,109 . L. pneumophila is no different, and a multitude of its effector proteins interfere with the ubiquitin system 109,110 .

Legionella and Ubiquitin

Bacteria do not possess any ubiquitin system of their own, and L. pneumophila is no exception 109 . Due to its intracellular lifestyle inside of protozoan cells, however, it has developed the ability to manipulate the host ubiquitin system to its advantage. So far, nearly 20 effector proteins of L. pneumophila have been shown to interact with the ubiquitin system in some way, although it is likely that even more exist 110 . These can be divided into E3 ligases, DUBs, ubiquitin-associated proteins, and non-canonical ligases (Fig. 4). L. pneumophila encodes for at least five E3 ligases that catalyze canonical ubiquitylation by hijacking the host's ubiquitin machinery [START_REF] Hsu | The Legionella effector SidC defines a unique family of ubiquitin ligases important for bacterial phagosomal remodeling[END_REF]111,112 . The first are SidC and its homologue SdcA, which coat the surface of the LCV and through their activity, facilitate the incorporation of ERderived vesicles into the LCV membrane [START_REF] Hsu | The Legionella effector SidC defines a unique family of ubiquitin ligases important for bacterial phagosomal remodeling[END_REF][START_REF] Luo | Structure of the Legionella Virulence Factor, SidC Reveals a Unique PI(4)P-Specific Binding Domain Essential for Its Targeting to the Bacterial Phagosome[END_REF] . LegU1 and LegAU13 are both able to serve as F-box proteins for the SCF complex, through which they target host chaperone BAT3, which is thought to be a regulator of apoptosis 111 . LubX is a small E3 ligase containing two U-box domains, although only the N-terminal, first U-box domain possesses any E3 ligase activity 112,113 . As substrates, LubX has been shown to ubiquitinate host Clk1, a regulatory kinase involved in a variety of cellular processes, through which it is degraded by the proteasome. Interestingly, LubX also acts as a meta-effector for the protein SidH, and also triggers the degradation of SidH through ubiquitylation. Due to this dual role, LubX serves an important role in regulating both the host and L. pneumophila's own translocated effector repertoire.

Two ubiquitin-associated enzymes found in L. pneumophila's repertoire are RavZ and AnkB, which both display unique biochemical activities 114,115 . In a study, RavZ has been shown to hydrolyze the C-terminal glycine of the ubiquitin-like protein Atg8 115 . Because the C-terminal glycine is the residue used by the canonical E1,E2,E3 cascade, this hydrolysis renders the substrate Atg8 unusable, as the study shows. Because Atg8 modification is an important mechanism in host autophagy, RavZ therefore disables one of the crucial autophagy signaling pathways required for the host. AnkB, an F-box containing protein, employs another unique strategy of modulating the ubiquitin system 114 . Because of its F-box domain, it can incorporate itself into SCF complexes, which changes the target specificity of the complex 116 . In this case, the host targets another effector called ParvB using SCF-mediated ubiquitylation to degrade this effector, and AnkB competes for the F-box binding site, resulting in reduced ubiquitylation and subsequent degradation of ParvB 114 .

In order to reverse ubiquitylation modifications, L. pneumophila encodes for a number of different deubiquitinating enzymes 117 . LotA, LotB, and LotC are all DUBs of the same family, called OTU-like DUBs, although they differ from one another in terms of their domain makeup -LotA contains two OTU domains, while LotB and LotC only possess one -and their specificity 118,119 . LotA, with its two OTU domains, can deubiquitinate K6-linked di-ubiquitin using its OTU1 domain and longer K48 and K63-linked ubiquitin chains using its OTU2 domain 119 . LotB targets K63-linked chains, and LotC targets only di-ubiquitin chains with K6, K11, K33, K48, and K63-linkages 118 . While it is known that these enzymes target a broad variety of protein substrates, their role in Legionella's replication remains unclear. RavD is an OTULIN-like DUB that targets linear (C-terminus of the previous ubiquitin is ligated to the Nterminus of the subsequent ubiquitin) poly-ubiquitin chains 120 . Linear (M1-linked) ubiquitination is a critical step in inflammatory signaling, and deubiquitination of these M1linked chains inhibits host inflammatory responses 121 . The last known deubiquitinase in L. pneumophila is MvcA, which is a homologue of MavC 122-124 . Interestingly, although the two enzymes are nearly identical structurally, they catalyze opposite biochemical reactions, and act as meta-effectors for one another. MavC is a non-canonical ubiquitin ligase, which binds Ube2N, an E2 enzyme, when it is in its E2-Ub complex with activated ubiquitin bound to the catalytic cysteine, and catalyzes the formation of a covalent bond between Q40 of Ub and K92 of Ube2N, deactivating the E2 enzyme 123,124 . MvcA, which shares approximately 50% sequence identity with MavC and uses the same catalytic cysteine, has greater substrate specificity to the deactivated E2-Ub complex than MavC, and reverses this transglutaminase reaction, re-activating Ube2N 122 . Surprisingly, MavC is not the only non-canonical ubiquitin ligase that L. pneumophila possesses. In 2016, the group of Zhao-Qing Luo at Purdue university published a biochemical characterization of the SidE family of Legionella effectors, which found that these enzymes catalyze a novel type of ubiquitylation which was entirely independent of the canonical threeenzyme cascade -the first enzyme family ever found to catalyze ubiquitylation entirely on its own 125 .

1.6: Phosphoribosyl ubiquitylation

In Qiu et al., the authors were able to determine the biochemical activity of SdeA in the SidE family, and showed that this enzyme catalyzes ubiquitylation completely independent from E1 and E2 enzymes 125 . Up to this point, it was known that the SidE family is a Dot/Icm substrate that is secreted into the host immediately upon infection, and that the family is essential for the virulence of L. pneumophila [START_REF] Bardill | IcmS-dependent translocation of SdeA into macrophages by the Legionella pneumophila type IV secretion system[END_REF] . Deletion of all four members was known to result in a severe defect in intracellular replication in amoeba, and substitution of only SdeA was sufficient to recapitulate its growth [START_REF] Bardill | IcmS-dependent translocation of SdeA into macrophages by the Legionella pneumophila type IV secretion system[END_REF] . In their work, they were further able to show that all family members possess a mono-ADP Ribosyl-Transferase (mART) motif, and that mutating the catalytic glutamates E860 and E862 to Alanine abolishes their toxicity. From prior studies, it was known that SidE family enzymes associate with the the LCV, which is decorated with many ERderived components [START_REF] Bardill | IcmS-dependent translocation of SdeA into macrophages by the Legionella pneumophila type IV secretion system[END_REF] . Because Rab GTPases are important for ER vesicle trafficking and common targets for Legionella effectors 5 , they co-expressed SdeA with four different ERassociated Rab GTPases, Rab1, Rab6A, Rab30, and Rab33b, and observed a clear shift in molecular mass for all of them compared to the aforementioned E860,862A double mutant of SdeA, while SdeA did not appear to target the endosomal Rab5 or the cytoskeletal GTPase Rac1. Mass spectrometry analysis identified ubiquitin peptides in the modified bands of Rab33b on SDS-PAGE, and found that they could capture these same ubiquitylated Rab33b species from cells infected with wild-type L. pneumophila. Interestingly, they were unable to recapitulate this ubiquitylation reaction in vitro using E1, a variety of different E2 enzymes, and ATP. Because other mART motifs typically use NAD + for their activity 126 , they attempted to recapitulate the activity in vitro without E1 or E2, using only SdeA, Rab33b, ubiquitin, and NAD + . Here, they once again observed the same modification of Rab33b. Using these reaction components, they could also demonstrate that all four SidE family members can ubiquitinate Rab33b. Because SidE-family enzymes all possess a DUB domain at its N-terminus which is able to cleave canonical ubiquitylation [START_REF] Sheedlo | Structural basis of substrate recognition by a bacterial deubiquitinase important for dynamics of phagosome ubiquitination[END_REF] , they also probed whether this domain interferes with this ubiquitination activity by SdeA, and found that a DUB-defective mutant of SdeA performs indistinguishably from the wild-type in vitro. Similarly surprising to the finding that this ubiquitin modification is E1, E2-independent, their mass-spectrometry data revealed that SdeA does not use the C-terminal glycine of ubiquitin for its modification, but instead uses Arginine 42. To do this, they determined that NAD is consumed, and ADP-ribosylated (ADPR-)ubiquitin and nicotinamide are released, indicating that ADPR-ubiquitin is a reaction intermediate prior to the ligation reaction to its substrate. During the final ligation step, they determined that AMP is released from ADPR-ubiquitin, forming phosphoribosylated (PR-) ubiquitin.

In summary, Qiu et al. determined that SidE family enzymes catalyze ubiquitylation completely independent of the canonical E1,E2,E3 cascade, and without the use of ATP.

Instead, SidE family enzymes use NAD + to ADP-ribosylate ubiquitin on residue Arg42, before ligating the modified ubiquitin to its substrate through an unknown mechanism, releasing AMP. They could determine that SdeA needs its mART domain for this activity, and that this reaction is the root cause for the observed toxicity of SidE family enzymes. Despite these astonishing findings, some questions about the activity of SdeA remainedwhat is the nature of the linkage that SdeA catalyzes to ligate ubiquitin to its substrates? Which substrate residues are targeted? What are the reaction intermediates? What is the structure of SdeA, and how is this reaction catalyzed? What is the biological function of this form of ubiquitylation? A few months after Qiu et al., the biochemical mechanism of SdeA was further characterized in Bhogaraju et al., who were able to demonstrate that SdeA-catalyzed ubiquitylation was a two-step process involving two separate domains of SdeA, that the ubiquitylation reaction links Arg42 of ubiquitin to target serine residues via a phosphoribosyl (PR) linkage, and that the Arg42 modification makes ubiquitin unusable for canonical ubiquitylation [START_REF] Bhogaraju | Phosphoribosylation of Ubiquitin Promotes Serine Ubiquitination and Impairs Conventional Ubiquitination[END_REF] . To do this, the mART domain of SdeA first uses NAD + and ubiquitin, forming ADPR-ubiquitin on Arg42, and releasing nicotinamide. Next, another domain, termed a phosphodiesterade (PDE) domain cleaves the AMP-moiety to produce PR-ubiquitin (Fig. 5). In the presence of a target protein like Rab33b, this modification is ligated to substrate serine residues. Further, they showed that this AMP cleavage can take place without the ubiquitin being ligated onto a target serine, producing PR-ubiquitin. Interestingly, both ADPR-ubiquitin and PR-ubiquitin were no longer usable for canonical ubiquitylation. Using this construct, they were able to catalyze SdeA-mediated substrate ubiquitylation in vitro at nearly the same rate as the wild-type, indicating that a structure of this construct depicts the catalytically active enzyme. In their 3.39Å structure, the mART and PDE domains of SdeA form a hydrophobic interface with one another, comprising the catalytic core of the enzyme (Fig. 6). Both mART and PDE form an extensive binding interface with the CTD, which spans along the entire length of the enzyme. The CTD itself forms two helix bundles connected by a linker. In another structure with NAD + and ubiquitin bound, Dong et al. showed that the E860 from the mART motif points toward the bound NAD + , which is sandwiched between the two lobes (Fig. 7). The mART of SdeA uses a patch of Arginines (72,74) on ubiquitin for binding, which is a completely novel binding mode, where other ubiquitin-binding proteins commonly target a hydrophobic patch in the β-sheet of ubiquitin 131 . Through this binding mode, NAD + and R42 of ubiquitin are brought in close proximity to one another, where the catalytic residue E860 of the mART domain can mediate the ADP-ribosylation of ubiquitin. In their study, Dong et al.

were unable to determine the transfer of ADPR-ubiquitin from the mART to the PDE domain, and did not characterize the second step, PDE-mediated PR-ubiquitylation. In their structure, Kalayil et al. identified a catalytic cleft inside of the PDE domain (Fig. 9).

Using biochemical assays of point mutants in key residues located inside this cleft, they could identify that residues H277, E340, and H407 are key residues for the cleavage of ADPRubiquitin to produce the final product, PR-ubiquitin. Residues important for ADPR-ubiquitin shown, as well as catalytic residues H277, E340, and H407.

Furthermore, they proposed a substrate-binding site which is proximal to the catalytic cleft (Fig. 10). Mutating key residues in this site resulted in a marked decrease in substrate ubiquitylation for a variety of substrates, while retaining its ability to hydrolyze ADPRubiquitin and releasing free PR-ubiquitin. Through these structural and biochemical studies, it was possible to understand how SdeA coordinates the two-step reaction that it performs, where ubiquitin is first bound to the mART domain through a patch of lysines on the surface of ubiquitin, inserting Arg42 into the interface between the ⍺-helical lobe β-sandwich lobe, where NAD + is hydrolized by the catalytic glutamate E860 of SdeA. This produces ADPR-ubiquitin, which is unusable for the canonical ubiquitin cascade, and is toxic to the host. Next, the ADPR-ubiquitin migrates to the PDE domain, where an extensive binding interface between ubiquitin and the PDE of SdeA ensures the proper binding mode, and an adjacent substrate-binding patch is important for substrate binding. A well-defined catalytic cleft around residues H277, E340, and H407 coordinates the nucleophilic attacks required to catalyze the ADP-ribosyl hydrolysis to produce PR-ubiquitin, which is either ligated to a target serine residue, or free PR-ubiquitin is released, which remains unusable for the canonical ubiquitin cascade. advantage of this binding affinity to identify additional SidE-family substrates. For this, they generated a catalytically inactive point mutation of DupA, which would bind to PRubiquitylated substrates but not cleave them. This way, they were able to identify nearly 200 enzymes which are targeted by PR-ubiquitylation. Among the identified substrates were the previously known primary substrate Rab33b, and many additional structural proteins critical for membrane and vacuole integrity, as well as factors involved in intracellular transport.

Although the catalytic cycle of

Together, these findings showed that SidE-catalyzed PR-ubiquitylation is a primary driver of ER fragmentation and recruitment of the resulting vesicles, while the function of DupA and DupB is to regulate this vesicle formation, possibly in order to ensure LCV integrity upon recruitment of the vesicles.

Nonetheless, SidE-family enzymes gradually poison the ubiquitin pool if left unchecked, and while the meta-effectors DupA and DupB have been demonstrated to regulate the membrane dynamics of ER-derived vesicles by reversing the PR-ubiquitin from substrates, they do not remove the PR-modification from ubiquitin, leaving it unusable for the host. Therefore, Legionella has evolved to possess another layer of regulation for SidE-mediated ubiquitin modificationone which is able to counteract the toxicity caused by SidE.

