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Abstract

Specialized secretion systems found in Gram-negative bacteria allow the transport of molecules across their double-membrane cell envelope. Components of these nanomachines include ring-forming proteins from the PrgK and PrgH families, which are part of the inner membrane platform in Type-III secretion systems, or the InvG and GspD secretins from Type-III and Type-II secretion systems, respectively. Homo-oligomerization of these proteins involves a domain called RBM for "Ring-Building Motif". Despite low sequence identity, RBM domains display a conserved wedge-shaped fold composed of a three-stranded β-sheet packed against two α-helices.

Because the cell envelope of Gram-positive bacteria possess a single membrane, doublemembrane spanning machineries are not necessary for secretion. During spore formation in Gram-positive bacteria however, the mother cell engulfs the developing spore, encasing it with a double membrane. Communication between the two cells involves a large multi-protein complex called the SpoIIIA-SpoIIQ complex. The global architecture and function of this new machinery remains mysterious but its components display structural similarities with essential constituents of specialized secretion systems. In particular, some of the SpoIIIA-SpoIIQ proteins possess RBM-like domains and one of them, called SpoIIIAG, forms large oligomeric rings that display remarkable similarities and differences with PrgK and PrgH rings from Type-III secretion systems. Ring formation by SpoIIIAG provides evidence that the SpoIIIA-SpoIIQ complex might serve as a secretion machinery between the mother cell and forespore but assembly of a transenvelope channel requires oligomerization of other SpoIIIA-SpoIIQ proteins.

To get further insights into the capacity of RBM-containing SpoIIIA-SpoIIQ proteins to form rings, I produced, purified and characterized full-length membrane and truncated soluble forms of these proteins. This part of my work showed that the RBM domain alone in SpoIIIAG is not sufficient to promote oligomerization in vitro, and that additional secondary structures observed in non-canonical RBM domain is not what prevents them from forming rings in vitro.

Intriguingly, RBM domains were also found in proteins that are not related to the SpoIIIA-SpoIIQ complex and raised the hypothesis that other putative secretion systems might form during sporulation. In order to investigate this, I studied the structure and oligomerization ability of one of these proteins, which is called YhcN and is likely involved in spore germination.

The crystal structure of YhcN revealed the presence of a non-canonical RBM domain and the protein did not show any oligomerization ability.

Altogether, my work questions the ring-forming function associated with RBM domains and suggests that some of these domains might have evolved to fulfill different roles.

Les systèmes de sécrétion spécialisés des bactéries Gram-négatives permettent le transport de molécules à travers leur enveloppe cellulaire à double membrane. Les composants de ces nanomachines comprennent des protéines de formation de cycle des familles PrgK et PrgH, qui font partie de la plate-forme de la membrane interne dans les systèmes de sécrétion de type III, ou les sécrétines InvG et GspD des systèmes de sécrétion de type III et de type II, respectivement. L'homo-oligomérisation de ces protéines implique un domaine appelé RBM pour "Ring-Building Motif". Malgré une faible identité de séquence, les domaines RBM présentent un pli cunéiforme conservé, composé d'une feuille β à trois brins et de deux hélices α.

Comme l'enveloppe cellulaire des bactéries Gram-positives possède une seule membrane, les machines à double membrane ne sont pas nécessaires pour la sécrétion. Cependant, lors de la formation des spores chez les bactéries Gram-positives, la cellule mère engloutit la spore en développement, l'enveloppant d'une double membrane. La communication entre les deux cellules implique un grand complexe multiprotéique appelé le complexe SpoIIIA-SpoIIQ.

L'architecture globale et la fonction de cette nouvelle machinerie restent mystérieuses mais ses composants présentent des similitudes structurelles avec les constituants essentiels des systèmes de sécrétion spécialisés. En particulier, certaines des protéines SpoIIIA-SpoIIQ possèdent des domaines de type RBM et l'une d'entre elles, appelée SpoIIIAG, forme de grands anneaux oligomériques qui présentent des similarités et des différences remarquables avec les anneaux PrgK et PrgH des systèmes de sécrétion de type III. La formation d'anneaux par la SpoIIIAG fournit la preuve que le complexe SpoIIIA-SpoIIQ pourrait servir de mécanisme de sécrétion entre la cellule mère et le pré-spore, mais l'assemblage d'un canal trans-enveloppe nécessite l'oligomérisation d'autres protéines SpoIIIA-SpoIIQ.

Pour mieux comprendre la capacité des protéines SpoIIIA-SpoIIQ contenant la RBM à former des anneaux, j'ai produit, purifié et caractérisé des formes solubles de ces protéines sur toute la longueur de la membrane et sous forme tronquée. Cette partie de mon travail a montré que le domaine RBM seul dans la SpoIIIAG n'est pas suffisant pour promouvoir l'oligomérisation in vitro, et que les structures secondaires supplémentaires observées dans le domaine RBM non canonique ne sont pas ce qui les empêche de former des cycles in vitro.

De façon intrigante, des domaines RBM ont également été trouvés dans des protéines qui ne sont pas liées au complexe SpoIIIA-SpoIIQ et ont soulevé l'hypothèse que d'autres systèmes de sécrétion putatifs pourraient se former pendant la sporulation. Afin d'étudier cela, j'ai étudié la structure et la capacité d'oligomérisation de l'une de ces protéines, qui est appelée YhcN et est probablement impliquée dans la germination des spores. La structure cristallographique de Specialized secretion across bacterial membranes

A. Generalities about secretion through bacterial membranes

The transport of molecules out of the bacterial cell requires protein complexes assembling in the membrane(s) of bacteria, allowing the secretion of endogenous molecules [START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF]. Transport across the bacterial membrane is involved in an array of processes such as development, movement, conjugation, adhesion to host cells and surfaces, virulence, host symbiosis, as well as bacterial competition.

Based on their structure, function and specificity, secretion systems have been categorized into several classes. Some of the transport systems are only found in a small number of species while others are conserved in many bacterial species. Table 1 summarizes some of the major features of the secretion systems that have been described so far. The selectivity for the transported molecule vary from one system to another. It can be based on the size and/or the nature of the molecule. Some systems will thus transport a broad array of substrates while others will be specific to only one or a few molecules.

Depending on the secretion system, the secreted substrate(s) can either remain associated with the bacterial membrane, or be released into the extracellular environment. In some cases, the substrate(s) will be injected into a eukaryotic or bacterial cell.

The transport happens across a single or a double bacterial membrane. In that regard, a major difference between Gram-negative and Gram-positive bacteria regarding the secretion of substances is the composition of their cell envelope. Gram-positive bacteria are surrounded by a plasma membrane and a thick layer of peptidoglycan (a polymer that is made of glycan chains cross-linked by peptide chains, and that confers the cell shape), while the cell envelope of Gram-negative bacteria contains an inner (plasma) membrane, a thin layer of peptidoglycan and an outer membrane. In Gram-negative bacteria, macromolecular systems allowing transport across the cell envelope will thus have to span the two membranes. This mechanism can happen in one or two steps [START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF]Mecsas 2016, Costa et al. 2015).

The proteins that I have studied during my Ph.D. are membrane-anchored proteins specifically produced during bacterial sporulation. Although most spore-forming bacteria are Gram-positive, the developing spore is surrounded by two membranes (see chapter Ⅱ), which are reminiscent of the inner and outer membranes found in Gram-negative bacteria. Intriguingly enough, my proteins of interest display weak sequence identity but obvious structural similarities with components of specialized secretion systems found in Gram-negative bacteria.

For this reason, I have focused the following sections on these particular secretion systems.

B. Secretion systems in Gram-negative bacteria

In Gram-negative bacteria, transport across the inner and outer membranes is carried out by secretion systems that can be divided into three groups [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF].

A first group includes protein complexes than span the inner membrane only. It includes the Sec system, which transports most of the secreted proteins across the inner membrane [START_REF] Lycklama | The bacterial Sec-translocase: structure and mechanism[END_REF]. Secretion across the cytoplasmic membrane can also be carried out by the Twin-arginine translocation (Tat) system, which allows fully folded proteins to pass through [START_REF] Palmer | The twin-arginine translocation (Tat) protein export pathway[END_REF]. The Sec and Tat pathways are the most highly conserved mechanisms for protein secretion and are present in all domains of life (bacteria, archaea and eukarya). Proteins delivered to the periplasmic space by these two systems can be subsequently transported across the outer membrane by another secretion system (such as the Type-II, Type-V and Type IX secretions systems) (Fig. 1).

A second group includes protein complexes that span the outer membrane only, such as the Type-V secretion system [START_REF] Leo | Type V secretion: mechanism(s) of autotransport through the bacterial outer membrane[END_REF]. By contrast with other secretion systems that span the inner membrane, T5SS does not require a transport energy source. This selfsufficient autotransporter transports proteins through the outer membrane through a β-barrel transmembrane machinery [START_REF] Meuskens | Type V Secretion Systems: An Overview of Passenger Domain Functions[END_REF][START_REF] Bernstein | Type V Secretion in Gram-Negative Bacteria[END_REF]) (Fig. 1).

Finally, a third group includes protein nanomachines that span both the inner and outer membranes. So far, five systems have been identified in this last group, and categorized as Type-I, Type-II, Type-III, Type-IV and Type-VI secretion systems (T1SS, T2SS, T3SS, T4SS and T6SS, respectively), based on their structural components and function (Costa et al. 2015, Green and[START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF]. These double-membrane-spanning secretion systems are large multiprotein complexes allowing the secretion of specific molecules, including proteins and DNA, from the bacterial cytoplasm to the extracellular environment. Most systems exclusively secrete unfolded or partially unfolded proteins. Only T2SS and T6SS can secrete folded and partially folded proteins. So far, only T4SS has been shown to translocate DNA. Translocation, which is driven by ATP hydrolysis, happens in one (For T1SS, T3SS, T4SS and T6SS) or two steps (For T2SS). When proteins are translocated in two separate steps by T2SS, they are first delivered to the cytoplasm through the Sec or the Tat pathway. Finally, the secreted substrate(s) is(are) either released in the extracellular space (For T1SS, T2SS and T4SS) (Fig. 1A) or injected into a target cell (For T3SS and T6SS).

The common structural feature of Type-I to Type-VI secretion systems is an oligomeric ring formed by outer membrane proteins, resulting in a β-barrel structure that allows secretion of substrates through the outer membrane. These systems otherwise display major differences in their structure, assembly and secretion mechanisms.

In 2008, bioinformatics analyses (HHPRED analyses) based on pairwise comparison of the primary sequence and on secondary structure predictions have identified a group of proteins produced during bacterial sporulation (The SpoIIIA proteins, see chapter Ⅱ) that would have secondary structures organized similarly to those of components found in T1SS, T2SS, T3SS and T4SS (Camp andLosick 2008, Meisner et al. 2008). I will thus focus the next sections on these specific double-membrane-spanning nanomachines (Fig. 1), which are the most pertinent transport systems relative to my Ph.D. I will summarize the state-of-the-art regarding the structure and function of these systems, with a particular emphasis on components that share structural similarities with my proteins of interest. 

Type-I secretion systems

Type-I Secretion Systems (T1SS) are present in a large number of Gram-negative bacteria, especially in pathogens of plants and animals. Since the discovery of the first T1SS substrate (the hemolysin A) in 1979, many other virulence factors have been shown to be secreted through T1SS [START_REF] Noegel | Plasmid cistrons controlling synthesis and excretion of the exotoxin alpha-haemolysin of Escherichia coli[END_REF]. The size of the substrates range from 10 kDa (e.g. the bacteriocins) to 1 MDa (e.g. the gigantic adhesins). Their function is also diverse, and include digestive enzymes, adhesins, heme-binding proteins and toxins. Bacteria can have several T1SS, specific of one or a few substrates.

T1SS are composed of three different membrane proteins. An ATP-binding cassette (ABC) transporter protein anchored in the inner membrane and an outer membrane factor (OMF) from the TolC family anchored in the outer membrane. Finally, a membrane fusion protein (MFP) crosses the periplasmic space and bridges the ABC transporter to the OMF (Fig. 2A) [START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF][START_REF] Kanonenberg | Type I secretion systemit takes three and a substrate[END_REF][START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF].

The ABC transporter is responsible for substrate recognition and ATP hydrolysis. The crystal structure of the ABC transporter PrtD from Aquifex aeolicus and MacB from Escherichia coli K-12 show that it forms a homodimer, each subunit containing 6 N-terminal transmembrane (TM) helices and a C-terminal nucleotide binding domain (NBD) (Fig. 2B,C) [START_REF] Morgan | Structure of a Type-1 Secretion System ABC Transporter[END_REF]Zimmer 2017, Fitzpatrick et al. 2017). The N-terminal region of the homodimer forms an occluded channel spanning almost the entire TM region. The C-terminal NBDs locate in the cytoplasm and are responsible for ATP binding and hydrolysis.

In Escherichia coli K-12 T1SS, MacA (MFP) connect the MacB dimer (ATP-binding protein)

and TolC (OMF), forms a hexamer with a central channel that allows substrate translocation [START_REF] Fitzpatrick | Structure of the MacAB-TolC ABC-type tripartite multidrug efflux pump[END_REF]) (Fig. 2B). Finally, the TolC (OMF) trimer generates another channel that spans the outer membrane, through which the substrate passes. Most of the substrates possess a C-terminal signal that is recognized by the ABC transporter/MFP complex. The unfolded protein is then directly transported from the cytosol to the extracellular space, the secretion being energized by ATP hydrolysis performed by the ABC transporter. This is the generally considered "one-step" translocation mechanism.

Interestingly, bioinformatic analyses performed with the CLUSTALW sequence alignment algorithm suggest that PrtD shares similarities with SpoIIIAE, which is involved in Bacillus subtilis sporulation. While the sequence identity between PrtD and SpoIIIAE is weak (13% sequence identity, 17% sequence similarity) (Fig. 2D), they both possess an equivalent number and organization of transmembrane helices (see section ⅡC). SpoIIIAE might thus share 3D structural and functional similarities with ABC transporters from T1SS. Conserved residues are in red boxes; similar residues are shown by red letters boxed in blue.

Type-II secretion systems

Type-II secretion systems (T2SS) are widespread in Gram-negative bacteria and mediate extracellular delivery of a variety of protein substrates, some of which contribute to the virulence of bacterial pathogens and niche colonization. Most substrates are enzymes, such as proteases, lipases and phosphatases [START_REF] Korotkov | The type II secretion system: biogenesis, molecular architecture and mechanism[END_REF].

T2SS substrates are first delivered by the Sec [START_REF] Pugsley | The general protein-export pathway is directly required for extracellular pullulanase secretion in Escherichia coli K12[END_REF] or the Tat system [START_REF] Voulhoux | Involvement of the twin-arginine translocation system in protein secretion via the type II pathway[END_REF] to the periplasmic space, where they will fold completely.

They are then recognized (through still unresolved recognition determinants) by the T2SS apparatus, which will translocate them into the extracellular space via a "piston" mechanism based on the extension and retraction of a pseudopilus [START_REF] Korotkov | Architecture, Function, and Substrates of the Type II Secretion System[END_REF].

T2SS consists of 12-15 different proteins that belong to four subassemblies: the outermembrane complex or secretin complex (GspD/PulD family of proteins), the innermembrane platform (GspC, GspF, GspL and GspM), the secretion ATPase (GspE), and the pseudo-pilus (GspG, GspH, GspI, GspJ, GspK and GspO) (Fig. 3A) [START_REF] Korotkov | Architecture, Function, and Substrates of the Type II Secretion System[END_REF][START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF][START_REF] Gu | The role of intrinsic disorder and dynamics in the assembly and function of the type II secretion system[END_REF][START_REF] Lopez-Castilla | Structure of the calcium-dependent type 2 secretion pseudopilus[END_REF].

The GspE ATPase forms a hexamer that resides in the cytoplasm and connects GspF and GspL components of the inner membrane platform. The inner membrane platform is embedded in the plasma membrane and extends into the periplasm. So far, no structure of the inner membrane platform of a T2SS has been observed at high resolution, but by analogy with electron cryo-tomography (ECT) studies of T4P, it could be made of interconnected cytoplasmic and periplasmic rings. Together with the GspE ATPase, which provides energy to power the system, the inner membrane platform assembles the pseudopilus (Fig. 3A). This filamentous sub-structure is mainly composed of multimers of the major pseudopilin subunit GspG and possibly of minor pseudopilins GspH, I, J and K. GpsG precursors are inserted in the inner membrane through a short N-terminal pre-peptide anchor. After removal of this Nterminal membrane anchor by the GspO peptidase, the pilin subunit then remains associated with the membrane through its hydrophobic tail (Pugsley and[START_REF] Dupuy | PulO, a component of the pullulanase secretion pathway of Klebsiella oxytoca, correctly and efficiently processes gonococcal type IV prepilin in Escherichia coli[END_REF].

During the assembly of the pseudopilus, the hydrophobic tails are gradually extracted from the inner membrane and pack together to form the inner core of the fiber, while the globular domains interact laterally to form the pseudopilus surface [START_REF] Kohler | Structure and assembly of the pseudopilin PulG[END_REF][START_REF] Campos | Detailed structural and assembly model of the type II secretion pilus from sparse data[END_REF][START_REF] Nivaskumar | Type II secretion system: a magic beanstalk or a protein escalator[END_REF] (Fig. 3A). Polymerization of the pseudopilus is the mechanism through which the folded substrate will be pushed through the pore formed by the outer membrane complex.

The outer-membrane component is the secretin. This protein forms a homomultimeric ringlike channel (Fig. 3B) through which folded substrates are translocated from the cytoplasm to the extracellular space. The secretin has a long N-terminal region made of two to four small variable domains called N-subdomains (N0 to N3) [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF]. N-subdomains share a highly conserved wedged arrangements that are composed of a two α-helices packed against a three-stranded anti-parallel β-sheet. This small mixed α/β-modular domain, which was termed the "ring-building motif" (RBM), is also found in ring-forming proteins from T3SS

(see section B3) [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). Packing of N-subdomains from adjacent protomers form a highly stable periplasmic ring that connects the inner-membrane complex [START_REF] Korotkov | Structural and functional studies on the interaction of GspC and GspD in the type II secretion system[END_REF]) (Fig. 3C). The central region of the protein is a secretin domain that forms a double βbarrel structure partially inserted in the outer membrane. Each β-barrel contains 48 (for dodecamers) to 60 (for pentadecamers) anti-parallel β-strands. The secretin channel has an outer diameter of 110 to 170 Å and a small pore at the center of the inner barrel [START_REF] Nouwen | Domain structure of secretin PulD revealed by limited proteolysis and electron microscopy[END_REF][START_REF] Chami | Structural insights into the secretin PulD and its trypsin-resistant core[END_REF][START_REF] Tosi | Structural similarity of secretins from type II and type III secretion systems[END_REF][START_REF] Hay | Structure and Membrane Topography of the Vibrio-Type Secretin Complex from the Type 2 Secretion System of Enteropathogenic Escherichia coli[END_REF][START_REF] Yin | Structural insight into the assembly of the type II secretion system pilotin-secretin complex from enterotoxigenic Escherichia coli[END_REF][START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF][START_REF] Chernyatina | Core architecture of a bacterial type II secretion system[END_REF]. At the C-terminus of the protein, the S domain seems to act as a hook by grabbing β-strands of the neighboring protomer, which likely enhances the stability of the outer β-barrel (Fig. 3B) [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF]). In the closed state, a central gate, and a possible additional cap gate, block translocation of the substrates (Fig. 3D). During secretion, the N3 domain might be pushed back by the substrate and/or the pseudopilus, then the central gate and cap gate can be pushed outwards to allow opening of the channel and substrate release (Fig. 3C, D). 

Type-III secretion systems

Type-III secretion systems (T3SS) were discovered in 1993 by G.P. Salmond [START_REF] Salmond | Membrane traffic wardens and protein secretion in gramnegative bacteria[END_REF]. Then in the last few decades, T3SS were found in a large number of Gramnegative bacterial pathogens and have been called "injectisomes", or "needle and syringe"-like apparati because of their structure [START_REF] Buttner | Protein export according to schedule: architecture, assembly, and regulation of type III secretion systems from plant-and animal-pathogenic bacteria[END_REF]. They transport a wide variety of unfolded protein substrates (called "effectors") across the inner and outer membranes in a one-step mechanism, most likely through the inner conduit of their needle component. Many of the T3SS

substrates are injected into a host cell to serve as virulence factors.

More than 20 conserved proteins constitute the T3SS apparatus, which is made of two main parts [START_REF] Burkinshaw | Assembly and structure of the T3SS[END_REF]Strynadka 2014, Abrusci et al. 2014) : a double-membrane-spanning complex composed of stacked rings and a needle-like filament that protrudes from the bacterial surface (Fig. 4A). The transenvelope complex (or basal body) includes the export apparatus, which is made of inner-membrane (IM) and outer-membrane (OM) rings, and an ATPase complex in the cytosol [START_REF] Abrusci | Building a secreting nanomachine: a structural overview of the T3SS[END_REF]. The needle will deliver the toxin into the host (Fig. 4A).

Within the basal body, two homomeric rings are embedded in the inner membrane (Fig. 4B).

These rings contain 24 protomers from the PrgK/EscJ and PrgH/EscD protein families and display external diameters of 18 nm and 27 nm, respectively [START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF]. PrgK/EscJ family members are made of two globular domains (Fig. 4C) and a C-terminal transmembrane segment. The two globular domains form two juxtaposed rings at the periplasmic surface of the inner membrane and despite low sequence identity between them or between orthologous domains (less than 30%), they share a conserved RBM fold (see section C). Members of the PrgH/EscD family proteins are composed of a N-terminal cytoplasmic globular domain, a TM segment and three periplasmic RBM domains (Fig. 4D). The three RBM domains of PrgH form homomeric rings that surround the PrgK ring [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF].

Like T2SS, T3SS possess a secretin to allow the passage through the outer membrane.

Secretins from T3SS belong to the InvG/EscC family of proteins, in which orthologues can display rather high sequence identity (more than 60%). Like in T2SS, T3SS secretins form 12to-15-mer rings, and possess a variable number of N-subdomains (displaying the RBM fold), a secretin and an S domain (Fig. 4E,F). In Salmonella enterica serovar Typhimurium pathogenicity island 1 (SPI-1), the InvG secretin contacts the third RBM domain of PrgH through its first N-subdomain (Fig. 4G). Although the asymmetry between the inner (PrgK and PrgH, 24-mers) and outer (InvG, rings appeared surprising at first, the near-atomic cryo-electron microscopy (cryo-EM) structure of the Salmonella SPI-1 injectisome obtained recently confirmed that five subunits of InvG are positioned on the top of height PrgK/PrgH subunits [START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF]). In the closed state, the internal diameter of the secretin measures about 15 Å while in the open state, it extends to 75 Å to allow the passage of the needle [START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF].

The needle complex is a helical filament emanating from the rod complex (PrgJ), which is itself encased at the center of the PrgK ring. The needle is made of more than 100 copies of PrgI, which adopts a helix-turn-helix motif that polymerizes along both helices. The PrgI needle is a tube that is 30-70-nm long and 8-nm wide, with an internal helical secretion channel that displays a maximal inner diameter of about 15 Å, allowing the passage of unfolded substrates [START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF]. The polymerized needle extends through the secretin pore into the extracellular space. If the substrate must be delivered into a host cell, a translocon complex will assemble at the tip of the needle upon contact with the target cell. The translocon will form a pore in the host cell membrane, through which effectors will be injected. 

Note

Type-Ⅳ secretion systems

Widely present in both Gram-positive and Gram-negative bacteria, Type-Ⅳ secretion systems (T4SS) are versatile secretion systems that are related to the secretion of single protein, protein-protein, DNA and DNA-protein complexes into bacterial or eukaryotic target cells [START_REF] Fronzes | The structural biology of type IV secretion systems[END_REF]Waksman 2009, Cascales and[START_REF] Cascales | The versatile bacterial type IV secretion systems[END_REF]. They have a unique ability among other secretion systems to translocate DNA and their main function is to mediate conjugation of plasmids, including some harboring antibiotic resistance genes [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF].

In a canonical T4SS (based on the VirB/D system of Agrobacterium tumefaciens), 12 components (named as VirB1-11 and VirD4) assemble and power a channel that spans the inner membrane, the outer membrane and also the recipient cell membrane, mediating direct transfer of the substrate into the target cell cytoplasm [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF]. T4SS are composed of two main assembly units: a core-outer-membrane (Core-OM) complex that spans both the inner and outer membranes, and an inner-membrane (IM) complex embedded in the inner membrane (Fig. 5A). These complexes assemble a pilus that will extend into the extracellular space. The pilus is made of a polymer of the major VirB2 pilin and the tip minor pilin VirB5 [START_REF] Aly | The VirB5 protein localizes to the T-pilus tips in Agrobacterium tumefaciens[END_REF].

Previous structural studies showed that the core-OM complex of canonical T4SS consist of 14 heterotrimers of VirB7, VirB9 and VirB10 proteins [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF]. The core complex is located in the periplasm and is embedded into the inner membrane and outer membrane through the N-and C-termini of VirB10 [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF][START_REF] Fronzes | The structural biology of type IV secretion systems[END_REF], Fronzes et al. 2009). VirB10 forms the OM pore and is surrounded by VirB7 and VirB9 (Fig. 5B) [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF][START_REF] Chandran | Structure of the outer membrane complex of a type IV secretion system[END_REF]. Interestingly, VirB7 lipoproteins from

Xanthomonales contain an additional C-terminal globular domain, similar to N-subdomains found in T2SS secretins, and displaying the RBM fold [START_REF] Sgro | Bacteria-Killing Type IV Secretion Systems[END_REF]. This N0/RBM1 domain wraps around the VirB9 and VirB10 layers (Fig. 5B).

The IM complex is composed of 12 copies of VirB3, 24 copies of VirB6 and 12 copies of VirB8, 14 copies of the VirB10 N-terminus, and 3 ATPases (VirB4, VirB11 and VirD4). The ATPases are thought to provide energy for substrate unfolding and transfer through the T4SS channel. VirB4, which is the most conserved ATPase, localizes on the cytosolic side of the inner membrane. It forms two distinct barrel-like pedestals, each of them containing a VirB4 hexamer and interacting with other IM complex components (Fig. 5C) [START_REF] Redzej | Structure of a VirD4 coupling protein bound to a VirB type IV secretion machinery[END_REF].

The translocation mechanism through T4SS remains unclear. The VirB11 ATPase was suggested to act as a molecular switch between a pilus biogenesis mode and a secretion mode.

In a first phase, binding of VirB11 to the VirB4 ATPase would promote pilus extension. Binding of the pilus tip pilin VirB5 to the target cell would lead to VirB11 release and its association with the VirD4 ATPase [START_REF] Trokter | Recent advances in the structural and molecular biology of type IV secretion systems[END_REF]. Then the DNA or protein substrate would first bind VirD4, which would act as a gate at the base of the IM complex. VirD4 would then transfer the substrate to VirB11, which would deliver the substrate the channel formed by the IM complex. The mechanism through which the substrate is transferred to the OM complex and is secreted remains unresolved. The pilus might serve as the conduit for substrate translocation or as a contacting device. In the latter case, it would just allow the two cells to be close enough to allow substrate secretion via a pilus-independent mechanism [START_REF] Babic | Direct visualization of horizontal gene transfer[END_REF].

Bioinformatic analyses suggest that VirB4 from Thermoanaerobacter pseudethanolicus shares sequence similarity with the SpoIIIAA ATPase involved in B. ubtilis sporulation (12% sequence identity, 18% sequence similarity). 

C. Ring-building motifs in specialized secretion systems 1. Presence of ring-building motifs in specialized secretion systems

Although specialized secretion systems are very different in their composition, architecture and assembly mechanism, some of their components share a common fold called the "ringbuilding motif" (RBM) [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). This motif, as it is able to fold by itself [START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF], defines a new family of domains, which lacks detectable sequence identity but share similar arrangement of secondary structures : two helices stacked against a three-stranded β-sheet.

RBM domains are found in ring-forming proteins that located within IM or OM complexes of T2SS, T3SS and T4SS. (Fig. 6):

• the 1 st and 2 nd globular domains of PrgK/EscJ from the IM complex of T3SS. These domains will be called PrgK RBM1 and RBM2 in this manuscript (Fig. 6A) [START_REF] Burkinshaw | Assembly and structure of the T3SS[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF][START_REF] Yip | Structural characterization of the molecular platform for type III secretion system assembly[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF][START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF]).

• the 2 nd to 4 th globular domains of PrgH from the IM complex of T3SS. These domains will be called PrgH RBM1 to RBM3 in this manuscript (Fig. 6A) [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF][START_REF] Burkinshaw | Assembly and structure of the T3SS[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF]).

• the 1 st to 3 rd N-subdomains of the InvG/EscC secretin in T3SS. These domains are usually called N1, N2 and N3 in InvG; they will be called InvG RBM1 to RBM3 in this manuscript. These domains are usually called N1 and N2 in EscC; they will be called EscC RBM1 and RBM2 in this manuscript (Fig. 6B) [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF][START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF]).

• the 1 st to 4 th N-subdomains of the GspD/PulD secretin in T2SS. These domains are usually called N0, N1, N2, N3; they will be called GspD or PulD RBM1 to RBM4 in this manuscript (Fig. 6C) [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF][START_REF] Hay | Structure and Membrane Topography of the Vibrio-Type Secretin Complex from the Type 2 Secretion System of Enteropathogenic Escherichia coli[END_REF][START_REF] Chernyatina | Core architecture of a bacterial type II secretion system[END_REF].

• an additional C-terminal domain found in Xanthomonales orthologues of the VirB7 component of the core-OM complex from T4SS. This domain is usually called N0; it will be called VirB7 RBM1 in this manuscript (Fig. 6D) [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF].

The presence of RBM domains in various systems allowing transport through the inner and outer bacterial membranes could reflect a yet-unexplored evolutionary relationship between them (Souza et al., 2011). Despite low primary sequence conservation (lower than 30%), RBM domains share an overall similar architecture made of two α-helices packing against a three-stranded antiparallel β-sheet. They are divided into two groups based on secondary structure connectivity: RBMs from the T3SS PrgK/PrgH group display an α-β-β-α-β arrangement (Fig. 6F) while RBMs from the N-subdomain secretin group display a β-α-β-β-α arrangement (Fig. 6E). Structural RBM models from the two groups have been obtained from X-ray crystallography or electron microscopy studies; the corresponding PDB entries, main characteristics and references are listed in Table 9 (see discussion). For the PrgK/PrgH group, they include EscJ RBM1-2 from E.

coli T3SS, PrgK RBM1-2 and PrgH RBM1-3 from S. typhimurium T3SS [START_REF] Yip | Structural characterization of the molecular platform for type III secretion system assembly[END_REF][START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF][START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF][START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF]. Within the N-subdomain secretin group of T3SS, they include EscC RBM1-2 (N1-2) from E. coli T3SS and InvG RBM1-3 (N1-3) from S. typhimurium T3SS [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF][START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF]. Within the N-subdomain secretin group of T2SS, they include GspD RBM2-4 (N1-3) from E. coli T2SS, GspD RBM2-4 (N1-3) from V. cholerae, PulD RBM1-4 (N0-3) from K. pneumoniae T2SS, and XcpQ RBM3-4 (N2-3) from Pseudomonas aeruginosa T2SS [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF][START_REF] Hay | Structure and Membrane Topography of the Vibrio-Type Secretin Complex from the Type 2 Secretion System of Enteropathogenic Escherichia coli[END_REF][START_REF] Chernyatina | Core architecture of a bacterial type II secretion system[END_REF]. Within the Nsubdomain secretin group of T4SS, they include VirB7 RBM1 (N0) from X. citri T4SS [START_REF] Sgro | Cryo-EM structure of the bacteriakilling type IV secretion system core complex from Xanthomonas citri[END_REF].

ligomerization of ring-building motifs in specialized secretion systems

On the basis of molecular modelling, a broadly conserved ring-packing arrangement had been predicted for these α/β RBM domains [START_REF] Yip | Structural characterization of the molecular platform for type III secretion system assembly[END_REF], and the term RBM for "ringbuilding motif" had been proposed by the group of N. Strynadka [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). The hypothesis that the wedge-shaped fold of RBM domains triggers ring-like oligomerization was later supported by studies in which PrgK and PrgH were located in purified T3SS from S.

typhimurium (using immunogold labeling combined with single-particle EM). In these studies, 24-mer oligomeric ring models of the two proteins (based on the crystal structure of EscJ for PrgK, and on the crystal structure of PrgH) were docked into corresponding cryo-EM maps [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF][START_REF] Schraidt | Topology and organization of the Salmonella typhimurium type III secretion needle complex components[END_REF].

Similar studies were performed with the N-subdomains of EscC from E. coli T3SS or InvG from S. typhimurium T3SS [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF][START_REF] Schraidt | Topology and organization of the Salmonella typhimurium type III secretion needle complex components[END_REF][START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF]. These studies eventually revealed the 24:24:15 stoichiometry of the PrgK/PrgH/InvG complex in T3SS [START_REF] Schraidt | Three-dimensional model of Salmonella's needle complex at subnanometer resolution[END_REF]. The PrgK/PrgH/InvG ring model was later refined owing to new crystal or NMR structures of PrgK, PrgH and InvG, as well as higherresolution cryo-EM maps of T3SS [START_REF] Bergeron | A refined model of the prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly[END_REF][START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF].

More recently, the rapid progress of cryo-EM remarkably pushed our knowledge of the T3SS architecture forward, providing models of the PrgK/PrgH/InvG complex at increasingly higher resolution, the best one so far reaching about 3.5 Å [START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF][START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF].

Additional elements of the T3SS get progressively incremented in the high-resolution cryo-EM models, such as the SpaP, SpaQ and SpaR export components or the PrgI/PrgJ needle complex [START_REF] Hu | T3S injectisome needle complex structures in four distinct states reveal the basis of membrane coupling and assembly[END_REF][START_REF] Guo | A polymorphic helix of a Salmonella needle protein relays signals defining distinct steps in type III secretion[END_REF].

First non-oligomeric structures of N-subdomains in secretins of T2SS (from E. coli ETEC GspD) were studied by Korotkov and co. using X-ray crystallography [START_REF] Korotkov | Crystal structure of the N-terminal domain of the secretin GspD from ETEC determined with the assistance of a nanobody[END_REF][START_REF] Korotkov | Structural and functional studies on the interaction of GspC and GspD in the type II secretion system[END_REF], Korotkov and Hol 2013). Later, the oligomeric status of these domains were revealed by cryo-EM studies performed on various orthologues of the GspD/PulD family, providing models of N-subdomain rings connected to rings of the secretin domain [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF][START_REF] Chernyatina | Core architecture of a bacterial type II secretion system[END_REF][START_REF] Burkinshaw | Assembly and structure of the T3SS[END_REF][START_REF] Hay | Structural Basis of Type 2 Secretion System Engagement between the Inner and Outer Bacterial Membranes[END_REF].

The variations observed in the stoichiometry (24 for PrgK and PrgH from T3SS, 15 for InvG from T3SS, 15 for GspD from T2SS, 14 for VirB7 from T4SS), dimensions and surface properties of those rings arise from variations in the primary sequence of the ring-forming proteins and likely allow this family of proteins to adapt to the specific architecture and assembly characteristics of the different secretion systems.

These high-resolution data now allow us to perform a more reliable analysis of the oligomerization interface of RBM domains. This analysis constituted part of my Ph.D. work and will be presented in the Discussion section.

Intriguingly, components of a putative secretion complex involved in bacterial sporulation, called the SpoIIIA-SpoIIQ complex (or A-Q complex) were shown to display weak sequence identities but obvious structural similarities with various components of specialized secretion systems (see chapter Ⅱ). In particular, four of the A-Q proteins from Bacillus subtilis were shown to contain RBM domains and one of them (SpoIIIAG) was shown to form oligomeric rings resembling PrgK/PrgH RBM rings, suggesting that the A-Q complex might be a transport machinery [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF], Zeytuni et al. 2018a, Morlot and Rodrigues 2018). However, significant differences in the architecture and dimensions of the SpoIIIAG ring compared to RBM rings found in specialized secretion systems indicate that the A-Q complex should constitute a new type of secretion apparatus.

Other RBM-containing proteins were also recently identified with no apparent functional connection to the A-Q complex. During my Ph.D., I studied the structure of one of these proteins (called YhcN), and performed a structural analysis and comparison between RBM domains found in specialized secretion systems and in sporulation proteins.

II. The bacterial sporulation

A. Generalities about bacterial sporulation

As one of the oldest lives on earth, bacteria can thrive in multifarious environments, some can even survive in extreme conditions by adopting special strategies. The differentiation of bacteria into resistant spores, a process known as sporulation, is one of the most important strategies allowing certain bacterial species to survive in adverse conditions. The first spore was discovered by Robert Koch and Ferdinand Cohn in 1850 but despite more than 140 years of intensive studies, many aspects of the sporulation, spore dormancy and germination processes remain mysterious [START_REF] Nicholson | Resistance of Bacillus endospores to extreme terrestrial and extraterrestrial environments[END_REF]. As the most tenacious form of cell type in nature, spores can survive and stay dormant over long periods in many conventional sterilization methods such as high temperature, dehydration, radiation, detergent and some chemical solvents. Some spores can even reach several million years in earth core and fossils [START_REF] Cano | Revival and identification of bacterial spores in 25-to 40million-year-old Dominican amber[END_REF].

The capacity of bacteria to sporulate is mainly found in two genera from the Firmicute phylum, Bacillus and Clostridium, and it has many implications in industry and medicine:

Bacillus species are used to produce many industrial enzymes and are also important biocontrol agents in agriculture. When spore-forming bacteria are also human pathogens, their ability to differentiate into resistant spores is an important pathogenesis factor [START_REF] Traag | Do mycobacteria produce endospores?[END_REF][START_REF] Ciccarelli | Toward automatic reconstruction of a highly resolved tree of life[END_REF] In harsh conditions, some bacteria such as those cited above can stop their vegetative growth and enter a sporulation cycle. During this differentiation process, the developing spore and the mother cell will undergo a series of transcriptional, morphological and biochemical changes that lead to the formation of a spore enveloped by protective layers called the cortex and the coat. When the spore is mature, the mother cell lyses and releases the endospore into the environment where it can remain dormant for a very long time. When the endospore encounters a suitable environment, it germinates and goes back to vegetative growth.

B. The sporulation process in Bacillus subtilis

The Gram-positive bacterium Bacillus subtilis has become the most studied spore-forming model because its natural competence, as well as the development of tools to manipulate its genetic content, have incredibly facilitated the creation of mutant strains to study cellular processes such as sporulation. It can be divided into seven main stages (stages 0 to VI, which are used to name many sporulation-specific genes), characterized by morphological and transcriptional landmark events (Fig. 7) that can be easily observed in the laboratory by observing samples every 30 minutes.

Morphological and biochemical sporulation landmarks a. Asymmetric division and chromosome translocation

Upon starvation stress, the entry into sporulation is triggered by phosphorylation of the master transcription factor Spo0A [START_REF] Tan | Spore formation in Bacillus subtilis[END_REF]Ramamurthi 2014, Piggot and[START_REF] Piggot | Sporulation of Bacillus subtilis[END_REF]. Relocalization of the major division protein FtsZ [START_REF] Erickson | FtsZ in bacterial cytokinesis: cytoskeleton and force generator all in one[END_REF] at the quarter of the rod-shaped B. subtilis cell results in formation of a flat asymmetric septum that divides the cell into two unequally sized compartments. The big one is called the mother cell and the small one is called the forespore (Fig. 7). These two compartments are separated by two membranes that define an intermembrane space, which is about 25-nm thick and contains peptidoglycan, a polymer made of glycan chains cross-linked by peptide chains. Importantly for my thesis work, this double-membrane landscape is reminiscent of the cell envelope in Gram-negative bacteria.