1.7: SidJan antitoxic meta-effector of the SidE family

In 2007, very little was still known about the diverse biochemical activities hidden in the vast effector repertoire that L. pneumophila uses throughout its infectious cycle. Two years prior, it was shown that deletion of the SidE-family of effector proteins results in a severe growth defect, although functional aspects underlying this growth defect were unknown [START_REF] Bardill | IcmS-dependent translocation of SdeA into macrophages by the Legionella pneumophila type IV secretion system[END_REF] . In this study, genetic analysis revealed that 3 of the 4 SidE-family genes were encoded in the same locus, with one gene, named SidJ, being encoded in between them (Fig. 13). Interestingly, they Due to this genetic link, the group of Zhao-Qing Luo of Purdue university, who would later go on to discover the E1,E2-independent ubiquitylation activity catalyzed by SidE-family enzymes, sought to identify the phenotype of individual effectors in this genetic locus encoding 3 of the 4 family members. In their work, they found that deleting the entire locus from SdeC to SdeA would result in a 20-fold replication defect in macrophages [START_REF] Liu | The Legionella pneumophila effector SidJ is required for efficient recruitment of endoplasmic reticulum proteins to the bacterial phagosome[END_REF] . Unlike deletion of the 4-member SidE family, this growth defect could not be rescued through the supplementation of SdeA, indicating that the deletion of one of the two inserted enzymes was likely the cause of this growth defect. Upon substituting the enzyme SidJ back into L. pneumophila, the cells no longer had a growth defect, while its homologue SdjA could not rescue the growth phenotype. Indeed, deletion of SidJ alone produced the same growth phenotype as deletion of SdjA and SidJ, indicating that despite being homologues of each other, their relevance for Legionella's replicative success differs. Further, they showed that SidJ and SdjA are both secreted by the Dot/Icm secretion system, and that their deletion results in reduced recruitment of ER-derived vesicles.

It would take 8 more years before the direct link between SidE-family enzymes and SidJ was 13), and by the apparent inability of SdeA to compensate for the growth defect. To understand whether SidE-family enzymes and SidJ are more directly linked than their common genetic locus, they performed transformation experiments using SidJ and SdeA in yeast. They identified that the toxicity observed when expressing SdeA could be reversed through the co-expression with SidJ (Fig. 14). Further, the authors could identify that the two enzymes do not affect one another's secretion into the host, but that SidE remains present in the LCV for longer if SidJ is deleted, indicating that SidJ deactivates SdeA in a way that might trigger the downstream degradation of the enzyme. SdeA. With the library of 300 transformed yeast, they then wanted to identify whether any of them could act as a meta-effector for any of the toxic proteins of interest they identified. To simplify the search, they pooled yeast with different effectors into pools of 100, and then retransformed the toxins of interest into the pools. After plating the yeast, one of the pools transformed with SdeA retained viability, while the other pools did not. By further dividing the pools they repeated this process, until they determined the effector counteracting the SdeAmediated toxicity. This way, they determined that SidJ is an antitoxic meta-effector for SdeA.

Further, they tested this approach with the other remaining SidE family members, and determined that SidJ acts as an antitoxin to all of them. Next, they generated a variety of truncations of SdeA and identified whether these truncated constructs were toxic, and whether the toxicity could be suppressed by SidJ. They found that SdeA 1-1200 was both toxic and SidJ could counteract this toxicity, while the deletion of the N-terminal 300 residues (SdeA 301-1200) retained its toxicity, but could no longer be deactivated by SdeA. Further, they identified the minimal toxic construct of SdeA to span residues 551 to 1100. This is consistent with later data discussed in the previous section showing that the mART domain of SdeA, spanning residues 654 to 907 is sufficient to catalyze the toxic ADPR-ubiquitin modification 127 . The Nterminal 300 residues contain the DUB domain and parts of the PDE domain of SdeA, indicating that SidJ cannot recognize SdeA without the PDE domain being present. What neither of the two studies were able to answer was how SidJ achieves this antitoxic effect. SidJ possesses no homology to any other protein of known function, making functional studies of the enzyme challenging without additional information. It is unknown whether SidJ act as a ubiquitin ligase to target SidE-family enzymes for proteasomal degradation through some unknown mechanism, whether it is another non-canonical DUB that is able to remove the Arg42 modification, or an enzyme that deactivates SidE-family enzymes through an unknown post-translational modification.

In summary, our level of understanding at the beginning of my project was that SidE family enzymes are powerful toxins capable of both weakening the host by toxifying the ubiquitin pool, and by driving the fragmentation of the host ER, and recruiting the resulting in order to achieve suitable replicative conditions inside the LCV. SidE achieves this through an unusual ubiquitin modification targeting Arg42 and substrate serine residues, forming a PR-linkage.

DupA and DupB are unique deubiquitinases that are capable of recognizing these Arg42modified ubiquitins, and cleaving them from substrates, thus reversing the vesicle fragmentation. DupA and DupB, however, do not remove the Arg42 modification on ubiquitin, and therefore do not counteract the toxic effect of SidE family enzymes. SidJ apparently acts as an antitoxin to SidE family enzymes through an unknown mechanism. Because deletion of SidJ results in a severe replication defect, it is an important effector to study, not only because it could serve as a promising drug target for Legionella infections, but also to further expand our understanding of the biochemical pathways that Legionella exploits in order to achieve replicative success.

2: Aims of the project

Legionella pneumophila, the causative agent for a severe form of pneumonia called Legionnaires' disease, uses a broad repertoire of effector proteins in order to replicate intracellularly inside of lung macrophages. Among this repertoire is a family of enzymes called the SidE family, which is essential for the replicative success and is a powerful toxin.

In order to prevent the premature death of the host cell, Legionella encodes for another enzyme called SidJ, which counteracts the SidE-mediated toxicity through an unknown mechanism.

In this project, we aimed to:

1) Establish the mechanism through which SidJ deactivates SidE-family enzymes 2) Determine the atomic structure of SidJ using structural biology methods 3) Biochemically characterize SidJ, and, using structural information, establish the structural basis for its activity Further, I worked to describe the structural characterization of another effector / meta-effector pair SidH/LubX. A separate introduction as well as the results and discussion for this project can be found in Chapter 10: Annex of this thesis.

Our findings regarding the interaction between SidJ/CaM have been published in: The project discussed in Chapter 10: Annex are currently ongoing and will be submitted for publication in the coming months.

3: Results -Understanding SidJ-mediated inhibition of SdeA

3.1: Early attempts to crystallize SidJ for structural characterization

Because the role of SidJ as a meta-effector of SdeA has been known for some time before my involvement, a variety of protein constructs of SidJ were already available in our lab. These constructs were designed by Sagar Bhogaraju and Sissy Kalayil during their time in the Dikic lab at Frankfurt university. Of them, I worked with two: SidJ 331-819, and SidJ FL, described in more detail in materials and methods. In short, these constructs were cloned into a his-tagged, 3C cleavable vector and contained either the full-length enzyme, or the 331-819 truncation chosen on the basis of limited proteolysis experiments to establish a stable core. This was done because prior attempts at crystallizing the full-length enzyme were unsuccessful.

The first attempt at large-scale purification of SidJ was performed using E. coli Rosetta strain and SidJ 331-819. After expression of 6L of liquid culture, the lysate could be purified through affinity chromatography using Talon beads, resulting in pure elution fractions especially in the 50mM and 100mM imidazole elutions (Fig. 15). As a final purification step, the sample was then loaded onto an S75 16/600 size exclusion column. The protein eluted in one major peak at 49.1mL with two shoulders on either side (Fig. 17A). SDS-PAGE showed a single band of SidJ at an approximate molecular weight of 50 kDa (Fig. 17B). Fractions 2-4 were pooled and concentrated to 15 mg/mL before being submitted to the EMBL Grenoble High-throughput crystallization (HTX) facility for crystallization trials. Some precipitation of the protein could be observed, which was removed by pelleting using centrifugation and decanting the supernatant. The crystallization trials were performed via the sitting drop method and two different sample:mother liquor ratios (1:1 and 2:1) on a range of six commercial screens provided by the HTX facility. The drops were imaged automatically in regular intervals and inspected manually using the CRIMS software.

In condition 22 of the NeXtal Tubes Classics Suite (Qiagen), containing 100mM HEPES pH 7.5 and 70%(v/v) 2-methyl-2,4-pentanediol (MPD), we could observe the growth of needlelike crystals in our solution (Fig. 18). The crystals first formed after 3 days, and continuously grew until they were harvested on day 18. UV imaging did not result in fluorescence, indicating that the crystals were salt crystals. This was confirmed when the crystals were sent to the MASSIF-1 beamline at ESRF, where data collection found that the they were indeed salt crystals.

Figure 18 -Crystal growth in condition containing 1:1 ratio of 15mg/mL SidJ 331-819 and 100mM HEPES pH 7.5, and 70% (v/v) MPD. Crystal growth can be observed from day 3 to day 18, while no UV signal was visible on day 10.

3.2: Mass spectrometric analysis of SidJ/SdeA

Shortly after our early attempts to crystallize SidJ, experiments performed by our collaborators at the group of Ivan Dikic in Frankfurt revealed that SidJ binds to the small protein Calmodulin(CaM). Because prokaryotes do not possess their own CaM, this binding interaction was host-specific (Fig. 19). Indeed, sequence analysis of SidJ found that the C-terminus contains a common CaM binding region, called the "IQ-motif", indicating that this interaction between SidJ and CaM is not coincidental. Further supporting the specificity of this interaction, co-expression of SidJ and SdeA in E. coli would not result SdeA being inactivated, and attempts to recapitulate the inactivation of SdeA by SidJ in vitro were only possible using protein extracted from mammalian cells, which produce their own calmodulin. Using this approach, our collaborators could determine that the inactivation of SdeA was caused by the SidJ-mediated glutamylation of residue E860 of SdeA (Fig. 20). This residue is located in the mART domain of SdeA and is the catalytic residue responsible for the first step, ADP-ribosylation of ubiquitin. To a lesser extent, di-glutamylation of E860 was also observed. 

3.3: Biophysical characterization of the interaction between SidJ and Calmodulin

Due to the enrichment of CaM found in mammalian-expressed SidJ, we aimed to characterize the binding interaction of the two proteins in more detail. Toward this goal, I purified CaM by cloning the protein into pET15c containing a 3C-cleavable His-tag and expressing it in BL21* cells. The cells were lysed and purified via affinity chromatography. Because CaM is a calcium-binding protein that undergoes conformational changes between its apo and calciumenriched states, we stripped the bound calcium ions using EGTA, and the protein was then purified further using size exclusion chromatography. The resulting chromatogram showed a single major peak of pure apo-CaM (Fig. 21). Due to the CaM we purified being in its apo form, we could compare how the presence of calcium ions affects the binding behavior between SidJ and CaM. For this, we first incubated apo-CaM and SidJ 99-C either with or without Calcium chloride before injecting the protein into a size exclusion column. Indeed, a difference in the elution behavior could be observed: While both apo-CaM and Ca-CaM were co-eluting with SidJ, the relative abundance of CaM in the SidJ peak was much greater in the apo-CaM condition (Fig. 24A). Indeed, when using the same sample for isothermal titration calorimetry (ITC), apo-CaM binds to SidJ with a KD of 100nM, while the binding affinity decreased nearly 30-fold when Ca-CaM was titrated into SidJ (Fig. 24B). This observed difference in binding affinity also had an effect on the rate of catalysis of SdeA.

In ε-NAD + hydrolysis assays performed by Sagar Bhogaraju, the rate at which SdeA hydrolyzes NAD + is measured, and thus the extent of SidJ-induced inhibition of SdeA. When SdeA is in the presence of SidJ alone with ATP and glutamate, no inhibition can be observed in vitro (Fig. 25). The same is the case for the addition of SidJ/ApoCaM if ATP is not added to the reaction. The rate of ε-NAD + hydrolysis in the presence of of SidJ/Ca-CaM is nearly identical to the rate of SdeA in the presence of SidJ/ApoCaM when no glutamate is added, indicating that incomplete inhibition of SdeA can be achieved through an intermediate step requiring only ATP. The greatest degree of inhibition is achieved when SdeA is exposed to SidJ/ApoCam with ATP and Glutamate, indicating that ApoCam is a stronger activator of SidJ than Ca-CaM (Fig. 25) 

3.4: Structural determination of SidJ/CaM using Cryo-EM

With the knowledge that SidJ is inactive without the presence of CaM, and that crystallization trials of SidJ alone did not yield any crystals, we opted to co-express SidJ and CaM, and use the purified protein for single-particle Cryo-EM. For co-expression, we used full-length, Histagged SidJ and full-length, His-tagged CaM. The purest fraction from affinity chromatography was loaded onto a size exclusion column, which produced fractions of relatively pure SidJ/CaM (Fig. 26). After adjusting the sample concentration to increase particle density and adding AMPPnP to the sample before freezing, we prepared grids for data collection on the Glacios microscope, where 2433 micrographs were collected and 1.5 million particles were picked. Using 2D classification, we could observe secondary structure features of our homogenous protein sample (Fig. 28). Details on data collection and processing are found in Appendix A. Ultimately, we were able to process and refine this dataset to a final resolution of 4.15 Å. While this resolution was insufficient for de novo building, a crystal structure of this SidJ in complex with yeast CaM was published simultaneously to our efforts 134 (PDB 6OQQ). Using this structure as our initial model, we were able to generate a molecular model of SidJ in complex with human CaM (Fig. 29). The structure of SidJ revealed that the protein possesses a kinase fold with a canonical substrate-binding pocket lodged between its N-terminal and C-terminal lobes (Fig, XD4).

Interestingly, we could also observe the presence of a second, migrated substrate-binding pocket inside of SidJ's C-lobe that is not ordinarily present in other kinase-like proteins (Fig. XD4). In this pocket, we could observe the bound ATP analogue AMPPnP. Further, we observed an additional density in the kinase-like canonical pocket that we could not definitively 

4: Discussion -The mystery of two pockets

In our work, we were able to make some important findings about the structure and function of SidJ. Firstly, we were able to determine that SidJ uses CaM as a host-specific cofactor, and that binding to CaM is required for activation of SidJ. Secondly, we showed that SidJ inactivates SdeA through ATP-dependent glutamylation, a post-translational modification where glutamate is attached to the catalytic residue E860 of SdeA, thereby rendering it unable to catalyze its first reaction step, ADP-riboslyation of Ubiquitin. (Fig. 31) Third, we were able to solve the structure of SidJ in complex with human CaM using single-particle Cryo-EM. The structure revealed that SidJ possesses a kinase fold and two nucleotide-binding pockets.

Further, we could observe an extensive binding interface between SidJ and CaM via the IQ motif and surface interactions. While we were able to determine what SidJ does in order to inhibit SdeA, with our findings subsequently published in Nature 135 , some major questions remained regarding how SidJ catalyzes this reaction.

Due to the presence of two nucleotide-binding pockets, additional work was required to elucidate the role that each pocket plays in the catalytic cycle of SidJ. Indeed, other groups were working independently on the same enzyme, and they published similar findings 134,136,137 .

Each of them was able to solve the Structure of SidJ/CaM, but none were able to definitively characterize the role of each pocket.

While each of the groups published their own structures of SidJ/CaM, the various structures were virtually identical, with an R.M.S.D. of less than 1 Å between all of them (Appendix B).

The only variance between the structures was in the cofactors bound to each pocket. While our The kinase fold in particular was discussed in Black et al., whose work primarily focuses on the structural and biochemical characterization of kinases, and who became interested in SidJ as a result of their sequence analysis finding that SidJ shares borderline sequence similarity with kinases 134 . Their analysis found that some of the sequence motifs commonly associated with kinases such as a DXXD-motif, active-site ion pair residues, and metal-binding residues were present, other hallmark features of kinases such as an activation loop or a Glycine-rich loop could not be found. At the time, the binding mode of ATP and residues responsible for ATP hydrolysis could not be identified definitively. Initial work trying to unravel the role of each pocket was done in Black et al., where glutamylation assays of SdeA with a variety of SidJ point mutants in either the canonical or the migrated pocket showed that mutations in either pocket can deactivate glutamylation (Fig. 32). Furthermore, they mutated residues in the IQ motif of SidJ to inhibit binding between SidJ and CaM, and also observed that CaM binding is essential for SidJ to adopt an active conformation.

Their IQ-motif mutant did not display any glutamylation activity in vitro, and the IQ-motif mutant showed the same replication defect as SidJ deletion in infection experiments. Lastly, they performed glutamylation experiments using ATP, ADP, and two different ATP analogs where either the β phosphate (AMPcPP) or the γ-phosphate (AMPPnP) were non-cleavable, and found that SidJ hydrolyses ATP, AMPPnP or ADP between their α and β phosphate, while AMPcPP was not hydrolyzed. As a mechanism, they propose that SidJ catalyzes the ATP hydrolysis reaction in the canonical pocket, where the substrate residue E860 is AMPylated, leading to the activation of the substrate. Then, SdeA binds to the migrated pocket, where the AMPylated E860 is inserted into the substrate-binding site together with glutamate, resulting in the deactivation of SdeA. unexpectedly found that SidJ undergoes auto-AMPylation, and that this auto-AMPylation is the most prevalent signal even when SdeA is added (Fig. 33). Exploiting this observed auto-AMPylation, they designed an experiment to test the hypothesized mechanism of SidJ proposed by Black et al. They hypothesized that if the migrated pocket is indeed the site of glutamylation and the canonical pocket hydrolyzes ATP independently of the migrated pocket, only mutations in the canonical pocket should render SidJ auto-AMPylation deficient. What they discovered instead was that both the mutation D542A in the canonical pocket and H492A in the migrated pocket abolished SidJ auto-AMPylation. (Fig. 34) They argued that the structural integrity of both pockets is required because the migrated pocket acts as an allosteric binding site, which is formed through an insertion of the catalytic loop of the canonical pocket (Fig. 35). Through the binding of a nucleotide to the migrated pocket, they hypothesized, the catalytic loop in the canonical pocket is stabilized. Ultimately, more work was required to understand the role of each pocket for the catalytic cycle of SidJ, how substrate recognition is achieved, and whether auto-AMPylation is an important intermediate for this reaction, or a side reaction that does not contribute toward inhibition of SdeA. A structure of the complex between SidJ and SdeA in an intermediate state could therefore be the key to understanding the interplay between SidJ and SdeA.

Because the results generated by Black et al. and Sulpizio et al. showed that ATP hydrolysis and glutamylation are distinct processes, we hypothesized that it might be possible to trap SidJ/CaM in complex with SdeA in a reaction intermediate state. Using the structural and biochemical information obtained during our work with SidJ, we generated an array of different point mutations on both the canonical and migrated pocket, co-expressed them with CaM and incubated these point mutants with SdeA in the presence of ATP. The presence of a higherorder complex could be tracked using Size exclusion chromatography. Because SidJ/CaM and SdeA are of a similar molecular mass (between approximately 100 and 120 kDa), the two enzymes elute at nearly the same elution volume of approximately 1.3 mL on an S200 3.2/300 GL column (Fig. 37A). If a stable complex is formed, this would result in a peak shift toward an earlier elution volume. Indeed, while most of the point mutants behaved similar to the wildtype enzyme, where no major peak shift could be observed, one point mutant, E565A, eluted in two distinct peaks (Fig. 37B). Incubation of SidJ-E565A/CaM and SdeA in the presence of no nucleotide, the non-hydrolyzable analogue AMPcPP, or allowing the for the complete reaction to take place through the addition of both ATP and Glutamate resulted in the shifted peak disappearing, and the proteins eluting at the same volume as the wild-type (Fig. 37C).

Loading the individual fraction of the shifted peak on SDS-PAGE reveals that both peaks contain stoichiometric quantities of all three proteins. This suggests that the shifted peak corresponds to an intermediate complex between SidJ-E565A/CaM and SdeA, where the AMPylation of SdeA's catalytic residue E860 has taken place, and SdeA is poised for glutamylation. Glutamylation assays with radioactive [ 14 C]-L-Glutamate using either wild-type SidJ/CaM and SdeA, or SidJ-E565/CaM and SdeA show that the rate of glutamylation is greatly reduced in the mutant, suggesting that this mutation increases the duration of interaction between SidJ/CaM and SdeA (Fig. 38). While this method yielded a more stable complex between SidJ/CaM and SdeA, it was insufficient for structural analysis via Cryo-EM, where the complex dissociated upon freezing (Appendix C). Particles in micrographs were smaller than expected and of a similar size as SidJ/CaM alone, and data processing of grids collected of this sample yielded a density that could only accommodate SidJ/CaM (data not shown). After extensive cross-linking trials, a stable complex of SidJ-E565A/CaM and SdeA could be achieved using the GraFix method 138 . After incubating the proteins in magnesium-containing buffer and triggering complex formation through the addition of ATP, the sample was loaded into a 5-20% glycerol, 0-0.2% glutaraldehyde gradient and then centrifuged. A flowchart of the basic GraFix pipeline used to produce the sample can be found in Appendix D. Loading the resulting fractions on SDS-PAGE and silver staining revealed a band of the desired size of approximately 250kDa (Fig. 39A). Loading the fraction with the highest abundance of this band onto an analytical size exclusion column resulted in a single peak, which contained only one single band on SDS-PAGE (Fig. 39B). Using this sample, we prepared grids and were able to observe homogenous, evenly dispersed particles of the expected size for a SidJ/CaM/SdeA heterotrimer (Fig. 40). 

5.2: Structure of SidJ/CaM/SdeA intermediate complex

After processing the sample (See Appendix E for processing pipeline of SidJ), we were able to produce a 2.9Å map, into which we were able to fit the models of both SidJ/CaM and SdeA and refine to acquire the final model. Our model showed a heterotrimeric complex, containing SidJ, CaM, and SdeA (Fig. 41). Interestingly, SdeA was not bound to the canonical pocket of SidJ, but rather to the migrated pocket. In this complex, both the mART and PDE domain of SdeA were resolved, while the α-helical lobe (AHL) spanning residues 591 to 757 and the C-terminus from residue 905 onward were not visible in our map. This pre-glutamylation complex forms extensive surface interactions between SidJ and SdeA, with an interface of over 2000Å 2 . Both PDE and mART domains of SdeA, as well as large parts of SidJ's C-lobe are involved in the binding interactions, while the N-lobe, where the canonical pocket is located, is not engaged in any interactions with SdeA.

Overall, the structures of SidJ and SdeA do not undergo major conformational changes in order to engage in binding, with both SidJ and SdeA having an R.M.S.D. of 0.75Å to the SidJ/CaM Cryo-EM structure 6S5T and 0.83Å to the SdeA crystal structure 5YIM, respectively. The interface between SidJ and SdeA can be divided into three interaction sites. First, a β-hairpin protruding from the C-lobe of SidJ that buries itself into the inter-domain cleft between the mART and PDE domains of SdeA. Second is a short helix of the mART domain of SdeA that forms a binding interface with parts of the C-lobe of SidJ, and finally the catalytic site, which forms binding interactions between the catalytic loop of SdeA's mART domain and the migrated pocket of SidJ (Fig. 42). The hairpin insertion consists of SidJ residues 291-300, which protrude into the cleft between the mART and PDE domains of SdeA, as well as an adjacent helix of SidJ spanning residues 690 to 703, which form a small hydrophobic patch with an aromatic residue of the PDE of SdeA (Fig. 43). The most prominent electrostatic interactions can be observed in a hydrogen bonding network between the sidechain of R293 of SidJ, and the sidechain of Q572 and the backbone carbonyl of Y235 of SdeA. Another possible hydrogen bond takes place between the backbone carbonyl of E294 of SidJ and the sidechain of T236 of SdeA. The hydrophobic patch is formed by the hydrophobic interaction of M696 and Y699 of SidJ and F566 of SdeA. While this hairpin insertion wedges itself between the mART and PDB domains of SdeA, no major interactions between the hairpin and the mART of SdeA can be observed. The mART binding site consists of interactions taking place between a helical segment of SidJ's C-lobe spanning residues 255 to 262 and a loop spanning residues 516 to 518, and a short helical segment of SdeA containing residues 825 to 833, as well as an adjacent loop spanning residues 884-886 (Fig. 44). Here, the most prominent interactions are two salt bridges formed between E830 and D833 of SdeA and R262 and Q259 of SidJ. Nearby, the backbone carbonyl of T831 engages in hydrogen bonding with the side chain of SidJ Q259, as well as Q885 of SdeA. A small hydrophobic patch is formed adjacent to this site, where the hydrophobic side chains of L516 and F518 of SidJ engage with the side chain of SdeA L827 and the hydrocarbons of the lysyl side chain of K826. The migrated pocket's most prominent feature is the catalytic loop spanning from residues 492 to 518. Here, the loop wraps itself around the substrate AMP moiety of SdeA E860 and coordinates the catalytic magnesium ion to catalyze the glutamylation reaction (Fig. 45). In our map, the density of the AMPylated residue E860 was clearly resolved, and is consistent with the binding mode observed in our structure of SidJ/CaM. To form the pocket, residues Q851, Y732 and N733 of SidJ hydrogen bond with E860 of SdeA via its backbone carbonyl. The catalytic magnesium is surrounded by the carboxy groups of Y732, T493, and L733 of SidJ and E860 of SdeA, as well as the amino groups of R500 and H492 of SidJ, locking the metal ion in place. The orientation of the AMP moiety is coordinated by hydrogen bonding interactions between the purine ring of the AMPylated E860 of SdeA and H492 and R500 of SidJ, as well as a hydrogen bond between the side chain of Q517 of SidJ and the ribose of the AMPylated E860 of SdeA (Appendix F).

H492 and N733 of SidJ are pointed directly at the α-phosphate of AMP. Despite the mutation E565A stabilizing the complex between SidJ and SdeA, no structural changes due to this mutation could be observed when comparing it to the previously published structure of WT-SidJ/CaM 6S5T or SdeA structure 5YIM (Appendix G). Indeed, the E565A mutation results only in a small change in the surface charge on the migrated pocket (Appendix G). Deletion of the hairpin insertion residues 291-300 only resulted in a moderate reduction of glutamylation by SidJ, indicating that this feature is not essential for the catalysis of SidJ (Fig. 47A). Alternate roles for the hairpin insertion, such as preventing the binding of non-specific substrates, cannot be ruled out.

Mutating residue F566 of SdeA, which forms a small hydrophobic patch with SidJ M696 and Y699 resulted in a marked reduction of glutamylation, while mutating either of these residues on SidJ did not have an impact on glutamylation. Similarly, while changing the side chain of SdeA T236 from a polar uncharged residue to a hydrophobic residue (T236L) or a charged residue (T236D) also resulted in a marked decrease of SdeA activity, removing the side chain altogether (T236A) did not (Fig. 47B). Glutamylation assays using point mutants in the mART binding site showed that this interaction interface contains several binding interactions that are essential for SidJ-catalyzed glutamylation. By introducing point mutations to the binding interface between SidJ L516/F518 and SdeA K826, glutamylation activity was completely disabled (Fig. 48).

Similarly, mutating the interface between R262 of SidJ and D833 of SdeA resulted in no detectable glutamylation. Interestingly, mutating residues Q259 or Q517 of SidJ and E830 of SdeA did not reduce glutamylation, but in the case of E830A resulted in a slight increase in the glutamylation signal, possibly by removing this negatively charged residue from the otherwise hydrophobic interface. The most prominent feature of the migrated pocket of SidJ is the loop spanning residues 492 to 517, which simultaneously coordinates the catalytic Magnesium ion and forms extensive binding interactions with the substrate via the AMPylated residue E860 of SdeA. All of our mutations of SidJ in the migrated pocket have a detrimental effect on its ability to catalyze glutamylation of SdeA, with mutations H492A, N733L and R500A resulting in the complete deactivation of glutamylation activity (Fig. 49). On SdeA, mutating residue 851 to Alanine did not have a deleterious effect on glutamylation, while replacing the polar side chain with a nonpolar one resulted in a reduction of glutamylation. SdeA are tethered to one another. Interestingly, SidJ retains the ability to glutamylate the substrate SdeA despite the chemical cross-links, as demonstrated in in vitro glutamylation assays (Fig. 50A). Using this knowledge, we aimed to capture the SidJ/CaM/SdeA complex just after the glutamylation reaction had taken place in order to investigate the dynamics of the migrated pocket throughout its catalytic cycle. To do so, we deposited cross-linked SidJ-E565A/CaM/SdeA onto the EM grid and added a final concentration of 5 mM glutamate to the drop of sample right before blotting and plunge-freezing. Data of this post-glutamylation complex was collected on the Glacios microscope at EMBL Grenoble and subsequently processed (See Appendix H for processing pipeline). During processing, we could observe two different states of SidJ/SdeA interaction. While in one class, the binding interface between SidJ and SdeA was well-defined with clear structural features, in the other, a cloud with no defined structural features was visible next to the migrated pocket of SidJ, which is likely the result of glutamylated SdeA being released by SidJ but still remaining tethered to SidJ through crosslinking (Fig. 50B). The final map of the post-glutamylation complex reached a resolution of 3.7 Å. While the two structures show a near-identical binding interface, with an overall R.M.S.D. of 0.58 Å across 1350 Cα atom pairs. The biggest difference can be observed in the migrated pocket, where dynamic structural changes can be observed between the catalytic intermediate and post-catalytic structure (Fig. 51). The catalytic loop of the migrated pocket spanning residues H492 to R500 is responsible for coordinating the catalytic magnesium, holding the AMPylated E860 of SdeA in place, and catalyzing the glutamylation reaction. In the postcatalytic structure, the density of the entire loop spanning residues 492 to 502 disappears.