The polar septum traps about 30% of one chromosome copy into the forespore. The remaining 70% of the chromosome is then transported from the mother cell cytoplasm to the forespore one by SpoIIIE, a membrane-anchored ATPase that assembles a translocation complex at the center of the septum [START_REF] Besprozvannaya | Do the same traffic rules apply? Directional chromosome segregation by SpoIIIE and FtsK[END_REF]. Chromosome translocation increases the turgor pressure into the forespore. At the same time, the asymmetric septum is thinned (to about 14 nm) by the peptidoglycan hydrolase complex SpoIID-SpoIIM-SpoIIP [START_REF] Morlot | A highly coordinated cell wall degradation machine governs spore morphogenesis in Bacillus subtilis[END_REF][START_REF] Khanna | The molecular architecture of engulfment during Bacillus subtilis sporulation[END_REF]. As a consequence of those events, the forespore starts inflating into the mother cell [START_REF] Lopez-Garrido | Chromosome Translocation Inflates Bacillus Forespores and Impacts Cellular Morphology[END_REF]. 

b. Engulfment

Shortly after asymmetric division and the beginning of chromosome translocation, the mother cell membrane starts migrating around the forespore in a phagocytic-like process called engulfment. During engulfment, the septal peptidoglycan is at least partially hydrolyzed and new peptidoglycan is synthesized at the leading edge of the engulfing membrane.

Peptidoglycan hydrolysis is carried out by the SpoIID-SpoIIM-SpoIIP complex, which includes two peptidoglycan hydrolases that perform processive degradation of the polymer (Fig. 8) [START_REF] Morlot | A highly coordinated cell wall degradation machine governs spore morphogenesis in Bacillus subtilis[END_REF]. Whether the SpoIID-SpoIIM-SpoIIP complex also degrades the new peptidoglycan synthesized during engulfment remains a matter of debate, as it is still not clear whether this new PG is synthesized ahead or behind the SpoIID-SpoIIM-SpoIIP machinery [START_REF] Khanna | The molecular architecture of engulfment during Bacillus subtilis sporulation[END_REF]. The activity of the SpoIID-SpoIIM-SpoIIP complex relies on the activation of the SpoIIP endopeptidase/amidase by SpoIID, and the conditional activity of SpoIID on naked glycan strands (devoid of stem peptides). Based on this enzymatic coordination, localization around the forespore and requirement for engulfment, the SpoIID-SpoIIM-SpoIIP complex was proposed to function as a motor pulling the mother cell membrane around the forespore (Fig. 8B,C).

At the end of engulfment, fission of the mother cell membranes, which involves the FisB protein but is not totally understood, releases the forespore into the mother cell cytoplasm [START_REF] Doan | FisB mediates membrane fission during sporulation in Bacillus subtilis[END_REF]). The forespore is thus eventually surrounded by two membranes: the inner forespore membrane and the outer forespore membrane (Fig. 7,8C).

Proper engulfment also requires the assembly of a large multi-protein complex into the inner and outer forespore membranes. This transenvelope complex called the SpoIIIA-SpoIIQ complex will be described in a separate section (section ⅡC) because it is one of the objects of my thesis. 

c. Assembly of the cortex and the coat

During and after engulfment, several protective layers are added around the forespore and will confer its resistance properties: the cortex and the various coat layers (Fig. 9) [START_REF] Mckenney | The Bacillus subtilis endospore: assembly and functions of the multilayered coat[END_REF]Eichenberger 2013, Popham and[START_REF] Popham | Spore Peptidoglycan[END_REF].

The cortex is a modified peptidoglycan that is synthesized on top of the germ cell wall (unmodified peptidoglycan) in the intermembrane space. Genes involved in synthesis of the germ cell wall include the PG synthases genes pbpF and pbpG while genes involved in cortex synthesis include the PG synthases genes spoVB, spoVD and spoVE, as well as the PG hydrolase gene lytH, dacA, dacB, dacF and cwlD and the deacetylase gene pdaA.

Like vegetative peptidoglycan, the cortex contains sugar strands made of alternating Nacetylglucosamine (NAG) and N-acetylmuramic acid (NAM) attached to peptide chains.

However in the cortex, about 50% of the peptide chains attached to NAM are removed, resulting in the formation of muramic--lactam [START_REF] Mckenney | The Bacillus subtilis endospore: assembly and functions of the multilayered coat[END_REF]. In addition, 15 to 25% of the remaining peptide chains are shortened to single L-Ala residues. These peptide modifications result in a greatly reduced level of cross-linking of the spore peptidoglycan (3% in cortex against 40% in vegetative peptidoglycan).

The cortex maintains the dehydration state of the mature spore, which is essential for resistance to high temperatures and chemicals. The cortex feature that impacts most the spore resistance is the amount of cortex rather than its structural properties. Surprisingly enough, neither the presence of muramic--lactam nor modified peptides affects the resistance of the cortex to vegetative peptidoglycan hydrolases. The spore is actually protected from these lytic enzymes by the several proteins layers of the coat. Instead, the muramic--lactam, which is absent from the germ cell wall, is specifically recognized by germination hydrolases. This particularity would thus allow specific degradation of the cortex and protection of the germ cell wall during germination.

In B. subtilis, the spore coat is composed of three layers: a lamellar inner coat, a more coarsely layered outer coat and a crust layer (Fig. 9A). In recent years, coat proteins were identified through reverse genetics and immunogold-electron microscopy. Proteins playing a main role in coat morphogenesis include: SpoIVA, SpoVID and SpoVM, which play a role in anchoring the coat to the spore surface; SafA, which is necessary for inner coat assembly; and CotE, which is required for outer coat assembly [START_REF] Mckenney | The Bacillus subtilis endospore: assembly and functions of the multilayered coat[END_REF].

Another group of proteins including CotX, CotY and CotZ is essential to the assembly of the crust layer (Fig. 9B) [START_REF] Mckenney | The Bacillus subtilis endospore: assembly and functions of the multilayered coat[END_REF].

The spore coat is only permeable to molecules of 2 to 8 kDa and protects the spore from enzymatic aggressions, including peptidoglycan hydrolases. 

d. Preparation for dormancy and mother cell lysis

To prepare for dormancy, the spore produces small DNA-binding proteins that compact the chromosome and protect it from irradiation and genotoxic stress.

In parallel, the mother cell produces the SpoVFA and SpoVFB enzymes that convert dihydroxydipicolinic acid into dipicolinic acid (DPA) [START_REF] Daniel | Cloning, DNA sequence, functional analysis and transcriptional regulation of the genes encoding dipicolinic acid synthetase required for sporulation in Bacillus subtilis[END_REF]. DPA is transported across the outer forespore membrane by the SpoVV transporter and then imported into the forespore by the SpoVA proteins (SpoVAC, SpoVAD, SpoVAEb and SpoVAF) [START_REF] Ramirez-Guadiana | The Bacillus subtilis germinant receptor GerA triggers premature germination in response to morphological defects during sporulation[END_REF]). Accumulation of DPA in complex with Ca 2+ (CaDPA) into the forespore leads to dehydration of the spore core, providing heat resistance to the mature spore.

At the end of the sporulation process, the mother cell needs to lyse to release the mature spore into the environment. This lysis involves the amidases CwlC, LytC and YqeE, which cleave the bonds between the sugar and peptide chains of the mother-cell peptidoglycan [START_REF] Smith | Autolysins of Bacillus subtilis: multiple enzymes with multiple functions[END_REF].

e. Germination

Germination of the spore consists in uptake of water and core expansion, leading to the loss of spore resistance properties. It is essentially a biophysical process that remarkably happens without the need for de novo synthesis of biological macromolecules. Many aspects of the germination process remain unknown and I have summarized below the key steps in this process [START_REF] Setlow | Spore Resistance Properties[END_REF].

Germinants such as single amino acids (L-Ala, L-Val, L-Asn), sugars or purine nucleosides, penetrate the spore coat, the outer forespore membrane and cortex to bind protein complexes located in the inner forespore membrane. Upon binding of germinants to germinant receptors (usually called GRs, including GerAA, GerAB and GerAC, and requiring GerD for assembly), change in the permeability of the inner membrane allows monovalents cations to move out of the spore. CaDPA is then released through channels formed by the SpoVA proteins [START_REF] Setlow | Spore Resistance Properties[END_REF]).

The cortex is next cleaved by the lytic transglycosylases CwlJ and SleB, which specifically recognize the muramic--lactam component, leaving the germ cell wall intact. The mother cell protein CwlJ is known to require the coat proteins GerQ, CotE and SafA to accumulate in the spore coat. It also requires the Ca 2+ -DPA complex and SwsB for its hydrolytic function. SleB is a forespore protein localized near the inner membrane. Its activation mechanism involves the YpeB protein but remains unknown.

Degradation of the cortex leads to expansion of the germ cell wall and the entry of potassium ions and water. Rehydration of the spore core eventually allows metabolism resumption, breakage of the coat and outgrowth of the germinated spore.

The sporulation-specific transcription factors

The different stages of the forespore development are governed by sequential and compartmentalized expression of hundreds of genes in the mother cell or in the forespore (Fig. 10). The chain of the different gene expression programs is orchestrated by the sequential activation of sporulation-specific transcription factors (sigma factors, Sig or σ) in the mother cell and in the forespore. Cell-cell signaling pathways ensure that gene expression in one cell is coordinated with gene expression in the other [START_REF] Errington | Regulation of endospore formation in Bacillus subtilis[END_REF].

The different morphological landmark events of sporulation are mainly regulated by 4 sigma factors, σ F , σ E , σ G and σ K . Activation of σ F , σ E and σ K is reviewed in (Errington 2003, Tan and Ramamurthi 2014) and will not be described here because they are not directly linked to my thesis work. I will describe more the activation of σ G , as it involved the SpoIIIA-SpoIIQ complex, which I have studied during my PhD.

Activation of G in the forespore

During the engulfment, the third sigma factors, σ G is activated in the forespore. The activation of this spore specific sigma factor depends on both σ F and σ E .

At the beginning of engulfment, the first sigma factor, σ F is activated in forespore, and it is then required for the activation of sE in the mother cell. σ E E is responsible for the activation of sG in the forespore. σ F can direct control the transcription of the gene encoding σ G . However, the synthesized is keep inactive because of inhibitor protein Gin/CsfB (also under σ F control) until the completion of engulfment [START_REF] Karmazyn-Campelli | How the early sporulation sigma factor sigmaF delays the switch to late development in Bacillus subtilis[END_REF][START_REF] Mearls | Transcription and translation of the sigG gene is tuned for proper execution of the switch from early to late gene expression in the developing Bacillus subtilis spore[END_REF][START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]. From then on, σ F is deactivated and "replaced" by the active σ G . Once σ G is activated, it would recognizes its own promoter and further promote its activation [START_REF] Sun | Control of transcription of the Bacillus subtilis spoIIIG gene, which codes for the forespore-specific transcription factor sigma G[END_REF]. After activated, the maintenance of subsequent activity of σ G requires a SpoIIIA-SpoIIQ putative secretion protein complex (A-Q complex) that localized around the forespore membrane. Lacking any of the components from the A-Q complex would result in the collapse of the forespore after engulfment [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]). The role that A-Q complex plays in B. subtilis sporulation is still not clear and will be described below. 

C. The SpoIIIA-SpoIIQ complex in Bacillus subtilis

During engulfment, the mother cell and forespore assemble a multimeric complex that spans the double membrane between them. Discovered in the 70's during the screening of genetic mutants defective for sporulation, this transenvelope complex (called the SpoIIIA-SpoIIQ complex or A-Q complex) includes eight mother cell proteins (SpoIIIAA to SpoIIIAH) encoded in the spoIIIA operon, the mother-cell lipoprotein GerM, and the forespore protein SpoIIQ (Fig. 11A).

The A-Q complex is essential to the morphogenesis and maturation of the forespore. In the absence of any member of the complex, G activation is impaired, forespores are smaller, they tend to collapse and display membrane deformities (Fig. 11B, 12B, 12C and 17B).

Between 2008 and 2009, bioinformatic analyses of the A-Q proteins identified weak homologies with components found in specialized secretion systems [START_REF] Meisner | A channel connecting the mother cell and forespore during bacterial endospore formation[END_REF][START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF][START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]). These predictions were later confirmed when the structures of several A-Q proteins were solved and revealed that some of them indeed possess an RBM-like domain (see the next sections), aligning well with those involved in the oligomerization of secretion system components. Based on these observations, the A-Q complex was suggested to be a new type of transporter, allowing the secretion or passage of an unknown molecule from the mother cell to the forespore, required for G activity.

In this chapter, I will summarize the structural and functional knowledge concerning the A-Q proteins, highlighting their similarities with ring-forming proteins from specialized secretion systems. into the forespore would maintain forespore integrity and σG activity (green forespore) in wild-type cells (WT). In the absence of the A-Q proteins (∆AA-AH or ∆Q), the forespore loses metabolic potential, collapses and σG activity cannot be maintained. Adapted from [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF].

The SpoIIIAA ATPase

SpoIIIAA (AA) is a soluble protein containing 307 amino acids, and sharing about 18% sequence identity with ATPases found in T2SS (GspE) and T4SS (VirB11) (Doan et al. 2009, Zeytuni andStrynadka 2019). The conserved motifs consist of the Walker A and B boxes, Aspartate box and Histidine box, that are responsible for nucleotide and NTP binding or hydrolysis (Fig. 12A).

In a previous study, the Rudner laboratory built a series of B. subtilis mutant strains harboring amino-acid substitutions in these conserved motifs. They explored G activity using a G-dependent fluorescent reporter (PsspE-cfp) and a G-dependent sspB-lacZ fusion [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]. The results indicated that AA, and in particular the Walker B box, plays an essential role in G activity (Fig. 12B). Even though the ATPase activity of AA could not be reproduced in vitro, these data strongly support the idea that AA is an ATPase homologous to those found in T2SS and T4SS. By analogy with these proteins, AA may form a hexameric structure and be involved in substrate export or biogenesis of a pseudo-pilus [START_REF] Yamagata | Hexameric structures of the archaeal secretion ATPase GspE and implications for a universal secretion mechanism[END_REF][START_REF] Mancl | Crystal Structure of a Type IV Pilus Assembly ATPase: Insights into the Molecular Mechanism of PilB from Thermus thermophilus[END_REF][START_REF] Lu | Hexamers of the type II secretion ATPase GspE from Vibrio cholerae with increased ATPase activity[END_REF]. 

SpoIIIAB : the putative ATPase anchor

SpoIIIAB (AB) is a bitopic membrane protein harboring two transmembrane segments and a soluble domain predicted to be localized on the mother cell side (Fig. 13A).

Previous studies showed that AB shares sequence similarities with GspF/PilC proteins found in T2SS and TadB/C proteins from T4SS. Homologous regions reach a maximum of 28% sequence identity (Fig. 13B) (Zeytuni et al. 2018b, Zeytuni andStrynadka 2019). The crystal structure of AB, published in 2018 by the Strynadka's group, showed that its soluble region (AB27-153) superposes well onto EpsF from Vibrio cholerae, PilC from Thermus thermophilus and TcpE from V. cholerae, with overall Cα RMSDs (root mean square deviation) of 1.89, 1.97 and 1.77 Å (Fig. 13C). Bioinformatic analyses that AB27-153 also shares structural similarity with the C subunit of the V-ATPase from T. thermophilus.

The fact that AB shares striking structural similarity with ATPase anchors located in the inner membrane platform of specialized secretion systems suggests that AB could also anchor the AA ATPase to the transmembrane A-Q complex. 

SpoIIIAC and SpoIIIAD: putative pilins or export components?

Because they are mainly made of transmembrane segments (Fig. 14A), SpoIIIAC (AC) and SpoIIIAD (AD) could be pilin-like proteins forming oligomeric structures in the intermembrane space. However, this hypothesis is so far not supported by any structural or functional data.

On the other hand, the topology of AC and AD is also similar to FliQ/SpaQ and FliP/SpaP proteins from flagella and T3SS, although the orientation of the N-and C-termini of FliQ is inverted compared to the predicted ones of AC (Fig. 14B) [START_REF] Kuhlen | Structure of the core of the type III secretion system export apparatus[END_REF].

A recent structural study of the T3SS export apparatus in S. typhimurium revealed that FliP, FliQ and another membrane protein (FliR) form a periplasmic export gate called the PQR complex. This complex is part of the export apparatus (made of FliP, FliQ, FliR, FlhA and FlhB), which is required for the translocation of substrates across the bacterial envelope [START_REF] Fabiani | A flagellum-specific chaperone facilitates assembly of the core type III export apparatus of the bacterial flagellum[END_REF][START_REF] Wagner | Organization and coordinated assembly of the type III secretion export apparatus[END_REF][START_REF] Fukumura | Assembly and stoichiometry of the core structure of the bacterial flagellar type III export gate complex[END_REF]). The PQR complex was proposed to adopt two different conformations. A closed conformation in the absence of rod components would guarantee that the complex does not form holes in the inner membrane before the whole structure of the secretion system is assembled. This closed conformation is the one recently obtained by cryo-EM at 4.2 Å (Fig. 14C) [START_REF] Kuhlen | Structure of the core of the type III secretion system export apparatus[END_REF]). An open conformation would allow the passage of the substrate(s) into the secretion channel. In support of this idea, an open conformation of the PQR complex was modeled from the closed one and could be fit in a lowresolution cryo-EM map of a fully assembled T3SS (Fig. 14C) [START_REF] Kuhlen | Structure of the core of the type III secretion system export apparatus[END_REF].

In view of the topological similarities between AC and AD and components of the PQR complex, it is tempting to propose that these proteins (as well as SpoIIIE, as discussed in the next paragraph) may form an export apparatus within the A-Q complex. They might play a role in gating the complex during its assembly. Once the A-Q complex would be mature, they would then allow substrate secretion through a putative conduit traversing the A-Q complex. 

SpoIIIAE: permease or export component?

SpoIIIAE (AE) is an integral membrane protein with 7 predicted transmembrane helices that cover around 3/4 of the full-length sequence (Fig. 15A). Insertion of AE in the mother cell membrane requires its interaction with the membrane protein translocase SpoIIIJ (Serrano et al. 2008, Camp and[START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF].

Sequence analyses shows weak sequence identity (11%) with the permease domain of ATPbinding cassette transporters from T1SS [START_REF] Zeytuni | A Hybrid Secretion System Facilitates Bacterial Sporulation: A Structural Perspective[END_REF]. The latter domain is inserted in the cytoplasmic membrane and is important for the transmembrane transport carried out by T1SS [START_REF] Green | Bacterial Secretion Systems: An Overview[END_REF].

On the other hand, the N-terminal domain of AE also shares low sequence similarity (~8% sequence similarity) with subdomain 3 of FlhA proteins from the export apparatus of T3SS.

This subdomain contributes to the interaction of FlhA with the substrate(s) in complex with their chaperones, the conserved ATPase and its regulators (Worrall, Vuckovic, andStrynadka 2010, Minamino et al. 2011).

Finally as a third alternative, if AC and AD are homologues of FliQ and FliP, it would make sense that AE be the homologue of FliR (Fig. 15B).

Taken together, these observations suggest that AE could participate to a gating platform and/or export apparatus (made of AC, AD and AE) within the A-Q complex. 

SpoIIIAF: a putative ring-forming protein

SpoIIIAF (AF) is a bitopic membrane protein harboring two N-terminal transmembrane helices and a soluble domain predicted to be exposed in the mother cell cytoplasm or in the intermembrane space with equivalent probabilities (unpublished data) (Fig. 16A). The Strynadka's group solved the crystal structure of a soluble construct of AF (residues 85 to 206, 2.7 Å of resolution) in 2018 (Zeytuni et al., 2018). It revealed that AF has an RBM-like domain that aligns well (Cα backbone RMSD < 2 Å) with RBMs of the ring-forming proteins EscJ and PrgK from T3SS. This structural similarity will be further described in the Discussion part of this manuscript.

In the same study, the authors performed size-exclusion chromatography on two different recombinant constructs of AF (AF60-206 and AF85-206) and found out that the longest one (AF60-206) could form high molecular-weight species in solution (Fig. 16B). Transmission EM analysis of purified AF60-206 showed the presence of scarce circular structures (Fig. 16C) (Zeytuni et al. 2018a). However, no structure of AF rings has been published so far, likely due to the heterogeneity of the sample shown in Fig. 16C.

During my thesis, I have purified a soluble construct of AF encompassing residues 55 to 206, and another student purified the full-length membrane construct. None of them oligomerized in solution, as described in the Results part. In my opinion, the oligomerization of AF thus remains fully hypothetical. However, the presence of the RBM-like domain in AF supports the idea that the A-Q complex has structural similarities with specialized secretion systems. 

SpoIIIAG: THE ring-forming component

SpoIIIAG (AG) is a bitopic membrane protein containing a short N-terminal cytosolic portion, a transmembrane segment and a soluble domain. The latter is made of a N-terminal part displaying low sequence conservation and no predicted secondary structure (residues 50 to 89, called the D1 domain), and a longer C-terminal part displaying high sequence conservation (residues 90 to 229, called the D2 domain) (Fig. 17A). The soluble domain is made of a Nterminal (residues 90 to 123) and C-terminal (residues 181 to 229) region that share about 15% sequence identity with canonical RBM domains from the EscJ/PrgK family of proteins. These RBM-homologous regions sandwich a long insertion segment (residues 124 to 180) that does not show similarity with any known protein structure but that is also found in the third RBM domain (residues 228 to 439) of the ring-forming protein FliF from flagellar T3SS [START_REF] Bergeron | Structural modeling of the flagellum MS ring protein FliF reveals similarities to the type III secretion system and sporulation complex[END_REF].

Fluorescence microscopy experiments performed with a GFP-AG fusion showed that AG is enriched around the forespore and delocalizes to the lateral mother-cell membrane in the absence of Q, GerM and AH (Fig. 17B) [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF][START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]). In addition, AG can be co-immunoprecipitated with AD, AE and AF [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]).

Altogether, these data indicate that AG interacts directly or indirectly with AD, AE, AF, AH, Q and GerM. In 2016, my hosting lab purified a recombinant construct of AG encompassing domains D1 and D2 (AGS51-S229). They discovered that this construct forms homogenous rings with a large central pore (Fig. 17C) and obtained a 3D cryo-EM map at 35 Å that they used to model the oligomeric AG ring [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]). In collaboration with the Rudner lab (Harvard Medical School, Boston, USA), they further showed that residues predicted to be localized at the AG-AG interface are required for AG oligomerization in vitro and for G activity in vivo [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]). The year after, the cryo-EM structure of the AG rings was further refined to 3.5 Å by the Strynadka's laboratory [START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF].

AG forms 30-mer rings displaying a "cup-and-saucer" architecture with a 6-Å central pore.

The external diameter of the rings is 21.8 nm, close to the dimensions of the 24-mer EscJ/PrgK rings from T3SS [START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF]. The height of the AG rings are 6.9 nm while the eighth of the flagellar FliF ring is also about 7 nm [START_REF] Schraidt | Topology and organization of the Salmonella typhimurium type III secretion needle complex components[END_REF]) (Fig. 17D).

The AG monomer is made of three distinct regions. A first region (residues 90-123 and 181-229, shown in deepteal in figure 17D-E is made of the RBM-homologous moieties and folds into the canonical RBM fold. Upon oligomerization, it forms the saucer region in the AG rings (Fig. 17D,E). This region can be superimposed well onto the second EscJ/PrgK RBM domain (Cα backbone rmsd <2 Å) (see the Discussion part). The second and third regions (residues 124-180, shown in green and cyan, respectively, in Fig. 17D,E) are made of the sequence inserted into the canonical RBM and form a planar β-triangle. The third region contains two long and two short β-strands that form a vertical 60-stranded anti-parallel β-barrel upon oligomerization. This unique structure, which makes up the cup region of the AG rings, appears as a hollow channel with an inner diameter of 7.6 nm. Oligomerization of the second region forms an horizontal β-ring that connects the cup and saucer regions.

AG oligomerization results from the packing of helix α1 from one monomer against the three-stranded β-sheet from the adjacent monomer. This interface is very similar to the canonical homo-holigomerization interface of the second RBM domain in EscJ/PrgK rings (see the Discussion part). Both polar interactions and hydrophobic forces stabilize the RBM interface in the saucer region of the AG rings while the cup region involves hydrogen bonds that typically stabilizes β-barrels.

The discovery of the AG oligomeric rings provides direct evidence that the A-Q complex assembles a channel between the mother cell and the forespore. It is worth noting that AG oligomerization is not unique to B. subtilis. Indeed, published and unpublished studies from my laboratory also showed oligomerization of AG orthologs from Geobacillus thermodenitrificans, Geobacillus stearothermophilus and Acetonema longum [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]). The conserved oligomerization ability of AG suggests that if the A-Q complex contains a transport or secretion conduit that connects mother cell and forespore, AG is likely an essential component of such channel.

SpoIIIAH and SpoIIQ: the bridging proteins

SpoIIIAH (AH) is anchored in the mother cell membrane through a single N-terminal transmembrane domain and its harbors a soluble domain localized in the intermembrane space (Fig. 18A). The X-ray crystal structure of AH from B. subtilis [START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF][START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF] showed that it contains a C-terminal RBM-like domain which aligns well (Rmsd < 2 Å) with the second RBM domains of EscJ (PDB code 1YJ7, residues 98-186) and PrgK (PDB code 4OYC, residues 98-200) despite low sequence identity (< 15%). A major difference with canonical αββαβ RBMs is that AH RBM possesses an additional α-helix called α0 (Fig. 18B).

Residues 26 to 103 in the soluble domain of AH are not visible in the electron density map and are thus likely disordered. SpoIIQ (Q) is anchored in the forespore membrane through a single N-terminal transmembrane segment and its harbors a soluble domain localized in the intermembrane space (Fig. 18A). The X-ray crystal structure of Q from B. subtilis [START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF][START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF] showed that it contains a LytM metalloendopeptidase domain (20% sequence identity with LytM from Staphylococcus aureus) but lacks two of the catalytic residues in the active site pocket. Consistent with this, no cell wall hydrolytic activity has been detected for the Q orthologue from B. subtilis. Compared to LytM, Q contains an additional region (a short helix and a β-hairpin) engaged into the interaction with AH.

The crystal structure of the AH-Q heterodimer shows that AH-Q interface is formed by the pairing of the three-stranded β-sheet of AH with the Q β-hairpin, resulting in a five-stranded composite β-sheet (Fig. 18B) [START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF][START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF].

Although neither AH nor the AH-Q dimer oligomerize in solution or in the crystal, the fact that AH contains an RBM-like domain strongly suggests that it could form rings. As AH interacts with Q, the two proteins might thus form two homo-oligomeric rings piled onto each other to form part of a channel connecting the mother cell and forespore compartments. Several models of the AH-Q rings have been generated in silico [START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF][START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF]). In a 12-mer model, the AH-Q channel would display an inner diameter of 6 to 10 nm. In a 15-mer model, the inner diameter of the AH-Q channel would range from 8 to 13 nm, and from 11 to 15 nm in an 18-mer model. These models might however be still far from the physiological arrangement of the putative AH-Q rings because the AH-AH oligomerization interfaces are all very different from those of EscJ or PrgK.

Similar to AG, AH and Q localize at the mother cell-forespore interface (Fig. 18C). The localization of AH requires Q while the localization of Q requires either AH or GerM (see section II.C.8) [START_REF] Fredlund | The SpoIIQ landmark protein has different requirements for septal localization and immobilization[END_REF]. Finally, in agreement with the idea that A-Q proteins form a membrane complex, Q can be co-immunoprecipitated with AH, AE and AF (Fig. 18D). Enrichment of Q at the forespore-mother cell interface is reduced in the absence of both AH and GerM. These panels are from [START_REF] Fredlund | The SpoIIQ landmark protein has different requirements for septal localization and immobilization[END_REF], as well as from Rodrigues et al., 2016a. (D) Immunoprecipitations performed on detergent-solubilized membrane fractions from B. subtilis sporulating cells harvested 2.5 h after the onset of sporulation. Membrane samples were obtained from a spoIIQ mutant harboring a cfp-spoIIQ fusion at a non-essential locus (CFP-IIQ) and from a strain expressing the native spoIIQ gene (IIQ). The load (L), supernatant (Sup), and immunoprecipitated (IP) fractions were subjected to immunoblot analysis using anti-GFP, anti-SpoIIIAH (H), anti-SpoIIIAF (F), anti-SpoIIIAE (E), and anti-SpoIID (IID) sera. This panel is from [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF] 

GerM

GerM is a lipoprotein with a N-terminal lipobox and two GerMN domains (Fig. 19A). GerM was originally identified through a genetic screen and was shown to be related to spore germination (Sammons, Slynn, andSmith 1987, Slynn et al. 1994).

Recent studies revealed that GerM is also involved in spore formation. Deletion of the gerM gene results in defects similar to those observed in spoIIIA or spoIIQ mutant strains (collapsed forespores, membrane deformities, reduced G activity and heat-resistant spores) [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]. GerM is localized around the forespore during the engulfment stage (Fig. 19B). GerM mis-localizes to the whole mother cell membrane in the absence of Q (which also cause the mis-localization of AH). To further dissect the localization dependency of GerM, the Rudner's laboratory constructed a B. subtilis strain expressing Q168A and D123A variants of Q. Residues Q168 and D123 are located in the degenerated active site groove of Q and their mutation into Ala do not cause AH delocalization. In the spoIIQ Q168A and spoIIQ D123A backgrounds, AH is required to maintain GerM localization around the forespore (Fig. 19B). These data thus suggest that GerM localization requires interaction with residues Q168 and D123 of Q or interaction with AH. As mentioned in the preceding section, GerM in turn is required for the localization of Q in the absence of AH (Fig. 19C). Therefore, GerM, Q and AH appear as a tripartite complex whose members have interdependent localization requirements.

The GerMN domains exists in many major bacterial phyla, such as Firmicutes, Cyanobacteria, Deinococcus-Thermus, Spirochaetes, Actinobacteria, and Proteobacteria groups [START_REF] Rigden | Sequence analysis of GerM and SpoVS, uncharacterized bacterial 'sporulation' proteins with widespread phylogenetic distribution[END_REF]. Tandem copies of GerMN domains (called GerMN1 and GerMN2) are only found in the sporulation protein GerM while isolated GerMN domains are present in spore-forming and non-sporogenous bacterial species. However so far, the function of GerMN domains is not clear.

At the beginning of my thesis, the crystal structure of the two GerMN domains from B.

subtilis GerM was obtained by Jennyfer Trouvé in my hosting laboratory and I contributed to their functional characterization and structural analysis as described in the Results part.

The two GerMN domains fold against each other in a butterfly-like arrangement stabilized by a series of hydrophobic interactions, salt bridges and multiple hydrogens bonds. Interestingly, the core of both GerMN domains resembles RBM folds (αββαβ fold) [START_REF] Trouve | Structural characterization of the sporulation protein GerM from Bacillus subtilis[END_REF].

Despite low sequence identity (< 15%) with RBM domains, the RBM-like core of GerMN1 and GerMN2 superimposes well with RBMs from EscJ, PrgK, AH or AG, as described in the Results section. However, there is no clear evidence indicating that GerM could oligomerize through this RBM-like domain. The asymmetric unit of the crystal contains a tetramer whose crystallographic symmetries form a protein filament in which each protomer interacts with the adjacent one through a conserved dimerization interface [START_REF] Trouve | Structural characterization of the sporulation protein GerM from Bacillus subtilis[END_REF]. This dimerization interface is however very different from those observed in AG, EscJ/PrgK or PrgH rings.

Moreover, GerM oligomers are not detected in solution, suggesting that the GerM oligomer observed in the crystal is not a physiological assembly.

In summary, GerM is another component of the A-Q complex containing an RBM-like domain. It forms a tripartite complex with AH and Q but its function so far remains limited to the localization of these proteins and/or stability of the A-Q complex. 

Function of the A-Q complex

As soon as they were predicted, the structural similarities between A-Q proteins and components of specialized secretion systems led to the hypothesis that the A-Q complex might assemble into a large macromolecular complex transporting a yet-to-be discovered molecule from the mother cell to the forespore compartment, to activate G or maintain global forespore physiology (Fig. 20A) [START_REF] Meisner | A channel connecting the mother cell and forespore during bacterial endospore formation[END_REF][START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF], 2009[START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF] A first model proposes that the A-Q complex would form an apparatus resembling endotoxin secretion systems (Fig. 20B) ) [START_REF] Morlot | The New Kid on the Block: A Specialized Secretion System during Bacterial Sporulation[END_REF]. In this secretion system model, the A-Q complex would actively secrete protein(s) from the mother cell to the forespore, possibly using ATP hydrolysis as a source of energy for secretion. If AG is an inner component of the A-Q complex, its 6 Å inner diameter is consistent with the idea that the complex could transport proteins whose molecular weight could reach 150 kDa. However, no potential secreted substrate has been identified so far.

In addition, a study carried out by the Losick laboratory has shown that a G-independent DNA polymerase (the T7 polymerase) is also inactive in the absence of the A-Q proteins [START_REF] Camp | A feeding tube model for activation of a cell-specific transcription factor during sporulation in Bacillus subtilis[END_REF]. This observation led to a second model in which the A-Q complex would act as a gap-like junction between the mother cell and forespore. In this "feeding-tube" model, the A-Q complex would passively transport small molecules required for global forespore physiology, such as nucleotides, electrolytes, or other metabolic compounds [START_REF] Camp | A feeding tube model for activation of a cell-specific transcription factor during sporulation in Bacillus subtilis[END_REF]. The A-Q complex is synthesized during engulfment, which progressively isolates the forespore from the outside environment. Feeding by the A-Q complex would thus allow the forespore maintaining its metabolic potential. This model is however not consistent with the fact that engulfment-defective strains (in which the forespore has always access to the extracellular environment) still depend on the A-Q complex for G activity.

Finally, we cannot exclude that the A-Q complex might neither secrete nor transport anything but serve as a macromolecular pilar that would maintain the cohesion between the two membranes surrounding the forespore. This piliation model is supported by electron micrographs that show highly variable distance between the inner and outer forespore membranes in the absence of the A-Q complex (Fig. 11B). However, it seems unlikely that such a large molecular structure would be needed to fulfill this function.

In conclusion, there is still much to learn about the A-Q complex to understand its role during sporulation. Since the identification of potentially transported substrates has failed so far, determining the global architecture of the complex appears to be a consistent approach to better understand the function of the A-Q complex. It will also provide insights into the evolutionary relationship between the A-Q complex and specialized secretion systems.

D. The SpoIIIA-SpoIIQ complex in Clostridium difficile

The A-Q complex is conserved in all spore-forming bacteria. It has been intensively studied in B. subtilis and to a lesser extend in the human pathogen C. difficile. In these two species, the A-Q complex displays interesting similarities and differences.

In both B. subtilis and C. difficile, the A-Q complex includes eight mother cell proteins (AA to AH) encoded within the spoIIIA operon and the forespore protein Q. Two other proteins (the mother cell lipoprotein GerM and the forespore protein SpoIIIL) interact functionally and/or physically with the A-Q complex in B. subtilis but are absent in C. difficile [START_REF] Morlot | The New Kid on the Block: A Specialized Secretion System during Bacterial Sporulation[END_REF].

In both species, the complex is localized at the interface between the mother cell and forespore, and AH directly interacts with Q (Doan, Marquis, andRudner 2005, Serrano et al. 2016). The localization dependency between AH and Q however differs in B. subtilis and C. difficile. In B. subtilis, the localization of Q requires the presence of AH or GerM: in the absence of AH or GerM, Q remains localized at the mother cell-forespore interface provided that GerM or AH, respectively, is present [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]. In addition, Q localization depends on the degradation of the septal peptidoglycan by the SpoIID and SpoIIP hydrolases [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF][START_REF] Rodrigues | Peptidoglycan hydrolysis is required for assembly and activity of the transenvelope secretion complex during sporulation in Bacillus subtilis[END_REF]. By contrast in C. difficile, GerM is not conserved and Q localization requires AH, and it does not depend on peptidoglycan degradation by the SpoIID-SpoIIP hydrolase machinery [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF].

Finally in B. subtilis, AH localization strongly depends on Q [START_REF] Doan | Subcellular localization of a sporulation membrane protein is achieved through a network of interactions along and across the septum[END_REF] but in C. difficile, AH localization is only mildly impaired in the absence of Q [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF]). In the later species, AH interacts directly with the SpoIID-SpoIIP machinery and its localization might thus involve these proteins [START_REF] Dembek | Peptidoglycan degradation machinery in Clostridium difficile forespore engulfment[END_REF][START_REF] Kelly | The engulfasome in C. difficile: Variations on protein machineries[END_REF].

Another interesting difference between the two bacterial species resides in the globular domain of Q. The soluble region of Q contains a LytM endopeptidase domain found in several peptidoglycan hydrolases. In C. difficile, Q harbors an intact LytM domain. It carries all the catalytic residues, including the critical histidine required for Zn 2+ coordination and formation of the catalytic site, suggesting that Q might degrade or bind peptidoglycan [START_REF] Crawshaw | A mother cell-to-forespore channel: current understanding and future challenges[END_REF]. By contrast in B. subtilis, Q harbors a degenerated LytM domain, in which the Znbinding histidine is substituted by a serine [START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF][START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF]. This divergence might be related to the fact that C. difficile cells lacking Q show a more severe phenotype than spoIIQ mutants of B. subtilis [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF]. In spoIIQ mutants of C. difficile, engulfment is impaired at earlier stages than in B. subtilis, and the forespore membranes bulge into the mother cell [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF], a phenomenon possibly due to defect in peptidoglycan degradation. Intriguingly enough though, the bulging phenotype is not observed in a C. difficile strain expressing a H120S variant. This variant cannot bind zinc and should thus not be able to degrade peptidoglycan. Besides, the Q(H120S) variant still interact with AH in vitro and in vivo but the complex seems to be less stable [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF]. Since neither peptidoglycan binding nor peptidoglycan degradation has been reported so far for the C. difficile Q orthologue, it is thus possible that zinc coordination is only required to enhance the folding of the protein and/or to stabilize the AH-Q interface [START_REF] Kelly | The engulfasome in C. difficile: Variations on protein machineries[END_REF]. In further support of this idea, secondary structure predictions indicate that the region of Q involved in the interface is less structured in C. difficile than in B. subtilis [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF].

A final intriguing observation regarding AH and Q is that in C. difficile, the two proteins are important for both  G activity in the forespore and  K activity in the mother cell, although  K activity in C. difficile is partially independent of  G activity [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF][START_REF] Fimlaid | Regulation of Clostridium difficile Spore Formation by the SpoIIQ and SpoIIIA Proteins[END_REF]. In B. subtilis, proteolysis of pro- K into active  K requires the production of SpoIVB [START_REF] Campo | A branched pathway governing the activation of a developmental transcription factor by regulated intramembrane proteolysis[END_REF], whose gene is under the control of  G . By contrast, the  K protein in C. difficile lacks a pro-sequence and its activity does not fully depend on  G [START_REF] Fimlaid | Global analysis of the sporulation pathway of Clostridium difficile[END_REF]. One hypothesis for the requirement of AH and Q for  K activity in C. difficile might be that the A-Q complex transports an inhibitor of  K from the mother cell to the forespore, or the transport of a molecule required for  K activity from the forespore to the mother cell [START_REF] Serrano | The SpoIIQ-SpoIIIAH complex of Clostridium difficile controls forespore engulfment and late stages of gene expression and spore morphogenesis[END_REF]. Alternatively, AH and Q might be directly involved in  K activity in C. difficile, for example through a physical interaction between AH and  K .