Similarly, no discernible density was visible for the glutamylated E860 of SdeA or the outgoing AMP moiety. This "open" conformation likely facilitates the binding of a new nucleotide, where the ribose and purine ring of adenosine first interact with residues 506-517 in the migrated pocket, before the catalytic loop spanning 492-502 locks the nucleotide into place upon binding, forming the reactive micro-environment required for glutamylation to occur. 

5.5: Characterization of Auto-AMPylation of SidJ

As observed in Sulpizio et al. (2019), the auto-AMPylation of SidJ was of interest for us, and we sought to better understand the functional relevance of this phenomenon. Through a collaboration with the group of Ivan Matic at the Max Planck Institute for Aging in Cologne, Germany, we were able to determine the auto-AMPylation sites on SidJ (Appendix I). The Mass Spectrometry results showed that there were two major clusters of auto-AMPylation (Fig. 52). Firstly, there is a lysine auto-AMPylation site on residue K370, which forms a highly labile phosphoramidate linkage with the AMP moiety, and a cluster of glutamates in residues 497,499, and 501 of the catalytic loop of the migrated pocket. These glutamates form a more stable acyl-AMP linkage. In their study, Sulpizio et al. (2019) were able to determine that both mutations in the canonical pocket (D542A) and mutations in the migrated pocket (H492A) deactivated the auto-AMPylation activity of SidJ. This was significant because both of these mutations rendered the enzyme completely unable to glutamylate SdeA as well. To better understand the relationship between ATP hydrolysis and auto-AMPylation, we performed ATP hydrolysis assays using a variety of point mutations which showed some functional relevance during previous experiments from both the canonical pocket and the migrated pocket. We then also performed auto-AMPylation assays to determine whether auto-AMPylation and ATP hydrolysis are two distinct processes.

To determine whether this observed auto-AMPylation occurs in cis or in trans, we incubated two different SidJ constructs of different sizes with CaM and α[ 32 P]-ATP and measured the auto-AMPylation signal in SDS-PAGE. Here, we found that both our full-length and 99-C constructs of SidJ showed auto-AMPylation, both separate and when co-incubated (Fig. 53A).

When the wild-type SidJ 99-C construct is replaced with the catalytically inactive D542A mutant and co-incubated with Full-length, wild-type SidJ, only the wild-type enzyme retained an auto-AMPylation signal, indicating that no cross-enzyme transfer of AMP is taking place.

Probing the heat-stability of the auto-AMPylation signal of SidJ wild-type and R500A in the presence of 0.1% formic acid showed that this modification is both heat-and acid-sensitive (Fig. 53B). Interestingly, we could observe that the auto-AMPylation signal of SidJ R500A is more prevalent than that of the wild-type enzyme. Next, we wanted to understand whether ATP hydrolysis and auto-AMPylation are inextricably linked, or whether there are some point mutations that deactivate auto-AMPylation without affecting ATP hydrolysis. To do this, we performed two different assays using a range of different point mutations. First, we measured the rate at which pyrophosphate is released in the presence of different SidJ/CaM point mutants over time, which measures the rate of ATP hydrolysis (Fig. 54A). Then, we measured the auto-AMPylation of these same mutants as well as some of the auto-AMPylation sites determined by mass spec using autoradiography (54B).

Our assays showed that some mutations that rendered SidJ completely auto-AMPylation deficient retained very robust ATP hydrolysis activity. The point mutant H492A, which shows highly elevated ATP hydrolysis activity compared to the wild-type enzyme, is completely auto-AMPylation deficient, and previously described glutamylation assays showed that H492 is also unable to catalyze glutamylation. Similarly, mutation K370A which appears to only have a minor effect on ATP hydrolysis had no detectable auto-AMPylation signal. ATP hydrolysis is most severely affected by mutations D542A and K367A, which are also auto-AMPylation deficient. Prior studies have shown that these two mutations are unable to catalyze glutamylation in vitro 134 . In their study, they were able to observe that residues K367, D542, and D545 were responsible for coordinating the catalytic magnesium ion in the canonical pocket (Fig. 55), which is consistent with our biochemical findings. Mutating residue K370 to alanine had no major impact on ATP hydrolysis, while this completely rendered the enzyme auto-AMPylation deficient. Due to the mass spec results indicating that this was indeed a major auto-AMPylation site, it is likely that K370 receives the AMP moiety immediately upon ATP hydrolysis. SidJ mutant R500A, which had no impact on ATP hydrolysis (Fig. 54A), resulted in an increase in auto-Ampylation both in our endpoint experiment and the time course experiment (Fig. 53B,54B). Surrounding R500 are the auto-AMPylation sites identified through our Mass Spectrometry experiments, E497, E499, and E501. If mutated individually, they did not appear to have a major effect on auto-AMPylation, while mutating all three (Triple) or all three and residue E565A together (Quadruple) resulted in a significant decrease in auto-AMPylation. Curiously, another structure of SidJ/CAM published shortly after 136 , reported the presence of AMP in their canonical pocket. When comparing the two structures side by side, one containing pyrophosphate and catalytic magnesium, the other containing AMP, the two enzymes appear to report different binding modes (Fig. 56). In the pyrophosphate structure 6OQQ, residues D542, D545, and K370 are responsible for coordinating the magnesium ion, while residue K370 is pointed at what is likely the β-phosphate of the substrate ATP. In contrast, the AMPbound 6K4R structure reports no visible density for K370, D545 is pointed away from the canonical pocket, and AMP occupies the same space that the pyrophosphate and catalytic magnesium occupy in 6OQQ. Indeed, the model with AMP bound does not seem consistent with biochemical data, where D545A mutation has been shown to deactivate SidJ, and mutation of K367 and D542 results in reduced ATP hydrolysis, but K367 is more than 8.5 Å away from the α-phosphate, while D542 and D545 are over 6.0 and 8.5 Å away from the α-phosphate, respectively. Another layer of complexity is revealed when performing total acyl adenylation measurements and glutamylation assays. Here, it becomes clear that while the quadruple (E497,499,501,565A) mutant is severely deficient in auto-AMPylation (Fig. 54B), it is still capable of adenylating SdeA to a similar extent as the wild-type enzyme (Fig. 57A). While the H492A mutant is capable of hydrolyzing ATP at even higher rates than wild-type SidJ (Fig. 54A), this does not translate into an increase in substrate adenylation (Fig. 57A). While K370 retains some ability to adenylate SdeA, the glutamylation activity of SidJ K370A is greatly reduced, while none of the mutations of the auto-AMPylated glutamates had any effect on glutamylation (Fig. 57B). where it is first on K370. Phosphramidate linkages such as this K370-AMPylation are highly reactive and are not retained for long, and this AMP moiety likely deposits itself onto another available residue that offers more stability. When no nucleotide is bound, as is seen in our postcatalytic structure, the migrated pocket catalytic loop becomes partially unstructured, and the residues E497,E499, and E501 can possibly become sufficiently flexible. Because the binding mode of SidJ prior to AMPylation is unknown, it is possible that these three glutamates act as surrogate substrate residues for the phosphoramidate-linked AMP in the absence of SdeA E860. A partial flexibility can be achieved through the mutation of R500A, which does not completely dissociate the catalytic loop of the migrated pocket due to H492 of SidJ being able to act as an anchor point, but it likely changes the microenvironment surrounding the catalytic magnesium in the migrated pocket, reducing its reactivity for the glutamylation reaction.

Thus, the triple mutation (E497,499,501A) surrounding R500 did not have an impact on glutamylation because they are not required for coordinating the catalytic magnesium in the migrated pocket, while the R500A mutation made SidJ unable to catalyze glutamylation while simultaneously making the surrounding glutamates more available for K370-AMP. The most confounding residue is the migrated pocket histidine H492. When mutated to alanine, SidJ H492A is completely auto-AMPylation deficient although it results in even greater ATP hydrolysis activity. This could be a result of the catalytic loop from the migrated pocket spanning into the canonical pocket (Fig. 35), with H492 acting as the anchor point. By mutating H492, this could result in the entire loop becoming unstructured, which might put the glutamates surrounding R500 out of reach of the canonical pocket. To test this, we performed a short data collection using SidJ-H492A/CaM, and from the resulting 200.000 particles, we were able to refine a map to approximately 5 Å (Appendix J).

When rigid-body fitting the structure of WT-SidJ/CaM (PDB 6S5T), the overall architecture of the enzyme remains the same (Fig. 58A). The greatest structural difference is found in the migrated pocket, where much of the density of the catalytic loop disappears, and no density for a bound nucleotide can be observed any more (Fig. 58B). While the map is not of sufficient resolution to determine whether the catalytic loop of the migrated pocket results in structural rearrangements that span into the canonical pocket, it is consistent with the hypothesis that auto-AMPylation on glutamates E597,E599,E501 requires the catalytic loop in the migrated pocket to be at least partially anchored by H492. It is possible to imagine that SidJ R500 is required for the nucleophilic attack of the incoming free L-glutamate into the migrated pocket, and the R500A mutation causes two simultaneous effects: 1) glutamylation of SdeA can no longer take place, and 2) the only remaining anchor point for the catalytic loop is H492, which results in the region surrounding R500A to become unstructured and act as surrogate auto-AMPylation sites. 

6: Discussion -Structural basis for SidJ-mediated glutamylation

SidJ acts as the primary antitoxin to the important SidE family of Legionella effector proteins [START_REF] Jeong | Spatiotemporal Regulation of a Legionella pneumophila T4SS Substrate by the Metaeffector SidJ[END_REF] .

The SidE family catalyzes a non-canonical type of ubiquitylation called phosphoribosyl (PR-) ubiquitylation, and is the only enzyme family known to forego the canonical ubiquitylation cascade to do so [START_REF] Bhogaraju | Phosphoribosylation of Ubiquitin Promotes Serine Ubiquitination and Impairs Conventional Ubiquitination[END_REF] . The cellular function of SidE family enzymes is to trigger the fragmentation and subsequent recruitment of vesicles from the endoplasmic reticulum 132 . Legionella employs two layers of regulation for the SidE family. Using non-canonical deubiquitinases DupA and DupB, the PR-ubiquitylation is cleaved off substrates in order to stabilize the ER-derived vesicles upon incorporation into the Legionella-containing vacuole (LCV) 132,133 . DupA and DupB do not remove the PR-moiety off ubiquitin, which has been shown to be toxic to the host, because PR-ubiquitin cannot be used for canonical ubiquitylation [START_REF] Bhogaraju | Phosphoribosylation of Ubiquitin Promotes Serine Ubiquitination and Impairs Conventional Ubiquitination[END_REF] . In order to prevent the gradual toxification of the host's ubiquitin pool once the LCV has been supplied with sufficient membrane material, SidJ acts as the second layer of regulation on SidE-family enzymes by deactivating them through a previously unknown mechanism [START_REF] Havey | Toxicity and SidJ-mediated suppression of toxicity require distinct regions in the SidE family of Legionella pneumophila effectors[END_REF] .

In our first work 135 , we were able to show that SidJ achieves its deactivation of SidE-family member SdeA by targeting the catalytic residue E860 via glutamylation, permanently deactivating it. Further, we identified host-specific cofactor Calmodulin (CaM) as a spatiotemporal regulator through which SidJ remains inactive until secreted. Lastly, we were able to solve the structure of SidJ in complex with CaM using single-particle Cryo-EM, where we observed an extensive binding interface between the two proteins, and that SidJ possesses a kinase fold. Curiously, aside from the canonical kinase ATP-binding site, we were also able to identify the presence of a secondary, migrated ATP-binding pocket of unknown function located in the C-lobe of SidJ. In parallel with our publication, three other groups also published structures of SidJ in complex with Calmodulin, and attempted to further characterize the biochemical mechanism underlying glutamylation 134,136,137 . These works established that SidJ uses both pockets for its catalytic cycle, ATP is hydrolized to activate SdeA target residue E860 to form an AMPylated intermediate prior to glutamylation, and SidJ undergoes auto-AMPylation. None of the publications were able to definitively determine the exact site of ATP hydrolysis or glutamylation, identify the binding interface between SidJ and SdeA, or biochemically characterize the catalytic cycle of SidJ.

Toward these goals, we were able to publish the structural and biochemical basis for SidJmediated glutamylation of SdeA 139 . In this work, we could further characterize the catalytic cycle of SidJ by solving the single particle Cryo-EM structure of SidJ-E565A/CaM in complex with SdeA in a catalytic intermediate and post-catalytic state. These structures showed an extensive binding interface that is formed between SdeA and the migrated pocket of SidJ.

Using biochemical assays to supplement our structural studies, we determined that the migrated pocket of SidJ was the site responsible for glutamylation, and that the canonical pocket is used for ATP hydrolysis. Further, we identified residue K370 in the canonical pocket as the primary auto-AMPylation site of SidJ, which forms a very labile phosphoramidate linkage between SidJ and AMP. Due to the K370A mutation carrying a severe defect in glutamylation, this auto-AMPylation on K370 is a likely intermediate prior to the AMP moiety being deposited on the catalytic residue of SdeA, E860.

The mass-spectromic evidence showing numerous glutamate sites in the catalytic loop of the migrated pockets (E497,E499,E501) as modified residues led us to hypothesize that perhaps, SidJ never binds to the canonical pocket, and these residues act as an AMP relay that pick up the highly reactive phosphoramidate-linked AMP from the canonical pocket, and deposit the AMP moiety onto E860 of SdeA in the migrated pocket upon binding. While mutating these glutamates to alanine did result in severe reduction of auto-AMPylation, it had no appreciable effect on substrate AMPylation or glutamylation, making this hypothesis unlikely. Instead, it is likely that SdeA binds to the canonical pocket via some unknown binding mode, where ATP is first hydrolized and AMP is deposited onto K370 of SidJ, before the AMP moiety is transferred to E860 to form a slightly less reactive acyl linkage. AMPylated SdeA then binds to the migrated pocket of SidJ, forming an extensive binding interface, where the nucelophilic attack by free L-glutamate leads to the glutamylation of E860, releasing AMP and inactive SdeA (Fig. 59). Then, AMPylated SdeA binds to the migrated pocket, where glutamylation is catalyzed, releasing inactive SdeA and SidJ/CaM with a disordered migrated pocket.

Although glutamylation is an understudied post-translational modification, SidJ is not the only known enzyme to catalyze this reaction. Indeed, there is one other family of enzymes called Tubulin Tyrosine Ligase-like (TTLL) enzymes, which target tubulin via glutamylation to regulate microtubule dynamics 140,141 . Interestingly, TTLL enzymes do not possess a kinase fold, but an ATP-grasp fold, and perform their entire catalytic cycle in a single pocket 142 . Indeed, SidJ and TTLL enzymes share no structural similarity (Appendix K). Mechanistically, there are notable differences between the two enzyme classes, too. While both enzymes hydrolize ATP, TTLL phosphorylates the target glutamate residue for activation, and does not perform an intermediate auto-modification 143 . SidE-family enzymes are important effector proteins for Legionella's intracellular replication strategy, because they serve as the primary drives of ER vesicle fragmentation and subsequent recruitment to the LCV. In order to retain the structural integrity of the LCV upon integration of these fragmented vesicles, Legionella secretes DupA and DupB, which release PR-Ub from modified proteins, resulting in a stabilization of the recruited membrane material. PR-Ub remains toxic to the host, and gradually builds up if SidE family enzymes are not deactivated or degraded, and Legionella uses SidJ to prevent the toxic build-up of PR-Ub by glutamylating SidE-family enzymes on their catalytic glutamates. Although SidJ deletion carries a severe growth defect for Legionella during intracellular replication, this defect could not be observed when SidJ homologue SdjA is deleted. In a highly complementary study, Osinski et al. demonstrated how SidJ and SdjA differ, and explored the basis for this discrepancy in depth 144 .

In their study, they showed that while SdjA is also a glutamylase that targets SidE-family enzymes for their inactivation, SdjA is not able to deactivate one of the four SidE-members, SdeA (Fig. 60). Another important aspect of SidJ is its potential to serve as a drug target against Legionella infections. SidJ has many favorable properties that make it a promising candidate for targeted drug development. Firstly, SidJ is critical for Legionella's replicative success. Secondly, SidJ is secreted into the host cytoplasm, and a potential drug does not need to enter the LCV and Legionella's bacterial cell wall. Lastly, the migrated pocket is well-defined, facilitating a structure-based drug design approach, and has no homology to any other human protein, which makes off-target effects less likely.

While we have been able to make progress towards understanding the interaction between SidE-family enzymes and SidJ, some noteworthy aspects still require further attention. For example, it is still unclear why L. pneumophila would adopt such a partial redundancy for SidJ, since SdjA performs the same biochemical reaction as SidJ, but is only able to target some of the same substrates. Further, it has been observed that the intracellular growth defect upon SidJ deletion is even greater than SidE deletion, possibly indicating that SidJ may in fact carry out additional, unknown functions in the host such as targeting additional substrates for glutamylation. Our biochemical experiments have identified mutations of SdeA that should not interfere with its own ubiquitylation activity, but render it resistant to SidJ-mediated deactivation. Using Legionella infection experiments using these SidJ-resistant mutants, it is possible to quantify the importance of SidJ's role as a meta-effector for SidE-family enzymes, and might lead to the discovery of new, unknown host-pathogen interactions mediated by SidJ.

7: Materials and Methods

7.1: Plasmids and constructs

SidJ and SdeA constructs were generated using the L. pneumophila DNA template of fulllength SidJ or SdeA kindly provided by Zhao-Qing Luo at Purdue university. Cloning was performed via the SLIC (Sequence-and Ligation-Independent Cloning) method using the pCoofy system 145 . To do this, both vector and insert are PCR-linearized using SLIC primers (Appendix N) and the following PCR composition and parameters: Finally, the entire SLIC reaction mixture was transformed into OmniMAX 2 T1 cells via the heat-shock method. For this, the SLIC mixture was added to an aliquot of heat-shock competent cells, the cells were incubated on ice for 30 minutes, the cells were heat-shocked at 42 °C for 45 seconds, put back on ice for 2 minutes, and 500 μL of LB medium was added to the cells, before they were incubated at 37 °C under gentle agitation for 45 minutes. The resulting cells were then plated onto an LB-Agar plate with the antibiotic corresponding to the resistance of each plasmid (i.e. Kanamycin for pCoofy1), before being placed in an incubator at 37 °C.

Reagent

After 36 hours, individual colonies were picked and used to inoculate 5mL of LB supplemented with the corresponding antibiotic and incubated under gentle agitation for 18 hours. The next day, the cells were pelleted using centrifugation at 3000 g for 10 minutes, and the plasmid DNA was extracted using the DNA purification kit by Macherey-Nagel. Plasmid purity and yield was evaluated using a NanoDrop spectrophotometer. Proper construct integrity was validated via third-party DNA sequencing.

To introduce point mutations, custom primers were designed (Appendix O) for site-directed mutagenesis. To run the reactions, the following composition was used: (Roche), and lysed using sonication (30% amplitude, 1 sec on 1 sec off, 3s minute total). The lysed cells were then centrifuged at 16.000 g, filtered using a 0.22 µm filter, and applied to 3mL of Talon bead resin (Takara) that was equilibrated into lysis buffer. The clarified lysate was incubated under gentle agitation at 4°C for 60 minutes, and centrifuged at 500 g for 2 minutes. The supernatant was decanted, and the beads were washed and incubated for 10 minutes with lysis buffer three times, each time centrifuging and decanting the supernatant at 500 g for 2 minutes. Further impurities were removed through the addition and incubation of Lysis buffer with 10mM Imidazole. The protein was then eluted in multiple steps using imidazole concentrations of 50mM to 300mM, and purity was determined using SDS-PAGE.

Reagent

The pure fractions were concentrated, and loaded onto a pre-equilibrated (100mM NaCl, 10mM HEPES pH 7.5, 0.5mM TCEP) Superdex S200 Increase 10/300 size exclusion column (GE Life Sciences). In the case of CaM for ITC, the protein was incubated with 4mM EDTA to strip Calcium ions prior to injecting into size exclusion. Peak fractions were evaluated via SDS-PAGE and the purest fractions were pooled, concentrated to 1.5mg/mL and aliqots flashfrozen.

7.4: Isothermal Titration Calorimetry

The SidJ(99-C) and full-length CaM purified as described in the previous section were concentrated to 20 μM and 200 μM, respectively, using Amicon Ultra centrifugal filters (Merck Millipore). The isothermal titration calorimetry experiments were performed using a MicroCal 

7.8: Vitrification and Cryo-EM:

2µL of the cross-linked and concentrated sample was applied using a Vitrobot MkIV (Thermo Scientific) to each side of a Quantifoil Au 300 1.2/1.3 grid, which was glow discharged using a Pelco EasyGlow on both sides using 30mA for 30 seconds before being blotted using 100% humidity at 4 °C and blot force -4 or -6 for 2 seconds and being plunge frozen in liquid ethane.

In the case of the post-catalytic structure, 5mM of Glutamate (final concentration) were added to the sample immediately prior to application to the grid.

The grids were screened using a Glacios 200kV microscope (Thermo Fisher) with a Falcon III direct electron detector (Thermo Fisher). Movies for the post-catalytic complex were collected in electron counting mode (defocus range of -1.0µm to -2.5µm, 0.25µm step size) with a magnified pixel size of 0.941 Å at a dose rate of 0.93 e/Å2/s for a total dose of 35 e/Å2 fractioned over 30 movie frames. Using the same parameters, a short data collection was performed on a grid containing the pre-glutamylation complex, in order to generate an ab initio model for data processing.

For the pre-glutamylation SidJ/CaM-SdeA complex, the movies were collected on a Titan Krios (FEI) equipped with a Quantum-K3 detector (Gatan), a defocus between -0.7µm and -1.7µm was applied in 0.1µm steps during collection in electron counting mode. A magnified pixel size of 0.504 Å, and a dose rate of 15 e/pix/s for a total dose of 47.45 e/Å2 were used, distributed over 40 frames.

7.9: Cryo-EM data processing:

To generate an initial model for the catalytic intermediate complex, movies collected on the Glacios 200 kV microscope (Thermo Fisher) were used for particle picking in WARP using the BoxNet2Mask_20180918 model, and imported into Relion 3.137 for ab initio 3Dclassification. The best class was chosen and scaled to serve as the reference model for the high-resolution structure.

For the pre-glutamylation complex, motion correction and contrast-transfer function (CTF) estimation, with subsequent particle picking using the BoxNet2Mask_20180918 model were performed in WARP38. Coordinates of 2,683,400 particles were imported into Relion 3.1 and initially extracted with an 8-fold binning factor. After one round of reference-free 2D classification, 2,364,848 particles were included for 3D-classification, with the previous lowresolution map as a reference. A subset of 432.796 particles from the best two classes were reextracted with a binning factor of 4, classified again, and 140,022 particles from the best class were picked and refined to 4.15 Å resolution. The particles were once again re-extracted using a binning factor of 2, and refined to a resolution of 3.36 Å, before CTF refinement, beam-tilt correction, and Bayesian particle polishing were performed. These steps resulted in a model resolution of 2.94 Å. The reported overall resolution of 2.9 Å was calculated using the goldstandard Fourier shell correlation (FSC) 0.143 criterion39 and was corrected for the effects of a soft mask on the FSC curve using high-resolution noise substitution40. Finally, proteins were eluted by boiling with 4x Laemmli buffer for 10 minutes, then separated 7.13: Auto-AMPylation assay 20µL in vitro glutamylation reactions were performed with 2µM SidJ/CaM, 2.5µCi α -

[32P]ATP (Perkin Elmer) in a buffer consisting of 30mM HEPES pH 7.5, 150mM NaCl, 10mM MgCl2, 1mM β-Mercaptoethanol and incubated at 37 °C for 30 minutes. Reactions were stopped through the addition of 5µL of 4x SDS-PAGE sample buffer. The samples were then separated using SDS-PAGE, stained using Coomassie stain, and dried using a Model 583 gel dryer (Bio-Rad). A storage phosphor screen (GE Healthcare) was placed on the gel and exposed for 18 hours, and the autoradiography signal was collected using a Typhoon FLA 7000 (GE).

7.14: Analytical gel filtration:

Analytical gel filtrations were performed using equimolar mixtures of SidJ/CaM constructs and SdeA constructs at a concentration of 0.5mg/mL. Under the addition of 10mM MgCl and 5mM ATP, the sample was incubated on ice for 30 minutes before being loaded onto a preequilibrated (100mM NaCl, 10mM HEPES pH 7.5, 100mM NaCl 10mM MgCl2, 0.5mM TCEP) Superdex S200 3.2/300 size exclusion column (GE Life Sciences). The resulting chromatograms were overlaid and compared to calibration curves to estimate molecular weight. Chromatograms were plotted using GraphPad Prism.

7.15: Mass spectrometry:

Reaction mixtures were digested through the addition of 500ng of Promega Trypsin Gold (resuspended in 500nl of 50mM Acetic acid) and 20 ul 50mM ammonium bicarbonate (ABC).

After 90 minutes incubation at room temperature digests were applied to in-house manufactured C18 StageTips equilibrated with 10mM ABC. Samples were washed with 10mM ABC, eluted with 40% acetonitrile in 10mM ABC and dried for 1 hr by vacuum centrifugation.

LC-MS analyses were performed using either an Easy-nLC 1000 coupled to an Orbitrap Fusion mass spectrometer, or an Easy-nLC 1200 coupled to an Orbitrap Fusion Lumos (Thermo Scientific) with peptides generated from roughly 500ng of proteins injected for each analysis onto either 75 micron x 25cm packed emitter columns (New Objective) or 75 micron x 50 cm C18 Acclaim Pepmap columns (Thermo Scientific). Peptides were eluted with linear gradients from 1% to 35% solvent B (80% Acetonitrile in 0.1% formic acid) in either 30 or 45 minutes, followed by a steeper wash phase.

In general, samples were analyzed with "Topspeed" data-directed analysis methods with a cycle time setting of 2 or 3 seconds. In order to obtain high-quality fragmentation data, the MS2 AGC fill was set high for both HCD (300-500%) and ETD (200%) acquisitions. In some acquisitions rapid HCD fragmentation was performed with standard parameters to screen for AMPylated peptides. The presence of an Adenine (ADN) fragment ion (136.062 Da) was used to trigger higher-quality HCD or ETD fragmentation. c and z ions are a result of electron transfer dissociation (ETD) fragmentation which fragments peptide backbone at N-Ca bond.

Due to the possible lability of the AMP modification, various acquisition strategies were applied. Higher-energy collision induced decay (HCD) was applied initially in order to identify modified peptides. This mode of fragmentation tends to break off the modifier. Interestingly two fragmentation behaviors were observable. Diagnostic ions for breakage of AMP appeared at either 330.060 (representing the broken-off AMP modifier itself in the H+ state) or 348.071

(AMP having taken an additional H2O from the sidechain). In the peptides modified on Lysine, the AMP+H2O ion does not appear, presumably since there is no oxygen involved in binding to the Lysine sidechain. In those peptides where the modifier appears to be on E, the heavier diagnostic ion is observed. We would propose that this heavier diagnostic ion is characteristic of O-linked AMPylation.

7.16: Pyrophosphate release assay:

The ATPase activity of WT SidJ and its mutants was measured in a UV-transparent microplate using the EnzChek Pyrophosphate Assay Kit (ThermoFisher Scientific, E-6645). The assay was performed in triplicates. All the components were added in the reaction mixture as described in the kit. 5µM of WT SidJ, and mutants were added into the reaction mixture.

Finally, 2 mM ATP was then added into the reaction mixture to start the reaction and absorbance measurements at 360 nm were taken immediately and continuously at 1-min intervals using a Clariostar plate reader.