The other members of the A-Q complex have only been poorly studied in C. difficile. Lack of the AA ATPase in C. difficile causes defects in coat assembly and bulging of the forespore membranes in a fraction of cells [START_REF] Fimlaid | Regulation of Clostridium difficile Spore Formation by the SpoIIQ and SpoIIIA Proteins[END_REF], while in AA mutants of B. subtilis, the forespore collapses [START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF]).

In B. subtilis, two proteins were shown to form ring-like structures in vitro: AG forms homogenous 30-mer rings while AF forms heterogenous annular structures [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF], Zeytuni et al. 2018a). Intriguingly despite a rather good sequence identity (about 26%) between the AG orthologues in B. subtilis and C. difficile, the later orthologue does not oligomerize in vitro (unpublished data from my PhD project).

The two AF orthologues display a weak sequence identity (about 16%) and they do not cluster when analyzed by homology mapping approach(Ramos-Silva, Serrano, and Henriques 2019). The high sequence divergence between the two AF orthologues suggests that they might have different functions and/or binding partners. As the heterogeneous and sparse ring-like structures formed by AF from B. subtilis do not provide strong evidence that the protein is able to form rings, it would be interesting to investigate the ability of the C. difficile AF orthologue to oligomerize.

To conclude, further studies of the A-Q complex in various species should unravel crucial differences that should help unraveling its structure and function.

III. Objectives and rationale of the experimental approaches

So far, the most common structural elements shared by the specialized secretion systems and the A-Q complex are the RBM domains. An intriguing observation is that very few RBMcontaining proteins are able to spontaneously form rings in vitro. So far, only secretins from T2SS and T3SS, as well as AG from the A-Q complex oligomerize on their own when isolated from the cellular context (Rodrigues, Henry, et al. 2016, Tosi et 

Methods and Materials

A. Plasmids and oligonucleotides used during my PhD

Plasmids and oligonucleotides used in my work are listed in Table 2. All B. subtilis genes were cloned from strain 168 as translational fusions to a poly-histidine (His6) tag followed by the cleavage site (SUMO tag) of the Ulp1 protease [START_REF] Uehara | Daughter cell separation is controlled by cytokinetic ring-activated cell wall hydrolysis[END_REF]. All plasmids carry an ampicillin resistance gene for selection of the transformed bacteria. 

Construct

D. Purification of soluble recombinant proteins

Cells were lysed with a cell disruptor (Microfluidics) at 15 kpsi for 5 passages. Cell debris were pelleted by centrifugation (40,000 × g, 4℃, 30 min) and the supernatant was loaded onto a 8-mL Ni-NTA agarose resin (Qiagen). After extensive wash with 10 column volumes of buffer A, His-SUMO tagged proteins were eluted with a 0-100% linear gradient of buffer B (Tris-HCl 50 mM pH 8.0, NaCl 300 mM, imidazole 500 mM, glycerol 10% vol/vol) over 10 column volumes.

Fractions of the main elution peak were pooled and incubated with the Ulp1 SUMO protease fused to a poly-His tag at a 1:200 ratio (in molar concentration), for 1 h at room temperature and overnight at 4°C. During the overnight incubation with Up1, the protein mix (usually about 20 mL) was dialyzed against 2 L of buffer C (Tris-HCl 50 mM pH 8.0, NaCl 300 mM, glycerol 10% vol/vol) using a porous membrane tubing system. The dialyzed sample was loaded onto a 8-mL Ni-NTA agarose resin. The cleaved recombinant protein was recovered in the flowthrough fractions while the uncleaved protein and the His6-SUMO tag were retained by the resin. Elution was carried out with a 0-100% linear gradient of buffer B over 5 column volumes.

Flow-through fractions were pooled and concentrated by centrifugation (4,000 × g, 4°C) to 0.5-2 mL using an Amicon Ultra Centrifugal Unit (Millipore) with a 10-kDa cutoff. 500-µL protein samples were purified by size-exclusion chromatography (SEC) using an ENrich™ SEC650 10x300 column (Biorad) in buffer D (Tris-HCl 25 mM pH 8.0, NaCl 150 mM). The main elution fractions were pooled and concentrated with a 10-kDa Amicon Ultra Centrifugal filter.

Finally, the protein concentration was measured through its absorbance at 280 nm and 25-µL aliquots were stored at -80℃.

The theoretical molecular weight, PI and extinction coefficient were predicted using the ProtParam tool from the ExPASy bioinformatics resource portal (https://web.expasy.org/protparam/).

E. Screening of detergents for solubilization and purification of membrane proteins

Detergent screening was performed in collaboration with Anne-Marie Villard (RoBioMol platform, hosted by the Pneumococcus Group at the IBS) using a Microlab STAR Hamilton automation robot.

Cells from 2-L cultures were lysed as described in the previous section. Following lowspeed centrifugation, the supernatant was further ultra-centrifuged at 250,000 × g, 4℃ for 1 h.

The membrane pellet was resuspended in 1/1000 th volume (2 mL for membranes prepared from 2-L cultures) of buffer A containing a detergent at the appropriate concentration (see Table 3). Detergent solubilization was carried out overnight on a rotating wheel placed at 4°C. The detergent-solubilized membrane protein samples were loaded onto 50-µL nickel-affinity resins, washed and eluted with buffer A and B containing the appropriate detergent concentration (see Table 3). The eluted samples were concentrated using 10-kDa Amicon Ultra Centrifugal filter centrifuged at 1,000 × g, 4℃ and analyzed by negative-stain EM. 

F. Large-scale purification of membrane recombinant proteins

Following cell lysis, the low-speed centrifugation supernatant was further ultra-centrifuged at 250,000 × g, 4℃ for 1 h. The membrane pellet was resuspended in 1/1000 th of buffer A containing 10 mM of the nonionic detergent DDM (2 mL of buffer A-DDM for membranes prepared from 2-L cultures). Detergent solubilization was carried out overnight on a rotating wheel placed at 4 °C. After ultra-centrifugation (250,000 × g, 4 ℃, 1 h), the supernatant containing the DDM-solubilized membrane protein was used for the two-step Ni-NTA purification as described in the previous section, except that washing, elution and dialysis buffers contained 0.4 mM DDM. Cleavage of the His6-SUMO tag was performed with a 1:100 ratio of Ulp1 protease. Before size-exclusion chromatography, the membrane protein was concentrated using 10-kDa Amicon Ultra Centrifugal filter centrifuged at 1,000 × g, 4℃. The concentrated sample was then injected onto an ENrich™ superdex 200 equilibrated with buffer D supplemented with 0.4 mM DDM. The elution fractions were concentrated before analysis by negative-stain EM.

G. SEC-MALLS analysis

The SEC-MALLS analyses were performed in collaboration with Caroline Mas, who is responsible for the biophysical platform of the Grenoble Instruct-ERIC center (ISBG, PSB -Grenoble Partnership for Structural Biology). The ENrich™ SEC650 10x300 column (Biorad)

was equilibrated with buffer D for 10 column volumes before the experiment. A 50-μL protein sample was loaded onto an ENrich™ SEC650 10x300 column (Biorad) in buffer D at 0.5 mL/min, and analyzed by a Multi-Angle static Laser Light Scattering (Wyatt Dawn Heleos II) and a UV Detector (Hitachi Elite LaChrom L-2400). Accurate weight-averaged molar masses (MW) determination was performed with the Astra software (Wyatt Technologies).

H. Negative-stain EM analysis

Negative-stain EM analyses were performed in collaboration with Emmanuelle Neumann and Daphna Fenel from the Electron Microscopy and Methods group at the IBS. The concentration of the protein sample was adjusted to 0.05 mg/mL before negative-stain Micacarbon Flotation Technique (MFT) was used to prepare samples. In brief, samples were absorbed on the clean side of a carbon film on mica, stained with 2% (wt/vol) uranyl acetate.

Samples were then transferred to a 400-mesh copper grid, which was subsequently air-dried.

Images were taken under low dose conditions (< 10 e -/Ų) with defocus values between 1.2 and 2.5 µm on a Technai 12 FEI LaB6 electron microscope at 120 kV accelerating voltage. Image acquisition was performed with calibrated nominal magnifications ranging from 1,000 to 30,000, using a CCD Gatan ORIUS SC1000 camera (Gatan, Inc., Pleasanton, CA).

I. Mass spectrometry analysis

Liquid Chromatography Electrospray Ionization Mass Spectrometry (LC/ESI-MS) was used to assess potential proteolytic degradation of the recombinant proteins. The equipment included a 6210 LC/ESI-TOF mass spectrometer interfaced with an HPLC binary pump system (Agilent Technologies). Mass spectra were recorded in the 300-3200 m/z range, in the positive ion mode with spectra in the profile mode. MS spectra were acquired and data were processed with the MassHunter workstation software (v. B.02.00, Agilent Technologies) and with the GPMAW software (v. 7.00b2, Lighthouse Data, Denmark).

Just before analysis, protein samples were diluted into acidic denaturing conditions to a final concentration of 5 µM with solution E (0.03% TFA in water). Samples were cooled to 10°C in the autosampler and the analysis was run by injecting 4 µL of each sample. Samples were first trapped and desalted on a reverse phase-C8 cartridge (Zorbax 300SB-C8, 5 µm, 300 µm ID×5 

H2O

In the last screening lane, the Na/K phosphate buffers were from the Quick Screen kit (Hampton).

L. Structure determination and refinement

X-ray diffraction data were collected on beamline ID30-A3 of the European Synchrotron for Radiation Facility in Grenoble. The mxCube2 interface was used to set up the experimental parameters, including the data collection strategy. Data were collected at 0.9677 Å over 250°, with oscillation angles of 0.1°. The reflection data were indexed and scaled using the X-ray Detector Software (XDS) [START_REF] Kabsch | Xds[END_REF] residues, using machines of 4 cores or 8 cores, respectively. The high quality of the electron density map obtained with this strategy allowed automated building of a YhcN24-189 model from residue 79 to187 using Phenix [START_REF] Terwilliger | Iterative model building, structure refinement and density modification with the PHENIX AutoBuild wizard[END_REF]). The initial model was completed and refined by cycles of manual building using Crystallographic Object-Oriented Toolkit (COOT) [START_REF] Emsley | Coot: model-building tools for molecular graphics[END_REF], addition of water molecules with ARP/wARP [START_REF] Langer | Automated macromolecular model building for X-ray crystallography using ARP/wARP version 7[END_REF] and refinement with REFMAC5 [START_REF] Murshudov | REFMAC5 for the refinement of macromolecular crystal structures[END_REF]. Stereochemical verification was performed with PROCHECK [START_REF] Laskowski | PROCHECK: a program to check the stereochemical quality of protein structures[END_REF]) and secondary structure assignment was verified with DSSP [START_REF] Kabsch | Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features[END_REF]. Figures were generated with PymMol (http://www.pymol.org) or Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF]). Statistics on data refinement are summarized in Table 5 in the Results section. Q is anchored in the forespore membrane and AH is anchored in the mother cell membrane.

Result

Because the soluble domains of Q and AH interact directly in the intermembrane space (Doan, Marquis, andRudner 2005, Camp and[START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF], this interaction drives the localization of AH and Q at the interface between the forespore and the mother cell (Fig. 21A). The AH-Q dimer was shown to act as a molecular zipper that tethers the outer and inner forespore membranes during engulfment, and Q as a key player for the localization of many mother-cell proteins (Doan, Marquis, andRudner 2005, Broder and[START_REF] Broder | Forespore engulfment mediated by a ratchet-like mechanism[END_REF]. In the absence of Q, AH delocalizes to the whole mother-cell membrane while in the absence of AH, Q remains localized at the forespore-mother cell interface [START_REF] Rodrigues | Peptidoglycan hydrolysis is required for assembly and activity of the transenvelope secretion complex during sporulation in Bacillus subtilis[END_REF]. Using fluorescence localization experiments in diverse genetic backgrounds, GerM was shown to participate to Q localization. In the presence of AH, the deletion of GerM does not have any impact on Q localization (Fig. 21A). By contrast in the absence of AH, GerM is required for the localization of Q around the forespore (Fig. 21A) [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]). In the double gerM AH mutant, Q displays a diffuse localization in the whole inner forespore membrane.

This observation suggests that GerM interacts directly or indirectly with Q. On the other hand, AH requires Q for its localization but does not require GerM. GerM localization requires Q but does not require AH (Fig. 21B). These observations suggest that Q, AH and GerM form a tripartite complex, in with AH and GerM both contribute to Q localization and Q anchors both AH and GerM at the mother cell-forespore interface. Since Q and AH are core members of the A-Q complex, GerM is thus considered to be part of the A-Q complex, through direct or indirect interaction with Q. To understand how GerM contributes to Q localization, my hosting laboratory initiated a project in collaboration with the group of Christopher Rodrigues, aiming at solving the structure of GerM and dissecting its interactions with AH and Q.

The project started before I joined the group, and was mainly accomplished by Jennyfer

Trouve, who solved the structure of truncated and full-length forms of GerM from B. subtilis.

GerM is composed of two GerMN domains (called GerMN1 and GerMN2), found in sporeformers and non sporogenous bacteria [START_REF] Rigden | Sequence analysis of GerM and SpoVS, uncharacterized bacterial 'sporulation' proteins with widespread phylogenetic distribution[END_REF]. So far the function of these domains remains unknown. J. Trouve first solved the crystal structures of GerMN1 ab initio at the resolution of 1.0 Å with the help of C. Contreras-Martel from the Dessen group at the IBS.

In addition, she solved the structure of the full-length soluble form of GerM, containing the tandem GerMN1-GerMN2 domains, at 2.1 Å using the molecular replacement method. The structure of these domains revealed an unexpected structural similarity between GerMN domains and ring-building motifs (RBMs) found in ring-forming proteins of specialized secretion systems (EscJ/PrgK) and in SpoIIIA proteins (AF, AG and AH) (Fig. 22B-D). More precisely, the core of GerMN domains display the αββαβ RBM arrangement (α1β3β4α2β5) but

GerMN domains contain two additional, N-terminal, anti-parallel β-strands (β1β2) that fold against the α1β3β4α2β5 core in the crystal form (Fig. 22A) In terms of oligomerization, crystals of the GerMN1-GerMN2 construct (GerM26-366) contain a fiber resulting from contacts between crystallographic symmetries of the GerM26-366 tetramer present in the asymmetric unit (Fig. 22E). However, the interface between GerM26-366 protomers is mainly established by residues carried by loops (see the Discussion section) and is thus completely different from interfaces observed between protomers in RBM rings. In addition, GerM does not form any oligomer in solution. Interestingly however, it seems that the two additional β-strands (β1β2) display some flexibility in solution. Even though the oligomerization of GerM in vitro and in vivo could not be demonstrated, it is thus possible that in the presence of its partners, strands β1 and β2 move away from the RBM core to allow assembly of a GerM ring. One additional hypothesis is that assembly of the GerM ring is promoted and/or stabilized by its Q and AH partners, or other partners from the A-Q complex.

At the beginning of my thesis, my objective in this project was to test the direct interaction of GerM with the AH and Q components of the A-Q complex. This study has not been 

Biophysical study of the interaction between GerM and other A-Q proteins

The functional interactions between GerM, AH and Q (co-dependent localizations) indicate that GerM is part of the basal platform of the A-Q complex [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]. The core components of this platform include AG, which forms large homooligomeric rings [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF], as well as AH and Q, which establish a ratchetlike interaction between the outer and inner forespore membranes [START_REF] Broder | Forespore engulfment mediated by a ratchet-like mechanism[END_REF].

To investigate whether GerM interacts directly with core components of this platform, (AG, AH and Q), and describe this interaction at the molecular level, I produced and purified the soluble domains of those proteins (Fig. 23). Protein-protein interactions assays included microscale thermophoresis (MST), sizeexclusion chromatography, His-tag pull downs and isothermal titration calorimetry (ITC).

a. Microscale thermophoresis experiments

To test the interaction of GerM with AH, Q and AG in solution, I labeled GerM and titrated it with increasing concentrations of AH, Q or AG (see the Material and Methods chapter).

Interestingly, we could detect a direct interaction between GerM and Q (KD = 1.2 ± 0.2 µM)

and between GerM and AH (KD = 0.17 ± 0.02 µM) using MST (Fig. 24A). In order to determine which GerMN domain interacts with AH and/or Q, I repeated those tests with purified recombinant constructs of GerMN1 and GerMN2. Both domains interacted with AH and Q although with a weaker binding constant than the full-length GerMN1-GerMN2 soluble domain (Fig. 24B-C). This result suggests that both domains contribute to the interaction of GerM with Q and AH. To make sure that these interactions were specific, I sought to get an internal MST control experiment.

We first tested whether GerM interacts with the BSA (Bovine Serum Albumin), a protein that is unrelated to the A-Q complex. GerM did not bind the BSA, suggesting that its interaction with AH and/or Q is specific. The best control for a protein-protein assay is however to identify a mutation that disrupts the interaction. So far, two mutations in Q were reported to disrupt its interaction with GerM. Q has evolved from an endopeptidase called LytM, which cleaves peptide bonds in Staphylococcus aureus peptidoglycan [START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF][START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF]. One of the catalytic residues has been lost in Q and the protein displays neither hydrolase activity, nor affinity for the peptidoglycan. Intriguingly, two positions located in the degenerated active site of Q (Q168 and D123) were shown to be required for Q localization in the absence of AH : GFP-Q(Q168A) and GFP-Q(D123A) constructs fail to localize at the forespore-mother cell interface in a spoIIIAH background [START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]. So in other words the Q(Q168A) and Q(D123A) mutations phenocopy the deletion of GerM. Since GerM was shown to be sufficient to localize Q in the absence of AH, this result suggests that positions Q168 and D123 are important for the interaction between Q and GerM.

When MST experiments were performed with GerM and the Q(Q168A) mutant, the two proteins kept interacting, with a KD of 15.4 ± 4.34 µM (data not shown). When we introduced a charged and bulkier residue at position Q168 (mutation Q168R) or introduced a Q(D123R) mutation, the affinity for Q was only decreased by about ten fold (KD of 74.9 ± 9.9 µM for Q(Q168R) and 85.6 ± 13.4 µM for Q(D123R)). If the direct interaction detected between GerM and Q by MST is specific, then these results indicate that they do not strongly depend on positions Q168 and D123. Because this experiment failed to validate the specificity of the GerM-Q interaction, we thus sought to demonstrate this interaction using other approaches. 

b. Alternative GerM-Q interaction assays

To detect a direct interaction between GerM and Q or GerM and AH, we used three other methods. First, we performed a size-exclusion chromatography on a sample containing a concentrated mix of GerM and Q or AH, with each protein at about 1 mM in a low-salt buffer (Tris-HCl 25 mM pH 8.0, NaCl 150 mM). In each experiment, the proteins (GerM and Q or GerM and AH) eluted at two different volumes, indicating that no GerM-Q complex was present in solution (Fig. 25).

We also performed a dot-blot assay in which different proteins (Q, AH, AG and unrelated proteins such as the BSA, StkP from Streptococcus pneumoniae or EnvC from E. coli) were loaded onto a PVDF membrane. Following saturation with milk proteins, the membrane was incubated with GerM overnight and after extensive washing, the presence of GerM was revealed using anti-GerM antibodies (Fig. 26). Both AH and Q, as well as AG, EnvC and StkP retained GerM on the membrane. This experiment thus indicates that GerM is able to bind surfaces coated with AH, Q or AG, but also surfaces coated with proteins unrelated to the A-Q complex. were loaded on a PVDF membrane, except for Q, for which 0.1, 0.3 and 1 nmol of protein were loaded.

The PVDF membrane was then incubated with the purified GerM sample at 1 mM overnight at 4℃.

There is no binding of BSA with GerM. GerM showed a strong binding with AH, AG and an increasing binding with an increasing concentration of Q. GerM also shows weak binding with unrelated proteins like AmiB and StkP, and strongest binding with EnvC. SpoIID and LytA also show weak binding with GerM.

We also performed His-tag pull-downs in which purified AH or Q were passed through a

Ni-NTA resin saturated with His6-GerM. Following extensive wash, neither AH nor Q were retained by the His6-GerM construct.

Finally, we tried to detect GerM interaction with Q and AH using ITC. Even though very high concentrations of protein were used (> 1 mM), no binding could be detected using this technique.

In conclusion, although direct interaction was detected between GerM and Q and between GerM and AH using MST, these interactions remain to be supported by strong MST controls (mutations of GerM, AH and Q that totally disrupt the interaction) or by other protein-protein interaction assays.

B. Structural characterization of the sporulation protein GerM from Bacillus subtilis. (published in 2018)

membrane form of Q to test whether it would help the oligomerization of AH.

a. Purification of full-length membrane forms of AF, AG, AH and Q

• Small-scale purification of full-length membrane AG (AGM1-S229)

In order to identify a detergent with optimal solubilization and purification yields, 18 different detergents were tested, including ionic detergents (FC12, NLS), non-ionic detergents Normally, non-ionic detergents are considered to be milder than ionic detergents and preserve protein-protein interaction [START_REF] Stetsenko | An overview of the top ten detergents used for membrane protein crystallization[END_REF]. Besides, the concentration of detergents should reach their critical micelle concentration (CMC) to disrupt the membrane of membrane proteins in order to solubilize them, but the overconcentration of detergents can denature the membrane proteins. Therefore, we chose DDM (non-ionic detergent, CMC ~ 0.17 mM) for further membrane protein purification to minimize the detergent concentration, rather than cymal 5 (non-ionic detergent, CMC ~ 2.5 mM) and FC12 (ionic detergent, CMC ~ 1.5 mM). DDM was used to purify AG, but also AF, AH and Q, in order to be able to eventually mix all these proteins together and reconstitute part of the A-Q complex.

• Large-scale purification of full-length membrane AG, AH, AF and Q Before affinity chromatography, the detergent concentration should be sufficient to solubilize all membrane proteins contained in the crude membrane extract from E. coli. During elution from the affinity resin, the detergent concentration can be decreased because all the contaminant E. coli membrane proteins have been eliminated during the washing step, but it should still be sufficient to solubilize the TM segments of the purified protein. In addition, since the A-Q proteins are supposed to form rings that might involve hydrophobic interactions (as it is indeed the case for the AG rings), we wanted the detergent concentrations to be low enough to preserve such interactions. The concentration of DMM used for the large-scale purification of His-SUMO-AGM1-S229 was therefore further optimized in order to use the lowest possible concentration.

In the end, His-SUMO-AGM1-S229 was solubilized in 10 mM DDM (60 times the CMC), and eluted from the Ni-NTA resin using 0.4 mM DDM (twice the CMC) (see the Material and Methods section). Cleavage of the His-SUMO tag by the Ulp1 protease resulted in aggregation of the protein. Large-scale purification of His-SUMO-AGM1-S229 was thus performed using a

Ni-NTA affinity chromatography followed by size-exclusion chromatography in Tris-HCl 25 mM pH 8.0, NaCl 150 mM, DDM 0.4 mM, and the protein was concentrated to 1-2 mg/mL using 10-kDa concentration units.

As shown in figure 28, we obtained a homogenous sample of His-SUMO-AGM1-S229. When analyzed by SDS-PAGE, the protein migrated at the expected position, corresponding to a molecular weight of about 30 kDa, and it showed no sign of proteolytic degradation. Larger species were also observed on the top part of the gel. Large species corresponding to protein rings had also been observed with a previously purified soluble form of AG (AGS51-S229) [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]. Indeed, the AG rings are so stable that they can resist SDS denaturation. Here again, negative-stain electron microscopy analysis of the purified membrane form of AG showed that these large species correspond to SDS-resistant rings of His-SUMO-AGM1-S229 (Fig. 28A).

His-SUMO-AFM1-E206, His-SUMO-AHM1-K218 and His-SUMO-QM1-S283 were solubilized and purified using the protocol established for His-SUMO-AGM1-S229.

Following cleavage of the His-SUMO tag and size-exclusion chromatography, the purified QM1-S283 sample migrated as expected on a SDS-PAGE gel given its theoretical molecular weight (43.7 kDa) (Fig. 28B). This likely intact species represents the major content of the sample. However, a species of about 22 kDa could also be observed. This species is too large to correspond to the His-SUMO tag ( 15 kDa), it thus likely corresponds to a proteolytic degradation product of QM1-S283.

Following cleavage of the His-SUMO tag and size-exclusion chromatography, SDS-PAGE analysis of the purified AHM1-K218 sample showed three different species, in roughly equivalent proportions. A first species likely corresponds to the intact AHM1-K218 protein (theoretical molecular weight of 38.3 kDa) while two species of lower molecular weight, migrating around 30 kDa and 22 kDa, likely correspond to proteolytic degradation products of AHM1-K218 (Fig. 28B).

The His-SUMO-AFM1-E206 construct was purified by Elda Bauda, a M1 student in my laboratory (Fig. 28C). Following affinity purification, the His-SUMO-AFM1-E206 protein only displayed a slight proteolytic degradation, as the major part of the sample migrated at the expected position (theoretical molecular weight of about 36 kDa). However, the His-SUMO tag could not be cleaved by the Ulp1 protease, suggesting that the protein was aggregated or that the tag was not accessible to the protease. 

b. EM analysis of full-length membrane AF, AG and AH

To investigate whether these full-length membrane RBM-containing proteins from the A-Q complex could form oligomers in vitro, we analyzed the purified samples by negative-stain EM.

These analyses were done in collaboration with Emmanuelle Neumann and Daphna Fenel from the Electron Microscopy and Methods group at the IBS.

We could not observe any organized oligomer of His-SUMO-AFM1-E206 or AHM1-K218 by negative-stain EM. Given that AH and Q interact directly, we wondered whether Q would be required for the oligomerization of AH. Unfortunately, mixing the two AHM1-K218 and QM1-S283 samples did not result in the oligomerization of AH. By contrast, His-SUMO-AGM1-S229 displayed an unexpected macromolecular assembly.

The cryo-EM structure of the soluble domain of AG (AGS51-S229) had been previously studied by my hosting lab and the group of N. Strynadka. They had discovered that AGS51-S229 forms homo-oligomeric rings composed of 30 protomers and displaying a "saucer-and-cup"

architecture with a large central pore (Fig. 17 from the Introduction chapter) [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF]. When observed by negative-stain EM, those rings lye on a preferred orientation on the microscopy grid and are therefore mostly viewed from the top (Fig. 29A). A few rings can however be observed from the side, and in this orientation, the saucer region can be distinguished from the cup region (Fig. 29A). Surprisingly, negative-stain EM analysis of the His-SUMO-AGM1-S229 construct revealed the presence of double rings that were never reported before (Fig. 29B). These double rings displayed a majority of side orientations on the EM grid (Fig. 29B), allowing to distinguish three regions: two dense and thin bands flanking a central one that is shorter and thicker. Based on their dimensions, we predict that the two external bands correspond to saucer regions while the inner part might result from the association of the TM segments or from the association of the cup region. I did not have time to push the EM study of the His-SUMO-AGM1-S229 sample further so the hypotheses regarding the orientation of the two rings are discussed in section ⅡA of the Discussion chapter.

Intriguingly, cleavage of the His-SUMO tag for this construct resulted in the aggregation of the cleaved protein, suggesting that the His-SUMO tag stabilizes the full-length membrane protein. A few double rings could still be observed after cleavage (not shown here) but we cannot exclude that they correspond to uncleaved traces of His-SUMO-AGM1-S229. This observation contrast with the fact that the soluble His-SUMO-AGS51-S229 construct required cleavage of the His-SUMO tag to form rings [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF].

In order to determine whether His-SUMO-AGM1-S229 rings would promote the oligomerization of His-SUMO-AFM1-E206, AHM1-K218 or the oligomerization of a mix containing AHM1-K218 and QM1-S283, His-SUMO-AGM1-S2 was mixed with His-SUMO-AFM1-E206, AHM1-K218 or AHM1-K218-QM1-S283 after purification and observed by negative-stain EM. In parallel, experiments were performed in which membranes were co-solubilized with DDM and proteins were co-purified before EM analysis. In a "last chance" experiment, we even mixed all these proteins together (His-SUMO-AGM1-S229, His-SUMO-AFM1-E206, AHM1-K218 and QM1-S283) for EM observation. If the presence of His-SUMO-AGM1-S229 rings would have promoted the oligomerization of other A-Q proteins, we would have observed additional density around the AG double rings. Unfortunately, negative-stain EM analysis of all these samples failed to reveal the presence of His-SUMO-AFM1-E206, AHM1-K218 or AHM1-K218-QM1-S283 rings, or even the presence of additional material around the AG rings.

In conclusion, we managed to produce and purify large quantities of recombinant, fulllength membrane forms of AF, AG, AH and Q (about 500 µL at 1-2 mg/mL), which was per se a real challenge. Unfortunately, we did not detect any ring-like structures for AF, AH or for the AH-Q complex, when the proteins were observed alone or in combination with A-Q partners, including the AG rings. These results seriously question the existence of rings made by AF and AH and this aspect is discussed in the Discussion section ⅡB. A potentially exciting result was obtained on the other hand, with the observation of the AGM1-S229 double rings.

Role of the soluble regions

AF, AG and AH all contain an RBM-like domain that shares secondary structure similarities with RBM domains found in the PrgK and PrgH family of T3SS components. While AG was indeed shown to form rings resembling those of PrgK or PrgH, we have so far no evidence that AF and AH can oligomerize. In the previous section, I have shown that neither the presence of TM segments of AF and AH, nor the presence of their partners is sufficient to promote their oligomerization in vitro. The soluble region of AF is only made of the RBM domain and no further investigation regarding the oligomerization of this protein could be performed in vitro.

By contrast, the structural organization of AG and AH is more complex. AG is made of a Nterminal disordered region (residues S51 to P89) followed by the RBM-like domain (residues K90 to S229). The RBM-like domain is split in two regions homologous to canonical RBM domains (residues K90 to S127 and residues K181 to S229, corresponding to the αββαβ fold forming the saucer region in the AG rings) and flanking a central β-triangle domain (residues L128 to K180; Fig. 30A). The saucer domain of AG aligns onto PrgK from S. typhimurium with a rmsd (root-mean-square deviation) of 1.075 Å (Fig. 30B). Similar to the EscJ/PrgK rings, oligomerization of the RBM core domain of AG involves hydrophobic and electrostatic interactions allowed by the packing of two helices from one RBM against the β-sheet of an adjacent RBM. The cup domain has no structural homologue so far and forms a unique 60stranded antiparallel β-barrel upon oligomerization Fig. 30B and17D).

AH displays a N-terminal unfolded region (residues A32 to D103) followed by an RBMlike domain that contains an additional N-terminal helix called the α0 helix (Fig. 30C). When

AH is superposed onto one protomer of a PrgK dimer, the α0 helix clashes with the adjacent PrgK protomer (Fig. 30D). Therefore, the presence of the α0 helix in AH might prevent the formation of a PrgK-like oligomer.

In this section, I will present data performed on soluble constructs of AG and AH, aiming at determining which region(s) in AG promote(s) its oligomerization in vitro, and whether the Nterminal unfolded region of AH and/or the additional α0 helix of its RBM-like domain impair oligomerization in vitro. 

a. Purification and characterization of truncated soluble constructs of AG

To determine the role of the different soluble regions of AG in its oligomerization, we produced the following constructs:

-His-SUMO-AGS511-S229(L128-K180) (saucer region = soluble domain deleted from the cup region)

-His-SUMO-AGL128-K180 (cup region = soluble domain deleted from the saucer region)

-His-SUMO-AGK90-S229 (soluble domain deleted from the disordered N-terminal region)

As far as I am concerned, so far I only had time to produce, purify and characterize His-SUMO-AGS51-S229(L128-K180). Following cleavage of the His-SUMO tag, size-exclusion chromatography separated the AGS51-S229(L128-K180) sample into a large molecular weight species (eluting at about 10 mL) and several low molecular weight species (eluting at about 15-18 mL) (Fig. 31A). SDS-PAGE analysis of the high molecular weight species showed the presence of a single band below the 15-kDa molecular weight marker, corresponding to the monomeric form of AGS51-S229(L128-K180) denaturated by SDS (expected molecular weight of 13.7 kDa). By contrast with the AGS51-S229 or His-SUMO-AGM1-S229 constructs (Fig. 28A), no high-molecular weight species corresponding to oligomeric rings could be observed on the gel. In agreement with this observation, negative-stain EM analysis of the AGS51-S229(L128-K180) sample shows the presence of protein aggregates but no ring (Fig. 31C). The fractions eluting at higher volumes from the size-exclusion column contained multiple bands that migrated higher than the expected molecular weight of AGS51-S229(L128-K180), suggesting that they could be oligomeric forms of the protein (Fig. 31B). However, negative-stain analysis of these fractions did not show the presence of rings or small oligomers (data not shown). These multiple bands are therefore likely E. coli contaminants.

The His-SUMO-AGK90-S229 construct was produced and purified a few years ago by the technician in our lab (Laure Bellard). Following cleavage of the His-SUMO tag, part of the AGK90-S229 sample eluted in the void volume of the size-exclusion chromatography, suggesting

b. Purification and characterization of truncated soluble constructs of AH

To determine whether the disordered N-terminal region of AH or the additional α0 helix of the RBM-like domain prevent oligomerization of the protein in vitro, we produced the following constructs:

-His-SUMO-AHS129-K218 (RBM core domain = soluble domain deleted from the N-terminal disordered region and the α0 helix)

-His-SUMO-AHA24-S229(24-128) (soluble domain deleted from the α0 helix) Following cleavage of the His-SUMO tag, the AHS129-K218 sample could be separated into a first species eluting in the void volume (about 8 mL) using a size-exclusion chromatography and a second species eluting at about 15 mL. (Fig. 32A). Content of the second elution peak migrates to the expected position below the 10-kDa molecular weight marker (theoretical molecular weight of 9.8 kDa) (Fig. 32B). SEC-MALLS analysis of the purified sample indicated that AHS129-K218 is present as a monomer in solution (Fig. 32C) or as soluble aggregates.

Indeed, the detected molecular weight of the fraction eluting at around 15 mL is 9.4 kDa (±7.1%), which is close to the theoretical molecular weight of 9.8 kDa. In support of this observation, no oligomeric ring species was detected when this fraction was concentrated and analyzed by negative-stain EM (data not shown). It thus seems that the isolated RBM core in AH is not able to form rings.

I will perform soon the purification and characterization of the AHA24-S229(L105-V128) construct.

D. Biophysical and structural study of YhcN

1. Context and personal contribution to the YhcN study.

Using the HHPRED server at the beginning of my Ph.D., Adriano Henriques from the ITQB in Portugal, had identified sporulation proteins other than A-Q proteins that possess predicted RBM domains. These proteins belong to the YhcN-YlaJ family, which so far includes the yhcN, ylaJ, yutC and yrbB (coxA) genes. The yhcN and ylaJ genes are under the control of the transcription factor G and encode lipoproteins that are anchored in the inner forespore membrane and are involved in spore germination [START_REF] Bagyan | Characterization of yhcN, a new forespore-specific gene of Bacillus subtilis[END_REF]). In addition, both proteins have been detected in the spore outer layers [START_REF] Kuwana | Proteomics characterization of novel spore proteins of Bacillus subtilis[END_REF]) and a processed form of YhcN (encompassing residues N40 to E189) has been detected in material released from germinating B. subtilis spores [START_REF] Chirakkal | Analysis of spore cortex lytic enzymes and related proteins in Bacillus subtilis endospore germination[END_REF].

In the absence of yhcN or ylaJ, spores of B. subtilis germinate more slowly than the wildtype strain [START_REF] Johnson | Proteins YlaJ and YhcN contribute to the efficiency of spore germination in Bacillus subtilis[END_REF]. This defect is even more pronounced in the double yhcN ylaJ mutant. A closer examination of the germination defects indicated that loss of heat resistance (an early event in spore germination), as well as rehydration of the spore coat and DPA release (two late germination events) were impaired in single and double mutants.

In this study, the authors used a cotE mutant (which displays defective coat assembly and increased permeability to spore germinants) to determine whether the germination defects of the yhcN and ylaJ mutants were due to poor permeability of the spore to germinants. Defective permeability of the spore was not the cause of impaired germination in yhcN and ylaJ mutants, but deletion of CotE in the absence of YhcN or YlaJ caused a further decrease in spore germination [START_REF] Johnson | Proteins YlaJ and YhcN contribute to the efficiency of spore germination in Bacillus subtilis[END_REF]. Since CotE is required for proper coat assembly, itself required for proper localization of the cortex hydrolase CwlJ, the authors investigated the relationship between YhcN, YlaJ and the two cortex hydrolases, CwlJ and SleB.

Germination requires the hydrolytic activity of the two cortex lytic enzymes CwlJ and SleB [START_REF] Setlow | Properties of spores of Bacillus subtilis blocked at an intermediate stage in spore germination[END_REF]. The study from Johnson and Moir showed that in the absence of CwlJ, either YlaJ or YhcN is required for spore germination. Indeed, double cwlJ yhcN and cwlJ ylaJ mutants showed only slightly affected spore germination efficiency while the triple cwlJ yhcN ylaJ deletion reduced spore germination by 80% [START_REF] Johnson | Proteins YlaJ and YhcN contribute to the efficiency of spore germination in Bacillus subtilis[END_REF].

Therefore, one of the two homologues, either YhcN or YlaJ, seems to be required for SleB function. In a cotE mutant, in which deficient outer spore coat impairs the activity of CwlJ (which binds the outer spore coat), the loss of either YhcN or YlaJ is sufficient to decrease spore germination by 80%. In other words, cotE yhcN and cotE ylaJ double mutants phenocopy the triple cwlJ yhcN ylaJ mutant. Importantly, SleB stability was not affected in all these mutants. YhcN and YlaJ thus have a role in SleB function, or in other words in cortex hydrolysis.

However, since their inactivation also affect the loss of heat resistance and DPA release, these proteins also appear to have a role in earlier events of the germination process.

The exact function of YhcN and YlaJ, as well as the function or their two other homologues in B. subtilis (YutC and CoxA/YrbB), remain to be deciphered. As they are all predicted to possess an RBM domain, we wondered whether they might form some oligomeric ring-like structure involved in the transport of molecules from the forespore. To get first insights into the structure of these proteins, we studied the oligomeric behavior and structure of YhcN from B.

subtilis.

I performed all the experiments described in the following sections, except those mentioned explicitly (mass spectrometry analysis by L. Signor, phase determination by C. Contreras-Martel and purification of His-SUMO-AFM1-E206 by E. Bauda).

Purification and crystallization of YhcN

The 189-residue YhcN protein contains a N-terminal lipoprotein signal peptide (residues M1 to V23), followed by a region predicted to have no secondary structure (residues A24 to N77), the RBM-like domain (residues D78 to N150) and two more predicted C-terminal αhelices (from P151 to E189) (Fig. 33A).

To improve my chances to crystallize YhcN, I designed two different constructs. A His-SUMO-YhcNA24-E189 construct contained the whole soluble region of the protein. If this construct would crystallize, it would allow getting the most complete structural information regarding this protein (Fig. 33B). In parallel, I designed a His-SUMO-YhcND78-E189 construct that would have better chances to crystallize if the A24-V23 region would indeed be disordered.

Adriano Henriques (ITQB, Lisbon, Portugal) cloned these constructs and I took in charge all the rest of this project. Both constructs were purified through nickel affinity chromatography. The His-SUMO tag was then cleaved using the Ulp1 SUMO protease and the protein was passed again through a Ni-NTA resin, which retained the uncleaved fraction, the His-SUMO tag and the Ulp1 protease.