Appendix I: Auto-AMPylation sites of SidJ

Experiments and data analysis performed by Thomas Colby, MPI Ageing, Cologne. In the large repertoire of more than 300 effector proteins that L. pneumophila maintains, approximately one dozen of these proteins have been shown to regulate other effectors as opposed to modulating host function. While the bulk of this work was dedicated toward understanding one such meta-effector by the name of SidJ, another topic of interest was the interplay between SidH and its meta-effector LubX.

SidH is an effector with two homologues called SdhA and SdhB 146 . The SidH family shares no homology with any other proteins of known function, and their sequences are quite divergent from one another (Annex Fig. 1A). While the first N-terminal 600 residues are much more strongly conserved with a sequence identity of around 40%, the remainder of the sequence is divergent in terms of both sequence and length. As a result, SidH has a total length of nearly 2200 residues, SdhA has a length of only 1400 residues, and SdhB is approximately 1800 residues long. While SdhA is one of the few critical effector proteins as demonstrated by a severe growth defect upon deletion, this is not the case for SdhB and SidH, which only have a marginal impact on intracellular growth upon deletion (Annex Fig. 1B) 146 . Deletion of all SidH-family members carries a more severe growth defect than just deletion of SdhA, while supplementation of SdhA can rescue this growth defect fully (Annex Fig. 1C). Although SidH is not critical for Legionella's intracellular replicative success, it was shown to be toxic to the host through an unknown mechanism. Due to the importance of SdhA for Legionella This work is currently ongoing, with a manuscript describing the structure and function of SidH being in preparation. Some of the findings from this project are the result of work done by my colleagues Rahul Sharma and Simonne Griffith-Jones, and their findings are discussed and credited accordingly.

10.2: Results

Using a co-expression approach, SidH and LubX were both His-tagged and transformed into E. Coli, then purified via affinity chromatography and size exclusion chromatography. During affinity chromatography, we could identify the presence of both SidH and LubX in our sample, as well as another major band (Annex Fig. 5A). Rahul Sharma, who has been working on SidH intensively to elucidate the structure and function of SidH was able to determine that this band corresponds to the bacterial elongation factor EF-Tu, and that this protein co-elutes due to a specific interaction between it and SidH. EF-Tu, like other elongation factors, bind to tRNA and are a crucial component of the Protein synthesis machinery 148 . Consistent with this, SidH also binds to tRNA via both direct and indirect interactions mediated through EF-Tu (Data not shown). In size exclusion chromatography, we could observe that the complex elutes in a single peak corresponding to a protein of at least 300 kDa in size (Annex Fig. 5 B,C). The sample was subsequently cross-linked using GraFix, and the desired fractions were pooled and excess glycerol removed (Annex Fig. 5D). The concentrated sample was then deposited onto a glowdischarged Cryo-EM grid, and plunge frozen. 
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Figure 1 -

 1 Figure 1 -Overview of Legionella's replication cycle. 1) Transmissive Legionella enters the host via phagocytosis. 2) Using its Dot/Icm T4SS, Legionella secretes over 300 different effector proteins into the host, inhibiting lysosomal degradation, and promoting the recruitment of host organelles such as mitochondria and ER-derived vesicles. 3) Legionella becomes replicative upon establishing favorable conditions for propagation inside the LCV. 4) Nutrient depletion triggers the maturation of Legionella into their transmissive, virulent forms. 5) The host is lysed, releasing transmissive Legionella to restart the cycle.

Figure 2 -

 2 Figure 2 -Overview of the Ubiquitylation cascade, which is universally conserved from yeast to humans. Ubiquitin is activated on its C-terminal glycine via the E1 activating enzyme in an ATP-dependent fashion. The activated ubiquitin is then transferred to the E2 enzyme. Finally, the E3 enzyme mediates the transfer of ubiquitin to the substrate lysine residue.

Figure 3 -

 3 Figure 3 -The various types of E3 ubiquitin ligases A) Overview of HECT E3 ligases. B) Overview of RING E3 ligases. C) Overview of U-box E3 ligases. D) Overview of RBR E3 ligases. E) Overview of the SCF complex.

Figure 4 -

 4 Figure 4 -Ubiquitin-associated proteins in L. pneumophila's effector repertoire.

Figure 5 -

 5 Figure 5 -Mechanistic summary of SdeA-mediated serine ubiquitylation. First, NAD + is hydrolyzed in the presence of Ubiquitin by the mART domain of SdeA, releasing Nicotinamide and Arg42-modified ADP-ribosylated ubiquitin. Then, the PDE domain of SdeA hydrolyzes ADPR-Ub to produce AMP and phosphoribosylated ubiquitin. In the presence of substrate, the target serine residue is ligated to PR-Ub.

Figure 6 -

 6 Figure 6 -Structural overview of SdeA, as solved by Dong et al. (PDB: 5YIM)

Figure 7 -

 7 Figure 7 -Structural overview of SdeA mART domain bound to ubiquitin and NAD + , as solved by Dong et al. (PDB: 5YIJ)

Figure 8 -

 8 Figure 8 -Structural comparison between the SdeA structures of Dong et al. and Kalayil et al. Due to the deletion of the CTD in SdeA 231-907, the two lobes of the mART become detached, as indicated by the arrow.

Figure 9 -

 9 Figure 9 -Structure of the PDE domain of SdeA, as solved by Kalayil et al. (PDB 6G0C).

Figure 10 -

 10 Figure 10 -Overview of the catalytic cleft and substrate-binding cleft of the PDE of SdeA, as solved by Kalayil et al. (PDB 6G0C). Residues H277, R337, E340, and H407 important for catalysis shown in blue, residues important for substrate specificity shown in brown.

Figure 11 -

 11 Figure 11 -Structure of SdeD PDE bound to ADPR-ubiquitin, as solved by Akturk et al. (PDB 6B7O).

  SdeA was now well-characterized by the wealth of structural and biochemical work that was published by Dong et al., Kalayil et al., and Akturk et al., a few critical questions remained: What is the purpose of this unusual PR-ubiquitylation for Legionella during its intracellular replication, and how does Legionella regulate the toxicity of the SidE family to ensure that the host survives until replication is complete? In two publications, Shin et al. and Wan et al. identified two novel meta-effectors, DupA and DupB, which are non-canonical deubiquitinases that are able to reverse SidE family-mediated PR-ubiquitylation 132,133 . The crystal structure of DupA was solved in Shin et al., and to reverse the SidE-family mediated PR-ubiquitylation, it surprisingly also uses a PDE domain (Fig 12). The three catalytic residues located in the PDE domains of SidE family enzymes (H277, E340, H407) are conserved in both DupA and DupB. This is similar to the two enzymes MavC and its homologue MvcA, which share structural homology despite catalyzing opposite reactions 123,124 . Using in vitro assays, both Shin et al. and Wan et al. showed that DupA and DupB cleave phosphoribosyl-ubiquitin off substrate Rab33b, releasing PR-ubiquitin.Interestingly, this activity does not remove the ubiquitin modification, meaning that the released ubiquitin remains unusable for the host, and thus retains its toxicity. Consistent with this finding, co-expression of SdeA and DupA or DupB in yeast shows the same growth defect that expression of SdeA alone displays, as shown inWan et al. 

Figure 12 -

 12 Figure 12 -Structure of DupA (PDB 6RYB) in comparison with SdeA PDE (PDB 6G0C), as solved by Shin et al., with catalytic residues of both enzymes shown.

  also identified an open reading frame protein of unknown function, which later was found to be the deubiquitinase for SidE-family enzymes DupA 132,133 . The analysis further revealed a homologue of SidJ was located close to two other ubiquitin ligases SidC and its homologue SdcA, with DupA-homologue DupB being encoded in the same locus.

Figure 13 -

 13 Figure 13 -Genetic loci of SidE-family enzymes, SidJ/SdjA, DupA, DupB, and other ubiquitin ligases SidC and SdcA.

  established, when work by Havey et al. and Jeong et al. identified SidJ as a meta-effector of SidE-family enzymes by acting as the antitoxin of the, at the time, unidentified toxic activity 81,82 . Jeong et al. were intrigued by the observed growth defect caused by the deletion of the SdeA to SdeC locus (as shown in Fig.

Figure 14 -

 14 Figure 14 -Yeast spot dilution with galactose-inducible plasmids containing SidJ or SdeA, figure adapted from Jeong et al.

  Bhogaraju S, Bonn F, Mukherjee R, et al. Inhibition of bacterial ubiquitin ligases by SidJcalmodulin catalysed glutamylation. Nature. 2019;572(7769):382-386. doi:10.1038/s41586-019-1440-8 Adams M, Sharma R, Colby T, Weis F, Matic I, Bhogaraju S. Structural basis for protein glutamylation by the Legionella pseudokinase SidJ. Nat Commun. 2021;12(1). doi:10.1038/s41467-021-26429-y

Figure 15 -

 15 Figure 15 -Affinity chromatography gel of SidJ 331-819. Pellets from liquid culture were resuspended in lysis buffer, lysed via sonication, clarified and filtered before being applied to Talon beads. The beads were washed and incubated with lysis buffer and subsequent elutions were performed with lysis buffer supplemented with corresponding imidazole concentrations.

Figure 16 -

 16 Figure 16 -Anion exchange chromatography of SidJ 331-819 using a Mono-Q column. A) Ion exchange chromatogram. B) SDS-PAGE with fractions loaded on the gel highlighted in the chromatogram.

Figure 17 -

 17 Figure 17 -Size exclusion chromatography of SidJ 331-819 using S75 16/600 column. A) Size exclusion chromatogram. B) SDS-PAGE with fractions loaded in the gel highlighted in the chromatogram.

Figure 19 -

 19 Figure 19 -Determination of Calmodulin (CaM) as cofactor for SidJ. A) Experimental pipeline. B) Volcano plot of relative enrichment of peptides, prepared by Florian Bonn (University of Frankfurt), as seen in Bhogaraju et al. (2019). Transfection experiments were performed by Sagar Bhogaraju and the Mass Spectrometry analysis was performed by Florian Bonn.
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 20 Figure 20 -Determination of the post-translational modification catalyzed by SidJ. A) Experimental pipeline. B) Volcano plot of relative abundance of peptides, prepared by Florian Bonn (University of Frankfurt). C) Fragmentation spectrum of modified SdeA peptide with the glutamylation of SdeA being shown, prepared by Florian Bonn. Transfection experiments were performed by Sagar Bhogaraju and the Mass Spectrometry analysis was performed by Florian Bonn. Panels B, C as seen in Bhogaraju et al. (2019)
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 21 Figure 21 -Size exclusion purification of full-length apo-CaM using an S75 10/300 column. A) Size exclusion chromatogram. B)SDS-PAGE with fractions loaded in the gel highlighted in the chromatogram.

Figure 22 -

 22 Figure 22 -Affinity chromatography of SidJ 99-C. Cells from 2L of E. coli culture were lysed via sonication and applied to Talon beads.

Figure 23 -

 23 Figure 23 -Size exclusion purification of SidJ 99-C using an S200 10/300 column. A) Size exclusion chromatogram. B) SDS-PAGE with fractions loaded in the gel highlighted in the chromatogram.

Figure 24 -

 24 Figure 24 -Biophysical characterization of the binding interaction between SidJ and CaM in its apo and Calcium-enriched forms. A) Size exclusion chromatography of SidJ and apo-CaM, or SidJ and Ca-CaM, with corresponding SDS-PAGE. B) Isothermal titration calorimetry of SidJ and apo-CaM, or SidJ and Ca-CaM.

Figure

  Figure XC5 -ε-NAD + hydrolysis of SdeA in the presence of various cofactors. Experiment performed by Sagar Bhogaraju.

Figure 26 -

 26 Figure 26 -Size exclusion purification of FL-SidJ/FL-CaM using an S200 10/300 column. A) Size exclusion chromatogram with fractions pooled for Cryo-EM highlighted. B) SDS-PAGE of resulting fractions

Figure 27 -

 27 Figure 27 -Cryo-Electron micrograph of SidJ/CaM complex collected on the T12 microscope.

Figure 28 -

 28 Figure 28 -Cryo-Electron micrograph of SidJ/CaM complex collected on the Glacios microscope, and corresponding secondary classes after 1.5 million particles were picked.

Figure 29 -

 29 Figure 29 -Structure of SidJ-CaM (Model deposited on PDB: 6S5T and density deposited on EMDB: 10100 . Sample prep by Michael Adams, grid preparation and data collection by Moritz Pfleiderer, and data processing by Wojtek Galej and Moritz Pfleiderer)

  assign at the time. The two pockets are approximately 25 Å from one another, and do not share any structural similarity. CaM engages in extensive binding interactions with SidJ via the Cterminal IQ motif and adopts a semi-open conformation. To do this, CaM wraps itself around the C-terminal helix of SidJ, with the interface between CaMs N-and C-lobes and the Cterminal helix of SidJ engaging in both polar and non-polar interactions. (Fig. 30) Further, there is a binding interface between the N-terminal lobe of CaM and a three-helix bundle located in the C-lobe of SidJ, adjacent to the IQ motif. In total, the buried surface between SidJ and CaM spans nearly 2000 Å 2 .

Figure 30 -

 30 Figure 30 -Binding interface between SidJ and CaM, with IQ motif and helix bundle of SidJ and the two lobes of CaM engaging in extensive binding interactions.

Figure 31 -

 31 Figure 31 -Mechanistic overview of SdeA and its inhibition by SidJ. A) Mechanism of SdeA to catalyze PR-ubiquitylation. B) Mechanistic overview of SidJ-mediated inhibition of SdeA.

  structure had AMPPNP bound to the migrated pocket and an unassigned density potentially corresponding to AMP in the canonical pocket, Black et al. reported the presence of pyrophosphate in the canonical pocket and AMP together with pyrophosphate in the migrated pocket (PDB 6OQQ). Similarly, Sulpizio et al. reported pyrophosphate in the canonical pocket and AMP in the migrated pocket (PDB 6PLM). Interestingly, Gan et al. only observed AMP in the canonical pocket, while they did not report any nucleotide to the migrated pocket in any of their structures (PDB 6K4K and 6K4R).
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 32 Figure 32 -Figure adapted from Black et al. (2019) quantifying glutamylation activity of SidJ and various point mutants on SdeA, with mutated residues highlighted in the structure.
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 33 Figure 33 -Figure adapted from Sulpizio et al. (2019). Coomassie and autoradiography image of SidJ AMPylation assay with a variety of cofactors run on SDS-PAGE.
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 34 Figure 34 -Figure adapted from Sulpizio et al. (2019). Coomassie and autoradiography image of SidJ auto-AMPylation assay using wild-type and canonical pocket mutant D542A and migrated pocket mutant H492A, run on SDS-PAGE.