The cleaved protein, recovered in the flow-through fractions, was finally purified by sizeexclusion chromatography. The elution profiles of both YhcNA24-E189 and YhcND78-E189 display a single peak, eluting at around 15 mL and 16 mL, respectively, and suggesting that both constructs are monomeric in solution (Fig. 34A,B). SDS-PAGE analysis showed that the purity of the sample was higher than 95% (Fig. 34A,B). Although the two proteins migrated lower than expected on a polyacrylamide gel (theoretical molecular weights are is 18.7 kDa and 12.4 kDa for YhcNA24-E189 and YhcND78-E189, respectively), the experimental molecular weight determined for YhcNA24-E189 by mass spectrometry (18.7 kDa, analysis performed by Lucas

Signor from the MS platform facility at the IBS) showed that the major species did not suffer from proteolytic degradation (Fig. 34C). Three different concentrations of a purified recombinant sample of YhcNA24-E189 (12 mg/mL, 24 mg/mL and 48 mg/mL) were used to screen initial crystallization conditions using the highthroughput nano-crystallization platform of the EMBL (HTX lab, EMBL, Grenoble). Needleshaped crystals appeared within 5 days in 14 different conditions, all containing a PEG polymer as the precipitant. Most crystals reached their full size after 15 days. I chose 4 conditions containing different PEG polymers (PEG 8 000, PEG 10 000, PEG 20 000 and PEG 3 350) and in which the crystals had reached a large size to reproduce and improve them myself (Fig. 35). The crystals were reproduced manually using the hanging drop method and larger (µL scale) volumes (see Material and Methods). These 4 conditions were refined to improve the size of the crystals by tuning the pH of the buffer, the concentration of the precipitant, the concentration of the salt solution when appropriate and the volume ratio of the protein sample versus the crystallization solution (see Material and Methods).

The largest needle-shaped crystals we obtained after 14 days of incubation at 20°C, using HEPES 0.1 M, pH 7.5; 16 % (w/vol) PEG 8000 as the crystallization condition. Single YhcN crystals were then harvested, cryo-protected, flash-frozen into liquid nitrogen and tested for Xray diffraction. Glycerol was used as cryo-protectant in a solution containing HEPES 0.1 M, pH 7.5 and 17 % (w/vol) PEG 8000.

Structural characterization of YhcNA24-E189

X-ray diffraction data were collected to 1.4 Å resolution on beamline ID30A-3 at the ESRF in Grenoble. Following processing with the XDS program package (statistics provided in Table 5), we tried phasing using the molecular replacement method. YhcNA24-E189 templates were Given the high resolution of our data and the presence of four predicted α-helices in YhcN Statistics on model refinement are summarized in Table 5.

The high quality of the electron density map allowed building of the YhcNA24-E189 model, which contains two molecules in the asymmetric unit. The main chain and side chains could be built from R79 to A179 but no electron density was visible for residues A24 to D78 (Fig. 36A), even when the non-crystallographic symmetries were used to build the model. Since mass spectrometry analysis of the purified protein showed no sign of proteolytic degradation, the absence of electron density for residues A24 to D78 indicates that this region is disordered. This observation is in agreement with the YhcN secondary structure prediction (Fig. 33A). YhcN is made of a three-stranded β-sheet (β1β2β3) sandwiched by two α-helices on one side (α1 and α2), and two other α-helices on the other side (α3 and α4) (Fig. 36C). Therefore, part of the globular domain of YhcN contains the founding elements of the RBM domains (α1β1β2α2β3) but two additional α-helices are present (α3 and α4). The YhcN crystal contained two molecules in the asymmetric unit. These two molecules align with an rmsd of 0.48 Å and no divergence was observed in the orientation of the two C-terminal α-helices or in the position of the loop connecting strand β3 to helix α3 (Fig. 36D). In addition, the B-factors of the atoms present in the loop connecting strand β3 to helix α3 are low in the two molecules of the asymmetric unit, indicating that this region is quite rigid. On the other hand, the B-factors of the atoms present in the loop connecting helix α3 to helix α4 are high, indicating a slight flexibility in the orientation of helix α4 (Fig. 36E). Altogether, these observations indicate that the position of helix α3 in the crystal is stable but that helix α4 displays more flexibility. In the cellular context, movement of helix α4 upon interaction with yet-to-be identified partners could induce the release of helix α3 and expose the RBM core domain. This hypothesis is discussed in the Discussion section ⅠB. The two YhcN molecules make hydrogen bonds listed in Tables 6 and7, as well as other ionic interactions listed in Table 8 (analyzed through Protein Interaction Calculator (PIC) server, http://pic.mbu.iisc.ernet.in/). The residues involved in the dimer interface are shown in figure 37A. With these contacts, the two molecules form a buried interface of 391.5 Å 2 (analyzed through the PISA service at the European Bioinformatics Institute.). The absence of hydrophobic interactions, as well as the small interface area suggest that this dimer results from crystal packing. In support of this hypothesis, SEC-MALLS analysis of the purified YhcNA24-E189 sample (in collaboration with Caroline Mas from the ISBG biophysical platform, Grenoble)

showed that the protein is monomeric in solution. Indeed, SEC-MALLS analysis provided an apparent MW of 21.0 ± 1.2 kDa, close to the experimental MW determined by mass spectrometry (18.7 kDa) (Fig. 37B). This analysis indicates that YhcN does not dimerize in solution and thus that the dimer observed in the crystal is likely not physiological. 

Potential YhcN structural homologues

Interestingly, a search for structural homologues using the DALI server (Holm and Rosenstrom 2010) identified PrgK, EscJ, AH and AG as potential homologues of YhcN (Fig. 38A). Although the sequence identity between those proteins is very weak (11% for PrgK(RBM2) from S. thyphimirium, 10% for EscJ(RBM2) from E. coli EPEC, 18% for AH and 12% for AG from B. subtilis), the α1β1β2α2β3 RBM core of YhcN superimposes well onto the RBM core of those protein, with rmsds of 2.8 Å, 3.2 Å, 3.0Å and 3.0 Å, respectively (Fig. 38B-E).

Despite these intriguing structural similarities, there is so far no evidence indicating that YhcN is able to oligomerize like EscJ/PrgK or AG. First, the residues involved in the dimerization interface of PrgK or AG are not conserved in YhcN (Fig. 38B and38E). In addition, when the YhcN model is superimposed onto one protomer of PrgK or AG dimers, the two Cterminal α-helices clash with the adjacent protomer (Fig. 38F-G). Therefore if YhcN forms rings in vivo in the conformation observed in the current crystal form, the oligomerization interface will likely diverge from the one observed in PrgK or AG rings. Alternatively, if the two C-terminal α-helices can move away from the RBM core, for example in the presence of yet-to-be identified YhcN partner(s), it remains possible that YhcN might oligomerize through a canonical RBM-RBM interface.

Interestingly, the DALI server also found structural similarities between YhcN and the magnetosome protein MamM (Fig. 38A,C). MamM belongs to the family of Cation Diffusion Facilitators (CDF), which are involved in the cellular homeostasis of metal cations [START_REF] Zeytuni | Bacterial magnetosome biomineralization--a novel platform to study molecular mechanisms of human CDF-related Type-II diabetes[END_REF]. MamM dimerizes to form a stable, V-shaped homodimer that is essential to its regulatory function regarding metal cations. The current hypothesis is that the cations is transported through the V-shaped MamM homodimer [START_REF] Zeytuni | Bacterial magnetosome biomineralization--a novel platform to study molecular mechanisms of human CDF-related Type-II diabetes[END_REF]. Although the MamM protomer resembles RBM domains, the β-sheet possesses an additional strand and the topology of the secondary structures differs from those observed in RBM domains and in YhcN.

In addition, the structural alignment of YhcN dimer onto the MamM dimer shows that they share different dimerization interfaces (Fig. 38H). Furthermore, alignment of a YhcN monomer onto the MamM dimer shows that the two C-terminal α-helices of YhcN clash with the dimerization interface of MamM. Altogether, these observations suggest that MamM is unlikely to be a homologue of YhcN. 

Biophysical characterization of truncated YhcN constructs

To determine whether the N-terminal disordered region of YhcN and the additional secondary structure elements of the RBM-like domain prevent YhcN oligomerization in vitro, I produced the following constructs:

-His-SUMO-YhcND78-N150 (RBM core domain = soluble domain deleted from the Nterminal disordered region and the C-terminal α-helices)

-His-SUMO-YhcNA24-N150 (soluble domain deleted from the C-terminal α-helices)

The primers were obtained before the Covid-19 confinement. The two truncated constructs were then built when the lab opened again. Purification of these constructs is now under progress.

Discussion

A. RBM-containing proteins unrelated to the A-Q complex 1. RBM domains found in specialized secretion systems A thorough structural comparison of RBM domains found in specialized secretion systems has never been reported so far. Although the structure of the RBM domains discussed below are not the result of my own benchwork, it seemed important to me to compare these structures to point their similarities and differences. In addition, this structural analysis has allowed me to place my analysis of the RBM-like domains found in sporulation proteins (on which I performed benchwork) in a broader context.

The first structure of a ring-building motif (RBM) was solved in the early 2000's and was then associated with oligomerization of the EscJ/PrgK family of ring-forming proteins from the inner membrane platform of T3SS [START_REF] Yip | Structural characterization of the molecular platform for type III secretion system assembly[END_REF]. These domains of about 100 residues are composed of two α-helices folding against a three-stranded β-sheet. A few years later, similar domains were discovered in the EscD/PrgH component of the IM platform and in the EscC/InvG components of the OM platform of T3SS [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). In addition, they were identified in the GspD/PulD secretin component of T2SS and their structure was solved the same year [START_REF] Korotkov | Crystal structure of the N-terminal domain of the secretin GspD from ETEC determined with the assistance of a nanobody[END_REF][START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). Based on their structural similarity and their association with ring-forming proteins, these domains were then named ring-building motifs [START_REF] Spreter | A conserved structural motif mediates formation of the periplasmic rings in the type III secretion system[END_REF]). Since then, many structures of RBMs from T2SS or T3SS were solved by X-ray crystallography or cellular cryo-electron microscopy (cryo-EM) (Table 9) and there is no doubt today that these domains are indeed found in ring-forming proteins from specialized secretion systems. In specialized secretion systems all the RBM domains characterized so far are engaged in macromolecular ring assemblies in vivo but their oligomerization features display a great diversity. First, the interacting residues are so poorly conserved that it is impossible to predict which ones are involved in the oligomerization interface. Therefore, their identification requires solving the structure of the rings that they form. Second, the number of RBM domains vary from one family of protein to another. Ring-forming proteins from specialized secretion systems contain one to four RBM domains. Here again the conservation of interacting residues is poor between RBMs of the same protein. Third, the orientation of one RBM protomer relative to the adjacent protomer varies between different RBM rings, even within the same protein.

Many RBM interfaces are established by contacts between the two α-helices from one protomer and the three-stranded β-sheet from the adjacent molecule and this interaction conformation can thus be considered as the canonical one (αα/βββ conformation, Fig. 39, 40 and 41).

However, other RBM domains interact through different secondary structures (Fig. 39, 40 and 41). Finally, the number of protomers present in rings formed by RBM domains is variable, and ranges so far from 15 protomers in InvG rings to 24 protomers in PrgK or PrgH rings [START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF][START_REF] Bergeron | The modular structure of the inner-membrane ring component PrgK facilitates assembly of the type III secretion system basal body[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF].

a. RBM domains from PrgK and PrgH from T3SS

The two stacked rings formed by PrgK and PrgH in the IM platform of S. typhimurium T3SS provides a good example of the diversity displayed by the interfaces of RBM oligomeric rings (Fig. 39A-C). Indeed, PrgK is composed of two RBM domains while PrgH consists of three 

c. RBM domains from the GspD secretin from T2SS

Similar to the InvG secretin ring of T3SS, the GspD secretin ring of T2SS also contains 15 protomers [START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF]. The two proteins contain a C-terminal secretin domain but GspD possesses four N-terminal RBM domains (Fig. 41C). Like in InvG, the conformation of the RBM domains is rather linear, allowing them to extend in the periplasm (Fig. 41A,B). RBM1 domains interact through hydrophobic contacts between strand β2 of one protomer and strand β3 of the neighboring molecule (Fig. 41D) [START_REF] Korotkov | A dodecameric ring-like structure of the N0 domain of the type II secretin from enterotoxigenic Escherichia coli[END_REF]. Interestingly, the RBM1 domain contains two additional β-strands (β4 and β5) compared to RBM2-4 (Fig. 41D). These additional secondary structures might be the reason why this domain does not oligomerize through the canonical αα/βββ interface. The RBM2-4 domains of GspD have a βαββα topology and their oligomerization interfaces display the canonical αα/βββ orientation found in RBM2 from PrgK, RBM3 from PrgH and RBM2-3 from InvG (Fig. 31E-G).

Like in all the characterized canonical αα/βββ RBM interfaces so far, the RBM4-RBM4 interface in GspD mainly involves hydrophobic interactions between the two α-helices from one protomer and the three-stranded β-sheet from the adjacent one (Fig. 41H). However, the RBM4-RBM4 interface is additionally stabilized by hydrogen bonds established between loops from the RBM4 domain and from the secretin β-barrel (Fig. 41H). 

B. RBM-containing proteins within the A-Q complex

B. subtilis is the best known spore-forming bacterium. The several stages of its sporulation cycle have been studied for decades but many aspects of this sophisticated developmental process still remain mysterious. One of the most exciting gaps of knowledge in the field is the function and structure of the macromolecular multi-protein SpoIIIA-SpoIIQ (A-Q) complex, which assembles in the two membranes separating the mother cell and the forespore throughout the engulfment stage. Four of the A-Q proteins (AF, AG, AH and GerM) contain a ring-building motif (RBM) that is also present in ring-forming proteins from specialized secretion systems.

By analogy with these systems, the A-Q complex could thus also contain stacks of rings spanning the intermembrane space to transport molecules between the mother cell and the forespore. During my Ph.D., I studied the capacity of AF, AG, AH and GerM to oligomerize but so far, AG is the only one that was shown to form oligomeric rings. In this context, I discuss below the different models regarding the structure and function of the A-Q complex.

1.

Do SpoIIIAG form a single or a double ring?

The structure of the 30-mer ring formed by the soluble region of AG was characterized by my hosting lab in 2016 and by the Strynadka's group at a higher resolution in 2017 [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF]). An AG monomer is composed of an RBM core (the building unit of the saucer region in the AG ring) domain, which superposes onto canonical EscJ/PrgK RBM domains, and an unprecedented β-triangle arrangement (the building unit of the cup region in the AG ring). The dimer of the RBM core of AG superposes well onto EscJ/PrgK dimers and also involves hydrophobic and electrostatic interactions allowed by the packing of two helices from one RBM against the β-sheet of an adjacent RBM (Fig. 42A).

However, the residues involved in the oligomerization interface diverge between AG and PrgK (Fig. 42C).

I have shown that in vitro, the RBM core alone is not able to form rings. It requires the presence of the unfolded N-terminal soluble region (from residue S51 to K90) of AG, as well as the β-triangle arrangement. In the absence of these regions, the protein remains monomeric and the only large molecular weight species that it forms are soluble aggregates.

In the AG rings, the β-triangle regions form a hollow channel that has no structural homologue so far. Whether or not this region can be considered as a domain (i.e. a protein segment that has the capacity to fold by itself) still requires the structural characterization of the His-SUMO-AGL128-K180 recombinant construct, which only contains the β-triangle. The discovery of the soluble AG rings provided the first structural evidence that the A-Q complex might assemble into a transport nanomachine that would connect the mother cell and forespore cytoplasms. In addition, the robustness of the AG rings and the presence of a large inner pore (diameter of about 8 nm) suggests that AG is a main piece of the A-Q complex and might be part of a potential conduit. However, the height of the AG ring (about 8 nm) is not large enough to span the entire intermembrane space, which was shown to measure from 25 (before peptidoglycan thinning) to 14 nm (after peptidoglycan thinning) [START_REF] Khanna | The molecular architecture of engulfment during Bacillus subtilis sporulation[END_REF].

Therefore to span the two membranes around the forespore, the putative conduit must include other components than the AG ring.

Interestingly, the negative-stain EM observation of the full-length, membrane form of AG (His-SUMO-AGM1-S229) has revealed the presence of double rings that were never reported before. The resolution of these negative-stain EM images of the double AG rings is too low to determine whether the individual rings interact through the cup region or through the TM segment and two alternative hypotheses can therefore be proposed and are discussed below:

1. Two His-SUMO-AGM1-S229 rings interact through their TM segments. Placed in a cellular context, this hypothesis predicts that the two rings of AG will position on both sides of the mother cell membrane (Fig. 43A).

The double AG rings observed by negative-stain EM show three main parts, which appear as whitish bands on the EM micrographs (see Fig. 29 in the Result section). If the central one is indeed made of the TM segments, then the region connecting the central band to the outer bands is likely made of the protein segment encompassing residues S51 to K90 (called the D1 domain). The height of the connecting region, supposedly made by the D1 domain, is about 4 nm on the EM micrographs. If this region makes a ring, then the total height of the AG channel would thus reach about 12 nm. It might thus still be not enough to span the intermembrane space. The AG channel would thus allow the passage of a molecule through the outer forespore membrane but transport across the intermembrane space and inner forespore membrane would require other channel-forming proteins (Fig. 43B). In this model, one might question the positioning of the AA ATPase, which might form heaxamers like its homologues. AA hexamer would be too large to accommodate in the pore formed by the cup region, it could thus only associate to the outer surface of the AG ring.

A model in which AG would form a double ring on both sides of the mother cell membrane is not supported by the protease digestion susceptibility assay reported in [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]. Indeed in this assay, sporulating cells were protoplasted (peptidoglycan digestion) and treated with trypsin. Proteins exposed in the intermembrane space are fully degraded by the trypsin while proteins located in the mother cell cytoplasm are protected. If AG would be present on both sides of the mother cell membrane, the fraction of the protein located in the cytoplasm would be partially protected from the trypsin. In this experiment AG was fully degraded [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF], indicating that it is not exposed in the mother cell cytoplasm. This result thus contradicts the first double ring model.

2. Two His-SUMO-AGM1-S229 rings interact through their cup region. Placed in a cellular context, this hypothesis predicts that one ring of AG would assemble in the mother cell membrane while the other one would assemble in the forespore membrane (Fig. 43C).

Given the height of one AG ring ( 8 nm), this transenvelope double AG ring would form a channel that could span the entire intermembrane space in the region where it measures less than 16 nm. This model seems very appealing because so far, AG is the only A-Q protein that was shown to form rings. A transenvelope double ring of AG could thus be sufficient to make a conduit connecting the mother cell and forespore and there would be no need for other rings formed by other A-Q proteins. Nonetheless if AF and AH oligomerize, they could play a role in stabilizing the channel by making rings that surround the AG channel.

Alternatively, the AG channel could also be stabilized by other A-Q components that do not form rings. In particular the AH-Q dimer could make discrete transenvelope pillars all around the AG rings (Fig. 43D). GerM on the other hand, if it forms fibers in vivo, could weave some kind of web to connect the A-Q complexes all around the forespore (Fig. 43D). Such a molecular net would help the forespore resisting the turgor pressure exerted by the packing of the DNA inside the forespore [START_REF] Lopez-Garrido | Chromosome Translocation Inflates Bacillus Forespores and Impacts Cellular Morphology[END_REF]. Other A-Q proteins could have an export function, such as AC, AD and AE. This model however presents two main inconsistencies. A first one is that interaction between the cup regions of AG was never observed with the soluble AGS51-S229 construct.

It seems unlikely that such interaction requires the presence of the TM segments since the cup region is localized on the opposite side of the N-terminus in the soluble AG rings [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]. A second contradiction comes from the fact that AG is encoded within the spoIIIA operon, which is under the control of the mother-cell specific E transcription factor. AG is thus produced in the mother cell and there is so far no evidence that it can also be produced in the forespore. In addition, the presence of its αhelical transmembrane segment makes it very unlikely that following its production by the mother cell, the protein traverses the outer forespore membrane and intermembrane space to be inserted in the inner forespore membrane. To achieve this model, the spoIIIAG gene should also be transcribed by a forespore-specific promoter.