Figure 35 -

 35 Figure 35 -Model of SidJ/CaM model (PDB 6S5T) with the canonical pocket, migrated pocket, and catalytic loop connecting the two pockets highlighted.

Figure 37 -

 37 Figure 37 -Size exclusion chromatograms of SidJ point mutants with CaM SdeA. A) Elution profiles of SidJ/CaM and SdeA without ATP, SidJ/CaM alone, SdeA alone. B) Elution profiles of SidJ/CaM WT and mutants with SdeA in the presence of ATP. C) Elution profiles of SidJ-E565A/CaM with SdeA and various cofactors added, highlighted fraction on SDS-PAGE.

Figure 38 -

 38 Figure 38 -Glutamylation assay using [ 14 C]-L-Glutamate of WT-SidJ/CaM with SdeA, or SidJ-E565A/CaM with SdeA at various time points. Left -representative SDS-PAGE and autoradiography image. Right -Quantification of glutamylation assay triplicates

Figure 39 -

 39 Figure 39 -GraFix purification of SidJ-E565A/CaM/SdeA. A) Silver-stained gel of fractionated gradient. B) Size exclusion chromatography of highlighted gradient fraction with corresponding silver-stained gel.

Figure 40 -

 40 Figure 40 -Electron micrograph of cross-linked SidJ-E565A/CaM/SdeA at a concentration of 0.1 mg/mL. Image collected on the Glacios microscope at EMBL Grenoble at 120.000x magnification, 40e/Å 2 dose rate in linear mode.

Figure 41 -

 41 Figure 41 -Overall structure of SidJ-E565A/CaM/SdeA complex. The Cryo-EM map contains densities for SidJ/CaM, as well as the PDE and mART domains of SdeA.

Figure 42 -

 42 Figure 42 -Overview of the interface between SidJ and SdeA. Individual interaction sites are highlighted.

Figure 43 -

 43 Figure 43 -Close-up view of the hairpin insertion site, with all residues involved in binding interactions shown using stick depiction.

Figure 44 -

 44 Figure 44 -Close-up view of the mART binding site, with all residues involved in binding interactions shown using stick depiction.

Figure 45 - 5 . 3 :

 4553 Figure 45 -Close-up view of the migrated pocket, with all residues involved in binding interactions shown using stick depiction. Density shown for AMPylated SdeA E860

Figure 46 -

 46 Figure 46 -Mechanistic importance of the extensive SdeA/SidJ binding interface. A) Glutamylation assay of SidJ/CaM/SdeA using [ 14 C]-L-Glutamate and truncated constructs of SdeA. B) Structural overview of the SidJ/CaM/SdeA complex

Figure 47 -

 47 Figure 47 -The hairpin insertion binding site. A) Glutamylation assay of SidJ/CaM/SdeA using [ 14 C]-L-Glutamate and point mutants in the hairpin insertion site. B) Annotated close-up view of the hairpin insertion.

Figure 48 -

 48 Figure 48 -The mART binding site. A) Glutamylation assay of SidJ/CaM/SdeA using [ 14 C]-L-Glutamate and point mutants in the mART binding site. B) Annotated close-up view of the mART site.

Figure 49 -

 49 Figure 49 -The migrated pocket binding site. A) Glutamylation assay of SidJ/CaM/SdeA using [ 14 C]-L-Glutamate and point mutants in the migrated pocket B) Annotated close-up view of the migrated pocket

Figure 50 -

 50 Figure 50 -A) Glutamylation assay of cross-linked SidJ/CaM/SdeA using [ 14 C]-L-Glutamate. B) 2D classes of cross-linked SidJ/CaM/SdeA after glutamylation

Figure 51 -

 51 Figure 51 -Comparison of the migrated pocket of SidJ/SdeA/CaM. A) The preglutamylation structure has a well-defined catalytic loop. B) The post-glutamylation structure, where the catalytic loop becomes unstructured (shown as a dotted line).

Figure 52 -

 52 Figure 52 -Overview of the auto-AMPylation sites recovered in Mass Spec experiments. Modified peptides highlighted in green, with auto-AMPylated residues shown in green. Other catalytic residues are also shown in tan. Residue E565 was modeled in for representative purposes, but is mutated to Alanine in the experimentally determined structure.

Figure 53 -

 53 Figure 53 -SidJ auto-AMPylation assay using α[ 32 P]-ATP and differently-sized constructs of SidJ as well as the catalytically inactive D542A mutant (Left) and SidJ auto-AMPylation assay of WT or R500A at different temperatures in the presence of 0.1% formic acid (Right).

Figure 54 -

 54 Figure 54 -ATP hydrolysis assay using pyrophosphate release kit B) auto-AMPylation assay using α[ 32 P]-ATP of SidJ and various point mutants. E497A, E499A, E501A are mutated in "Triple", while "Quadruple" contains the Triple mutation, and E565A, and structural overview of point mutants shown.

Figure 55 -

 55 Figure 55 -Structural insights into the canonical pocket. (SidJ structure by Black et al., 2019; PDB: 6OQQ)

Figure 56 -

 56 Figure 56 -Structural comparison of SidJ/CaM structures with either pyrophosphate (6OQQ) or AMP (6K4R) bound to the canonical pocket.

Figure 57 -

 57 Figure 57 -Functional relevance of SidJ auto-AMPylation. A) Total adenylation assays of SidJ with or without SdeA using α[ 32 P]-ATP and measuring radioactivity of precipitated total protein. B) glutamylation assay of various point mutants of SidJ using [ 14 C]-L-Glutamate. C) Annotated structural overview of point mutants shown.

Figure 58 -

 58 Figure 58 -Structural overview of SidJ-H492A/CaM. Data collected on Glacios microscope, and density refined from 200.000 particles collected. Refinement yielded a map of ~5 Å.

Figure 59 -

 59 Figure 59 -Mechanistic overview of SidJ-mediated glutamylation of SdeA. ATP hydrolysis takes place in the canonical pocket, with K370 auto-AMPylation preceding substrate AMPylation of SdeA E860. Functional relevance of other auto-AMPylation sites unclear.

Figure 60 -

 60 Figure 60 -Figure by Osinski et al. (2021). SdjA is a glutamylase with different substrate specificity to its homologue SidJ. Glutamylation assay using SidJ / SdjA and SidE family members. WT = Wild-type enzyme, DA= D542A (SidJ) / D480A (SdjA), which is ATP hydrolysis-deficient.

ITC200(

  Malvern), with a sample volume of 350 μl and a ligand volume of 75 μl. All experiments were performed at 20 °C using an initial injection volume of 1 μl, and all subsequent injections with a volume of 2.5 μl, with 5-min injection intervals. For baseline measurements, the 200 μM CaM was titrated into the gel filtration buffer (10 mM HEPES pH 7.5, 50 mM NaCl, 0.5 mM TCEP). For the apo-CaM measurement, 200 μM CaM was titrated into the sample chamber containing 20 μM SidJ(99-C). For the CaCl2-enriched CaM measurement, 50 mM CaCl2 was added to both CaM and SidJ(99-C) to reach a final concentration of 3 mM CaCl2, and left to incubate on ice for 2 h before the experiment.glutamylation sitesFor mass-spectrometric analysis, Legionella-purified SidJ was separated on a 1D gel, the gel was stained with Coomassie and cut into four fractions, which were subjected to in-gel digestion. eGFP-tagged SdeA was immunopurified with anti-GFP beads (Chromotek), weak binding proteins were removed by 4 washes with 4 M urea buffer. Purified SdeA was denatured by boiling for 5 min in 2% sodium deoxycholate, 5 mM TCEP and 20 mM chloroacetamide in 50 mM Tris pH 8. Afterwards, SdeA was digested on beads either overnight with 0.5 μg trypsin after dilution of sodium deoxycholate to 1%, or for 30 min with LysC. The digestions were stopped by addition of 4 volumes 1% TFA in isopropanol and the peptides were desalted and enriched by SDB-RPS Stage-Tips. Proteins from in vitro glutamylation reactions were digested in solution with LysC and prepared as described for immunopurified samples. To obtain quantitative information, peptides were either labelled with TMT 6plex reagent (ThermoFisher) and further purified with C18 stagetips19 or analysed label-free. Proteins from glutamylation immunoprecipitations were prepared in 2-4 M urea buffer as described for immunopurified samples, but without boiling the samples and with C18 Stage-Tip enrichment.Peptides were separated on an in-house-designed C18 column (20-cm length, 75-μm inner diameter, 1.9-μm particle size) by an Easy n-LC 1200 (Thermo Fisher) and directly injected in a QExactive-HF or-in case of TMT samples-into a Fusion Lumos mass spectrometer (Thermo Fisher), and analysed in data-dependent mode.Data analysis was done with MaxQuant 1.6520. In brief, samples were searched against the Uniprot L. pneumophila database (for SidJ purified from Legionella) or the human Swissprot database supplemented with the SdeA and SidJ sequences (for immunoprecipitation and in vitro samples) and eventually quantified by the TMT 6plex option. Glutamylated peptides were verified by manual interpretation of spectra. Quantitative changes were further analysed by unpaired t-tests in Perseus 1.6521. Global PTM discovery analysis was performed with MetaMorpheus10. For comparison of differentially modified peptide species, the precursor intensities of different charge states were summed up and normalized by the total intensity of the protein.

For

  the post-catalytic complex, motion correction and contrast-transfer function (CTF) estimation, with subsequent particle picking using the BoxNet2Mask_20180918 model were performed in WARP. Coordinates of 635,561 particles were imported into Relion 3.1 and initially extracted with an 4-fold binning factor. All imported particles were included for 3Dclassification to generate an ab initio model. A subset of 94,463 particles from the best class were refined to 7.72 Å resolution. The particles were re-extracted without binning, and refined to a resolution of 3.81 Å, before CTF refinement, beam-tilt correction, and Bayesian particle polishing were performed. After another round of 3D-refinement, which produced a model of 3.76 Å resolution, the particles were classified one more time, and 58,448 particles from the best class were picked for a final round of 3D-refinement. These steps resulted in a map resolution of 3.71 Å.7.10: Immunoprecipitation:HEK293 cells were co-transfected transiently with mCherry-SidJ (pmCherry-C1 vector) and either GFP (pEGFP-C1 vector) or GFP-SdeA (pEGFP-C1) using polyethylenimine. Cells were harvested at 18 hours post-transfection, washed with PBS (phosphate buffered saline) and lysed in immunoprecipitation buffer (50 mM Tris-HCl pH 7.5, 150mM NaCl, 1% Triton X-100, and protease inhibitor cocktail (cOmplete Mini EDTA-free from Roche) and mixed with GFP-Trap Agarose beads (ChromoTek) and incubated for 2 hours at 4°C while being subjected to endto-end rotation. The beads were washed three times with the immunoprecipitation buffer.

  Figure S7

Annex Figure 1 -

 1 replication and the fact that the SidH-family of effectors shares no sequence homology to any other proteins of known function, both SidH and SdhA have been proteins of interest in our group. Adapted fromLaguna et al. (2006). A) Overview of SidH-family enzymes, showing homologous N-terminus and divergent C-terminal sequences. B) L. pneumophila intracellular growth assays inside primary macrophages using wild-type or knock-out strains missing individual SidE family members. C) L. pneumophila intracellular growth assays inside primary macrophages using wild-type or knock-out strains. DotA -is unable to translocate any T4SS effectors.LubX, another Legionella Dot/Icm effector, is a canonical E3 ubiquitin ligase, but is unique insofar that it is the only protein known to date to possess two U-box domains 112 . Because Legionella does not possess its own ubiquitin system, LubX hijacks the host's ubiquitin cascade to perform its ubiquitin ligase activity. Interestingly, while only the first U-box domain catalyzes ubiquitylation, the second U-box domain acts as a substrate-binding site for host kinase Clk1, whilst being catalytically inactive. Clk1 is ubiquitylated by LubX for proteasomal degradation, although the purpose of this remains unclear. Interestingly, it was later found that LubX adopts a toxin/antitoxin relationship with SidH, similar to SidJ and SidE-family members147 . In infection experiments using fruit flies, it was found that deletion of LubX resulted in Legionella being more deadly to the host relative to the wild-type, deletion of SidH resulted in slightly less deadly infections, and deletion of both SidH and LubX even further reducing lethality (Annex Fig.2A). While deletion of SidH or SidH and LubX together did not have an impact on the number of viable Legionella cells per fly, deletion of LubX resulted in a severe replication defect for Legionella, indicating that LubX regulates the toxicity of SidH (Annex Fig.2B). CHO cells infected with Legionella and treated with the proteasome inhibitor On the basis of the structural information they gathered, they generated an array of point mutations on LubX and performed in vivo toxicity screening using SidH and LubX mutants co-expressed in yeast. Here, they found that mutations in either the hydrophobic patch of Ubox 1, which is responsible for E2 recognition, or a single arginine residue (R121) in the interdomain helix immediately N-terminal from U-box 2 greatly reduced the ability of LubX to counteract SidH-mediated toxicity.LubX targets multiple substrates, and while some work has been directed towards understanding the structural basis for substrate specificity of LubX, only SidH and Clk1 have been reported as LubX substrates, while little is known about whether LubX also targets SdhA or SdhB. To better understand the interface between SidH and LubX, we set out to solve the Cryo-EM structure of SidH in complex with LubX.

Figure 5 -

 5 Purification of SidH/LubX. A) Affinity chromatography of SidH/LubX showing Flow-through, wash, elutions at different imidazole concentrations, and beads after elution. B) SDS-PAGE of Size exclusion chromatography of SidH/LubX and fraction taken the future, on the basis of which Legionella mutant strains can be generated that render SidH resistant to LubX recognition, further elucidating the functional relevance of LubX-mediated ubiquitylation of Clk1. To determine whether SdhA is indeed not a substrate of LubX, in vitro ubiquitylation assays will also be performed. Using the structural information from the AlphaFold2 prediction and our Cryo-EM structure of SidH/LubX, a chimeric SdhA construct possessing either the helix of SidH responsible for LubX binding or point mutations on the analogous residues are needed to further our understanding of how Legionella regulates SidHfamily activity using LubX, and what role a possible selective regulation of the different family members has on Legionella replication.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 Reagents for PCR linearization of the pCoofy vector and insert

		Quantity (μl)	
	Vector (50 ng/μl)	1	
	5x GC buffer		10	
	Phusion polymerase (1 unit)	1	
	Fw primer (10μM)	2	
	Rv primer (10μM)	2	
	dNTPs (10mM)		2	
	H2O		35	
	TOTAL		50	
	Stage	Temperature (°C)	Time (seconds)	# of cycles
	Initial denaturation	98	60	1
	Denaturation	98	10	30
	Elongation	72	90	
	Final elongation	72	600	1
	Hold	4	∞	Hold

Table 2 -

 2 PCR parameters for amplification of pCoofy vector

	Stage	Temperature (°C)	Time (seconds)	# of cycles
	Initial denaturation	96	300	1
	Denaturation	98	10	
	Annealing	50	30	30
	Elongation	72	30s/1kb	
	Final elongation	72	600	1
	Hold	4	∞	Hold

Table 3 -

 3 PCR parameters for amplification of insert for SLIC cloningAfter PCR amplification, the PCR product was purified using the PCR Cleanup kit by Macherey-Nagel. The purified products were then used in the SLIC reaction using the following composition, and incubated at 37 °C for 30 minutes:

	Reagent	Quantity (μl)
	Linear Vector (50 ng/μl)	2
	Linear Insert (3:1 molar	2
	ratio to insert)	
	recA (2 ng/μl)	1
	10x recA buffer	1
	H2O	4
	TOTAL	10

Table 4 -

 4 SLIC reaction mixture

Table 5 -

 5 Site-directed mutagenesis reaction mixtureThe reaction mixture was then used for PCR amplification using the following parameters:

		Quantity (μl)	
	Template (50 ng/μl)	1	
	5x HF buffer		10	
	Phusion polymerase (1 unit)	0.5	
	Fw primer (10μM)	1.5	
	Rv primer (10μM)	1.5	
	dNTPs (10mM)		1.5	
	DMSO		1.5	
	H2O		33.5	
	TOTAL		50	
	Stage	Temperature (°C)	Time (seconds)	# of cycles
	Initial denaturation	95	300	1
	Denaturation	95	50	
	Annealing	55	55	20
	Elongation	72	1200	
	Final elongation	72	1800	1
	Hold	4	∞	Hold

Table 6 -

 6 PCR parameters for site-directed mutagenesisAfter the reaction, 20 μl of the mixture was added to a new tube and incubated with 1 ul of DpnI at 37 °C for 3 hours. 10 μl of the digested plasmid was then used to transform an aliquot of NEBTurbo heat-shock competent cells using the same protocol as described above.

	7.2:

Purification of SidJ 331-819, or SidJ FL and CaM FL for early experiments

  Roche Applied Science) and 20 μg/ml DNase 1. The lysate was clarified using centrifugation and filtered using a 5-μM filter membrane, before applying the lysate to Talon metal-affinity resin beads (Takara) pre-equilibrated in lysis buffer. The lysate was left to incubate on the beads at 4 °C for 1 h, and the flow-through was removed after gentle centrifugation at 300g for 2 min. The beads were washed 3 times with lysis buffer and an incubation time of 10 min at 4 °C, and subsequent gentle centrifugation during each step. The elutions were performed using lysis buffer that was supplied with increasing imidazole concentrations of 10 mM, 50 mM, 100 mM and 200 mM, an incubation time of 10 min, and

	Recombinant overexpression of SidJ and CaM were achieved through co-expression (SidJ
	FL/CaM) using E. coli OneShot BL21 Star (DE3) cells (Invitrogen), or expression alone (SidJ
	331-819). The cells were cultivated at 37 °C in lysogeny broth supplemented with 100 μg/ml
	ampicillin (CaM), 25 μg/ml kanamycin (SidJ), and 34 μg/ml chloramphenicol. Expression was
	induced at OD600=0.6 using a final concentration of 0.5 mM isopropyl-β-D-1-
	thiogalactopyranoside (IPTG), and the cultures were further left to grow at 18 °C. Cells were
	collected the next day by centrifugation and lysed by sonication in lysis buffer (50 mM Tris
	pH 7.5, 300 mM NaCl, 5% (v/v) glycerol), supplied with an EDTA-free protease inhibitor
	cocktail tablet (subsequent gentle centrifugation. The purest fraction as determined by SDS-PAGE was placed
	in Spectra/Por 1 RC Dialysis Membrane Tubing (Spectrum), and His-3C protease in a 1:50
	molar ratio was added for tag cleavage. The sample was then dialysed in dialysis buffer (50
	mM Tris pH 7.5, 150 mM NaCl, 5% glycerol, 5 mM EDTA) overnight and loaded onto a
	HiLoad Superdex S200 10/300 GL (GE Healthcare) column equilibrated in gel filtration buffer
	(10 mM HEPES pH 7.5, 50 mM NaCl, 0.5 mM TCEP) for size-exclusion chromatography, and
	the purest fractions (as determined by SDS-PAGE) were used for grid preparation.
	7.3:

Purification of SidJ/CaM and SdeA proteins for biochemistry and Cryo-EM:

  Expression and purification of SidJ/CaM and SdeA constructs were performed using the constructs generated in the previous section. The validated constructs were transformed into chemically competent BL21 Star (Sigma Aldrich) using heat-shock method, with SidJ being co-expressed with CaM, and SdeA being expressed alone. For ITC experiments, SidJ 99-C and CaM were expressed and purified separately using the same protocol. The cells were grown in LB with Chloramphenicol, Ampicillin and Kanamycin (SidJ/CaM) or Chloramphenicol and Kanamycin (SdeA) at 37°C until OD600=0.6, induced using 0.5mM IPTG, and expressed for 18 hours at 18°C and harvested. The resulting pellets were re-suspended in Lysis buffer (300mM NaCl, 50mM Tris pH 7.5, 10% Glycerol) containing protease inhibitor cocktail
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5: Results -Characterizing the catalytic cycle of SidJ

5.1: Toward a SidJ/CaM/SdeA complex SidJ inhibits SdeA through glutamylation of the active residue E860. For this, the SidJ needs to bind both its host-specific cofactor CaM and its substrate SdeA. To determine whether a stable complex between SidJ and SdeA could exist, Rahul Sharma, a Post-Doc in our group, co-transfected HEK293 cells with mCherry-SidJ and either GFP or GFP-SdeA before performing GFP-IP. In this experiment, we were unable to detect any co-elution of SidJ and SdeA (Fig. 36). Extensive attempts at cross-linking the two proteins in the presence of ATP or the non-cleavable analogue AMPcPP using a variety of cross-linking protocols did not yield any substantive progress towards stabilizing a potential complex between SidJ and SdeA. The sample was trapped and cross-linked using the GraFix protocol 138 . Equimolar quantities of SidJ-E565A/CaM and SdeA were incubated on ice for 30 minutes in the presence of 150mM NaCl, 50mM HEPES, 10mM MgCl2, and 10mM ATP and loaded onto 5-20% Glycerol gradients using 0%-0.1% Glutaraldehyde and 100mM NaCl, 10mM HEPES pH 7.5, 10mM

MgCl2, and the tubes were centrifuged at 20.000rpm for 18 hours at 4 °C. The gradients were subsequently fractionated and quenched through the addition of 10mM Tris (final concentration). The fractions were evaluated by SDS-PAGE and silver staining using SilverQuest Silver Stain Kit (Invitrogen). The fractions containing a band of the desired weight were pooled, concentrated, and loaded onto a pre-equilibrated (150mM NaCl, 10mM HEPES pH 7.5, 10mM MgCl2, 0.5mM TCEP) Superdex S200 3.2/300 size exclusion column (GE Life Sciences). The peak fractions were pooled and concentrated to 0.3-0.5 mg/mL and used for grid preparation.

7.6: Etheno-NAD hydrolysis assays

SdeA-containing samples are from HEK293T cells that transiently express either GFP-SdeA alone or in combination with haemagglutinin-tagged SidJ (HA-SidJ) or HA-SidJ(ΔIQ). SdeAcontaining samples of in vitro glutamylation assays were also used for ε-NAD+ hydrolysis assays. Reaction mixture contained 1 mM ε-NAD+, 50 μg of ubiquitin and SdeA-containing samples were diluted to 100 μl in a buffer containing 50 mM Tris pH 7.5, 50 mM NaCl.

Reaction was initiated by adding ε-NAD+ and the hydrolysis was followed using a plate reader operating under fluorescence kinetic measurement mode, with excitation wavelength 300 nm and emission wavelength 410 nm. Measurements were taken of each sample every 30 s for the indicated time points.

9: Appendices Appendix A: Data collection and processing of SidJ/CaM

Cryo-EM data collection, refinement, and validation statistics for SidJ/CaM (PDB 6S5T, EMDB EMD-10100). Collection and processing by Moritz Pfleiderer, refinement by Wojciech Galej. Note: Apparent differences in size between 110 kDa and 250 kDa are difficult to see at a glance because a particle only needs to grow by approximately 30% in each dimension as per the square-cube law. The difference is best appreciated at a distance.

Data collection and processing

SidJ-E565A/CaM/SdeA are incubated in a Magnesium-containing buffer with 10mM ATP for 30 minutes before the sample is applied to a 4mL glycerol gradient with increasing glutaraldehyde concentration. The sample is then ultracentrifuged and fractionated into 300uL fractions, and quenched using Tris. The resulting fractions are then visualized using SDS-PAGE and silver stain, and desired fractions are pooled and injected into Size exclusion chromatography. The resulting protein is glycerol-free, and ready for use in cryo-EM. 2) pCoofy1-SidJ_FL: Full-length SidJ (template provided by Zhao-Qing Luo, Purdue University) was cloned into pCoofy1, which possesses a 3C-cleavable, N-terminal 6x

Appendix E: Data collection and processing of

His-tag, Kanamycin resistance, and is intended for bacterial overexpression. The plasmid was cloned using the SLIC method using the SidJ FL pCoofy primer pair.

3) pET15C-CaM_FL: Full-length human calmodulin (UniProt P0DP23) cloned into pET15C, containing a 3C-cleavable, N-terminal 6xHis-tag, Ampicillin resistance, and is intended for bacterial overexpression. This plasmid was cloned by Sagar Bhogaraju during his time at Frankfurt University.

4) pCoofy1-SidJ_99-C: SidJ was sub-cloned from pCoofy1-SidJ_FL into pCoofy1 using the SLIC method and the SidJ 99-C pCoofy primer pair. The final construct possesses a 3C-cleavable, N-terminal 6x His-tag, Kanamycin resistance, and is intended for bacterial overexpression. In our structure, the interdomain helix and U-box 2 of LubX form a binding interface with a single helix of SidH spanning residues 684 to 695, as well as a loop spanning residues 565 to 566 (Annex Fig. 7). Interestingly, this binding interface includes R115 of LubX, which has previously identified to be critical in the ability of LubX to ubiquitylate SidH 113 , where it was numbered R121. Closer inspection reveals a buried surface consisting of both hydrophobic and hydrophilic interactions (Annex Fig. 7). A small hydrophobic patch around L566 of SidH and V190 and F193 of LubX and a larger polar interaction interface involving Q112, R115, R119 and Q186 of LubX and T565 D584, Q687, D688, and T691 of SidH can be observed.

Annex Figure 7 -Close-up view of the SidH/LubX interface with selected residues involved in binding interactions shown.

When comparing the structure of LubX in complex with UBE2D2 to the structure of LubX in complex with SidH, the two models line up well, with an RMSD of 1.0 Å (Annex Fig. 8),

indicating that LubX does not undergo major conformational changes upon E2 binding. To identify which residues are critical for this interaction, Simonne Griffith-Jones generated an array of point mutations on both SidH and LubX, and we expressed and purified them to perform in vitro ubiquitylation assays (Annex Table 1). While all of the proteins have been successfully purified, biochemical experiments are currently ongoing.

Annex Figure 8 -Comparison of LubX structure in complex with UBE2D2 (PDB 4WZ3) and in our SidH/LubX structure.

Protein Mutation

Annex Table 1 -Array of point mutants generated for biochemical characterization of LubXmediated ubiquitylation of SidH Next, we wanted to determine whether SdhA could be recognized as a substrate by LubX. For this, we generated a prediction of SdhA using AlphaFold2 149 . The predicted SdhA model is also largely α-helical, and structurally resembles SidH (Annex Fig. 9). Sequence analysis has shown that SidH and SdhA share their greatest sequence identity along its first 600 residues, and the SdhA prediction aligns especially well with the Cryo-EM structure of SidH along its

10.3: Discussion

The SidH family of effectors is of interest to researchers due to its apparent importance to the replicative success of Legionella, with SdhA being essential for Legionella's ability to replicate intracellularly [START_REF] Creasey | The protein SdhA maintains the integrity of the Legionellacontaining vacuole[END_REF]146 . Because the family shares no homology with any other proteins of known function, and their sequences are quite divergent, much is still unknown about their function, and it is possible that despite their apparent homology to one another, they are not functionally redundant and perform different roles inside the host 146 . While the SdhA homolog SidH does not carry a severe growth defect upon deletion, it has been shown to be toxic when expressed in yeast 113 . In order to regulate its toxicity, Legionella also encodes for the E3 ubiquitin ligase LubX, which ubiquitylates SidH to target it for proteasomal degradation 147,150 . LubX possesses two U-boxes, and is the only known E3 ligase with this feature. Besides SidH, LubX also has been shown to ubiquitylate the host kinase Clk1, although the implication of its proteasomal degradation remains unclear 112 . Despite targeting these two substrates which share no homology to one another, LubX has not been reported to target SdhA and SdhB.

To better understand the interaction between SidH and LubX, we co-expressed SidH and LubX in E. Coli and purified the proteins. To stabilize the complex, we used the GraFix cross-linking protocol and prepared Cryo-EM grids using the sample. We solved the Cryo-EM structure of SidH in complex with LubX, where we determined that the interdomain helix and U-box 2 of LubX binds to a helix on the N-terminal end of SidH. Further, we found that SidH also binds to tRNA and the bacterial elongation factor EF-Tu. Using AlphaFold2 to predict the structure of SdhA, we found that the N-terminal 700 residues of SidH and SdhA share structural homology, and the two structures align well with each other. Interestingly, we found that none of the residues involved in SidH/LubX binding are conserved in SdhA, indicating that LubX may not recognize SdhA as a substrate. In order to determine the structural basis for LubX substrate specificity, we generated an array of point mutations to potentially disrupt the binding interface and biochemically characterize the interaction between SidH and LubX in vitro.