In conclusion, interaction of the AG rings through the cup region seems unlikely in vitro and interaction through the TM segments seems the most probable hypothesis. In vivo however, both models present inconsistencies with the reported literature. In my opinion, these double rings are most likely recombinant artefacts. Nonetheless, even if the double AG rings are not physiological, solving their structure by cryo-EM would allow determining whether the D1 domain forms a ring in the presence of the TM segments and whether the TM segments form a membrane pore. This structure would thus provide more information regarding the architecture and dimensions of the AG channel. Detergent purification of the His-SUMO-AGM1-S229 sample is currently being optimized to increase the concentration of the protein and prepare cryo-EM grids. If the presence of the DDM detergent causes problems to prepare the grids, the full-length AG rings could be reconstituted in nanodiscs. 

Do SpoIIIAF, SpoIIIAH and GerM oligomerize?

The structure of AFV60-E206 was characterized by the Strynadka's group in 2018 while I was screening for crystallization conditions of a AFK55-E206 construct at that time. The study by Strynadka and co. showed the presence of a high molecular-weight species by size-exclusion chromatography (Fig. 44A) (Zeytuni et al. 2018a). Some AFV60-E206 rings were observed by EM but they were very heterogeneous, irregular, and the presence of a central pore was not obvious (Fig. 44B). In my opinion, some of them are more likely to be sunk aggregates and I am not convinced by the interpretation of the authors regarding these particles. Besides, AF does not form a large oligomer in the crystal; the asymmetric unit only contains a dimer. AF shares an RBM core (αββαβ) as in AG and PrgK RBMs, but the orientation of AF's second α-helix is different from those in AG and PrgK (Fig. 44C-E). The structural overlay of AF and PrgK dimer

shows that AF possesses an RBM domain that aligns well with the second RBM domain of PrgK. However, when I superpose AF onto a PrgK dimer, the second α-helix of AFV60-E206 collides with the adjacent PrgK protomer (Fig. 44F). Similarly, alignment of AFV60-E206 onto an AG dimer shows that the second α-helix of AF could clash with the AG oligomerization interface (Fig. 44G).

In conclusion, even if AF could oligomerize, it would do so through an interface that would slightly diverge from the canonical αα/βββ interface observed in rings formed by AG, PrgK RBM2, PrgH RBM3, InvG RBM2-3 and GspD RBM2-4. The C-terminal RBM-like domain of AH is exposed in the intermembrane space. Based on the similarity between the core of the RBM-like domain of AH and PrgK RBM2 domain, and its direct interaction with Q, the AH-Q dimer was previously modeled into compact rings containing 12-25 protomers [START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF][START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF]. AH however was never shown to oligomerize: neither the soluble construct (in previous studies) nor the full-length membrane construct that I purified during my Ph.D.

AH possesses a αββαβ RBM core and an additional N-terminal α-helix (Fig. 45A). Similar to AFV60-E206, the RBM core of AHD104-S218 aligns well with the second RBM domain of PrgK (Fig. 45C), but the additional N-terminal α-helix interferes with the PrgK oligomerization interface (Fig. 45C). This observation was not reported in any of the structural studies of AH published previously [START_REF] Levdikov | Structure of components of an intercellular channel complex in sporulating Bacillus subtilis[END_REF][START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF]) but it might prevent AH from oligomerizing. To test this idea, I have characterized an AHS129-K218 construct lacking the α0 helix. Unfortunately, this construct does not oligomerize and so far, we have therefore still no proof that AH is able to form rings. If it does oligomerize in vivo, it will involve an interface that will allow accommodation of the α0 helix and thus will be different from the PrgK RBM2-RBM2 and AG-AG ones. The case of GerM is different from AF and AH since it contains two RBM-like domains, called GerMN1 and GerMN2 (Fig. 46A). The two domains are connected with a loop and stabilized with hydrophobic and electrostatic interactions (Fig. 46A). The interface between GerMN1 and GerMN2 is very different from those of PrgK RBM2-RBM2 and AG-AG dimers (Fig. 46B).

Each of the domains display a αββαβ RBM core but they also contain an additional Nterminal two-stranded β-sheet (Fig. 46C). The existence of a GerM ring remains to be demonstrated and the tandem of RBM-like domains, together with the additional β-sheets make it unlikely that GerM can form a ring resembling those of PrgK or AG.

A GerM fiber was observed in the crystal (Fig. 46D) but no evidence that the oligomerization interface exists in vivo could be provided so far [START_REF] Trouve | Structural characterization of the sporulation protein GerM from Bacillus subtilis[END_REF]. The only oligomer that GerM is able to form so far is therefore a straight fiber, which might not be physiological. If they exist, GerM fibers might not only stabilize the AH-Q complex, but also connect different A-Q complexes around the forespore. 

C. Hypotheses regarding the capacity of RBM-containing proteins to oligomerize.

Based on the structural analysis of the RBM-like proteins involved in bacterial sporulation and the canonical RBM domains found in specialized secretion systems, I propose the following hypotheses.

• The presence of an RBM core domain (consisting of two α-helices folding against an anti-parallel three-stranded β-sheet) might be necessary but not sufficient to promote in vitro oligomerization of a protein.

• If the canonical αα/βββ RBM interface (established by the β-sheet of one molecule and the two α-helices from the adjacent protomer) must be exposed to allow ring formation, then the additional secondary structures observed in the RBM-like domains of AH, GerM and YhcN might display another conformation in vivo to allow oligomerization of the proteins. This alternative conformation might be induced by the presence of protein partners.

• If the conformation of the additional secondary structures observed in the crystal structure of the RBM-like domains of AH, GerM and YhcN do not prevent ring formation, then these proteins oligomerize through an interface that is different from the canonical αα/βββ interface observed in PrgK RBM2-RBM2 and AG rings.

• The structure of AF, AH, GerM and YhcN might have structurally evolved from canonical RBM domains to fulfill different functions, not related to protein oligomerization. The acquisition of additional secondary structures might for example have allowed these proteins to establish interactions with yet-to-be identified partner(s).

Regarding YhcN, which has so far not been involved in a transport machinery, we cannot exclude that its αββαβ fold is a convergent structural evolution. In other words, the YhcN function might be totally unrelated to the ring-forming function of secretion proteins but its fold might have converged towards the RBM-like fold, which seems a rather simple fold to make.

The structural study of sporulation RBM-containing proteins such as AF, AH, GerM and YhcN in their physiological context should allow determining whether they form rings. Such study on A-Q proteins will be performed by a new Ph.D. student (Elda Bauda) in our laboratory, starting in October 2020. More precisely, she will determine the 3D structure of the A-Q complex using cellular cryo-electron microcopy on thin sections of sporulating B. subtilis cells.

Beyond revealing whether AF, AH and GerM are able to form rings, this study will also help discriminating between the different hypotheses regarding the function of the A-Q complex.

These hypotheses are discussed in the next section.

D. Hypotheses regarding the function of the A-Q complex

During sporulation, over 500 genes are expressed under the control of mother cell-and forespore-specific σ transcription factors. The activation of these σ factors depends on complex mother cell-forespore signaling pathways that have been studied for decades. While the activation of σF, σE and σK is rather well understood, the activation of σG in the forespore remains unclear. It was shown to require the assembly of the transenvelope A-Q complex but the role of this complex remains mysterious. There are three main models for the function of the A-Q complex that are discussed below:

1. The A-Q complex works as a T3SS-like machinery that allows the transport of a protein between the mother cell and forespore. This model is mainly supported by the structural similarities between the AG ring and PrgK rings found in T3SS. By analogy with T3SS, it was proposed that AG, AF, AH, Q and possibly GerM would form stacked rings in the intermembrane space (Fig. 47A) [START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF][START_REF] Meisner | A channel connecting the mother cell and forespore during bacterial endospore formation[END_REF][START_REF] Meisner | Structure of the basal components of a bacterial transporter[END_REF]Rodrigues et al. 2016b;[START_REF] Morlot | The New Kid on the Block: A Specialized Secretion System during Bacterial Sporulation[END_REF]. In this model, the AA ATPase would provide energy for secretion of a yet-to-be defined molecule while AB would connect AA to the inner-membrane platform made of AC to AH. AC, AD and AE would form an export platform that would gate the A-Q channel and select and/or load the secreted substrate. In this model, the global architecture of the A-Q complex would (at least partially) resemble the architecture of a T3SS (Fig. 47B).

2. In an alternative model, stacked rings of AF, AG, AH, Q and GerM would form a channel that would accommodate a pilus made of AC and AD. The AA ATPase would provide energy for polymerization of the AC-AD pilus that would push the secreted substrate through the A-Q channel (Fig. 47C). Compared to the previous one, this hypothesis is mainly supported by the presence of multi transmembrane segments in AC and AD. Equivalent numbers of TM segments are however also found between AD, AC and AE and the FliP, FliQ and FliR components of flagellar T3SS, respectively (see section IIC of the Introduction chapter). In the T4P model, the global architecture of the A-Q complex would (at least partially) resemble the architecture of a T4 pilus (Fig. 47D) 3. The A-Q complex works as a feeding tube responsible for the passive transport of small molecules that are necessary for the forespore physiology (ions, nucleotides, …) [START_REF] Camp | A feeding tube model for activation of a cell-specific transcription factor during sporulation in Bacillus subtilis[END_REF]. In this model, the A-Q complex would serve as an umbilical cord that would provide nutrients to the forespore, while it is progressively isolated from the extracellular environment during engulfment [START_REF] Camp | A novel pathway of intercellular signalling in Bacillus subtilis involves a protein with similarity to a component of type III secretion channels[END_REF]. Like in the two previous models, AG, AH, Q and GerM would also form stacked rings spanning the intermembrane space, but the AA ATPase would only provide energy for the assembly of the A-Q complex, not for the transport of the molecule(s) from the mother cell to the forespore cytoplasm (Fig. 47E). Here again, AB would connect AA to the inner membrane platform while AC-AD-AE would serve as a gating platform. In this model, the global architecture of the A-Q complex could (at least partially) resemble the architecture of gap junctions previously observed in cyanobacteria (Fig. 47F) [START_REF] Weiss | Structure and Function of a Bacterial Gap Junction Analog[END_REF].

4. In a last model, the A-Q components would not have a function related to substrate secretion but function related to the integrity and adhesion of the two membranes surrounding the forespore. There might be two different complexes in this case : a first one made of the AH-Q dimer, and a second one made of AA to AG. The AH-Q dimer would function as a molecular "zipper" or "ratchet" facilitating migration of the mother cell membrane around the forespore during engulfment and tethering the outer and inner forespore membranes. AA to AG on the other hand would form a complex that would rigidify the outer forespore membrane and counteract the pressure exerted by the nascent coat. In the absence of the AA-AG complex, synthesis of the coat on the mother cell side might deform the outer forespore membrane and provoke fusion of the two membranes. In this model, fibers of GerM might connect the AH-Q complexes to the AA-AG complexes and form a molecular net that would rigidify the outer forespore membrane (Fig. 47G).

I am more inclined to the first (T3SS) and second (T4P) models. Given the large pore (8 nm) of the AG ring, a channel of this size would be big enough for the passage of globular proteins weighing up to 150 kDa. In addition, the fact that AA to AH are encoded within a single operon suggest that they work as a single machinery and contradicts the fourth model (two distinct complexes involved in membrane adhesion and integrity). As argued in the review from Morlot and Rodrigues, against the third model (feeding tube) is the fact that even when the forespore has access to external nutrient (before being completely engulfed), its development still requires the A-Q complex.

Interestingly, potential homologues of all the A-Q proteins are found in several different secretion systems: AA with GspE in T2SS; AB with GspF/PliC in T2SS and T4SS; AC, AD and AE with FliQ, FlipP and FliR in T3SS, and AF, AG and AH with PrgK ring-forming proteins of T3SS. Whether or not the A-Q complex represents a common ancestor from which the different specialized secretion systems have derived is an exciting question.

In conclusion, there are still many questions that remain to be answered regarding the 

(G)

The A-Q components form two complexes involved in membrane integrity and tethering. AA to AG would form a complex that would rigidify the outer forespore membrane and counteract the pressure exerted by the growing coat on the mother cell side. The A-Q dimer would tether the outer and inner forespore membranes during engulfment. GerM would form a net connecting the AA-AG and AH-Q complexes to further rigidify the two membranes surrounding the forespore.

Valorization Valorization

The A-Q complex involved in B. subtilis sporulation has been considered as a potential novel transport system for the last 12 years. However, the architecture, assembly mechanism and the putative secreted substrate are still unknown. In this project, we focused on the A-Q components that harbor a "ring-building motif" (RBM), a conserved fold that was shown to be present in ring-forming components of specialized secretion systems. The data generated during my PhD have been or will be communicated through various supports, including research articles published in peer-reviewed journals, posters and oral presentations during symposia.

In the first part of my project, I joined a structure-function study of GerM, one of the A-Q components that was shown to play an important role in the localization of A-Q proteins and in σG activation. I performed a biophysical study of GerM, which showed that a direct interaction with Q and AH can be detected by MST. However, no good internal control could be obtained and the interactions could not be demonstrated using another technique. Due to the urge to publish the structure of GerM, we could not include the MST data in the article. I was however listed as a co-author (Trouve, Mohamed, Leisico, Contreras-Martel, Liu et al., J. Struct. Biol., 2018) because my experiments were mentioned in the article and because I produced the protein that was used for SAXS experiments in this study.

One of my projects consisted in testing the ability of full-length membrane constructs of AF, AG, AH and Q to form oligomeric rings. I discovered that AG can form a double ring that has never been reported before. Although this double ring might not be physiological, solving its structure should allow unraveling the structure of regions that were absent (transmembrane segment) or invisible (D1 domain) in the soluble construct of AG, whose structure was previously published [START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF]. This study will be performed after the end of my PhD by electron microscopy, in collaboration with the group of Guy Schoehn at the IBS.

Besides, if the double AG ring could form a hollow channel, it might be used for biotechnological applications such as a nano-pores.

In the third part of my project, I studied YhcN, another RBM-containing protein involved in B. subtilis sporulation. I solved the crystal structure of YhcN but the protein showed no sign of ring-like oligomerization. To try to understand why some RBM domains do not oligomerize in vitro (such as AF, AH, GerM and YhcN), I purified truncated RBM-like domains of AG, AH and YhcN, and characterized their ability to form rings. This work suggests that all or at least some RBM domains are not sufficient to trigger ring oligomerization. So far, only RBM domains associated with β-barrels were shown to oligomerize in vitro. It is thus possible that RBM domains are rather ring-stabilizing motifs than ring-building motifs. This study will be communicated in a research article that is currently being prepared and will be untitled "Structural insights into ring-building motifs involved in bacterial sporulation".

During my PhD, this project named 'Proteins with RBM (ring-building motif)-like domains involved in bacterial sporulation' has been presented as a poster at the "PSB student day" in 2019, as a flash talk at the "PSB student day" in 2020, and also as an oral presentation at the "Bacto-Gre" symposium in 2020.
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Figure 1 .

 1 Figure 1. Schematic diagram of specialized secretion systems in Gram-negative bacteria. T1SS, T3SS, T4SS and T6SS transport the substrates through the inner membrane (IM) and outer membrane (OM) into the extracellular space in one step. T3SS and T6SS inject the substrate(s) into the host membrane. T2SS and T5SS rely on the Sec or Tat pathway to realize a two-step secretion.

Figure 2 .

 2 Figure 2. Structural model of T1SS. (A) Basic structure diagram of T1SS. (B) Ribbon representation of the structure of the MacA-MacB-TolC pump in Escherichia coli K-12 (PDB code: 5NIK). (C) Ribbon representation of the structure of the ABC transporter from A. aeolicus (PDB code 5L22). (D) Alignment of protein sequences of PrtD from A. aeolicus and SpoIIIAE (AE) from B. subtilis.

Figure 3 .

 3 Figure 3. Structural modele of T2SS. (A) Schematic diagram of the topology and location of core components of T2SS. (B) Cryo-EM structure of the homo-multimeric GspD secretin complex from V. cholera (PDB code: 5WQ8). One of the 15 protomers is colored in red. The position of the rings made by the N1, N2, N3 and secretin domains of the protein are indicated, and the S domain is circled in black. (C) Low-resolution cryo-EM structure of the N-terminal rings of the GspD channel. The gaps between N3 and N2 rings show that the interaction between them is weak. (D) Schematic diagrams of the GspD channel in a closed state (left) and an open state (right). During secretion, the cap and central gates (in yellow) might open around the linker or glycine (marked as G) regions, and the N3 constriction sites might be pushed back in order to let the substrate pass through. Panel C-D are from Yan& Li et al., 2017.

Figure 4 .

 4 Figure 4. Structural model of T3SS. (A) Model of the major subassemblies of the T3SS. Adapted from Tiago R.D Costa et al., 2015. (B) Cryo-EM model of the two 24-mer rings made by the periplasmic domains of PrgK (in pink) and PrgH (in cyan) from S. typhimurium (PDB code: 5TC). (C) Ribbon representation of PrgKD20-K203, showing the two RBM domains. (D) Ribbon representation of PrgHA171-D364, showing the three periplasmic RBM domains. (E) Cryo-EM structure of the InvG OM ring from S. typhimurium (PDB code 5TCQ). One of the 15 protomers is colored in red. (F) Ribbon representation of a InvGG171-G557 protomer showing the secretin and the S domain. (G) Cryo-EM model of PrgH171-364 (in green), PrgK20-203 (in green), InvG34-557 (in blue and cyan), and PrgI3-80 (in purple) components of T3SS from S. typhimurium (PDB code 6DUZ). One monomer encompassing InvG34-557 is colored according to structural domains : N0-N3 domains (in blue), outer β-sheet (in cyan), inner β-sheet (in green), secretin domain lip (in orange) and S domain (in red) (Hu et al. 2018). The InvG secretin contacts the third RBM domain of PrgH through its first N-subdomain. Panel G is from Worrall& Strynadka et al., 2016.

Figure 5 .

 5 Figure 5. Structural model of T4SS. (A) Model of the major subassemblies of the T4S. Adapted from Tiago R.D Costa et al., 2015. (B) Cryo-EM structure of the OM core-complex from Xanthomonas citri T4SS (PDB: 6GYB). Fourteen protomers of the C-terminal N0/RBM1 domain of VirB7 (in red) wrap around the 14-mer ring of VirB9 (in green), itself surrounding the 14-mer oligomer of VirB10 (in blue). (C) Schematic diagram of the T4SS structure in side (left) and bottom (right) views. The VirB4 (in yellow) and VirD4 (in blue) ATPases are respectively shown as hexamers and dimers connected to the VirB3 (in dark green), VirB6 (in green), and VirB8 (in light green) components of the inner membrane platform. The VirB7, VirB9 and VirB10 components of the core-OM complex are shown in different shades of grey. Adapted from Redzej& Waksman et al., 2017.

Figure 6 .

 6 Figure 6. RBM domains in different secretion systems. (A) The left panel shows the cryo-EM structure of the PrgK-PrgH periplasmic rings from S. typhimurium T3SS (Prgk is in pink, PrgH is in light blue, PDB code: 5TCP). The right panels show the ribbon representation of PrgKD20-K203 and PrgHA171-D364, with the RBM domains labeled. (B) Cryo-EM structure of the InvG OM ring from S. typhimurium T3SS with one monomer shown in red (PDB code: 6DV3). The right panel shows the ribbon representation of InvGG34-G557, with RBM1 to RBM3 domains labeled. (C) The left panel shows the cryo-EM structure of the GspD secretin channel from V. cholerae T2SS with one monomer shown in red (PDB code: 5WQ8). The right panel shows the ribbon representation of GspDG97-M646, with RBM2 to RBM4 domains labeled. (D) The left panel shows the cryo-EM structure of the OM core-complex from X. citri T4SS (PDB code: 6GYB, VirB7 is in red, VirB9 is in green and VirB10 is in blue). The right panel shows the ribbon representation of the VirB7 C-terminal RBM domain. (E) Structure and topology model of the RBM3 domain of GspD from V. cholerae T2SS. α-helices are in green, β-sheets are in orange. (F) Structure and topology model of the RBM2 domain of PrgK from S. typhimurium T3SS.

Figure 7 .

 7 Figure 7. Schematic diagram of morphological changes and chromosome translocation into the forespore during the sporulation. Peptidoglycan is in grey, membranes are in red, chromosomes are in blue, SpoIIIE is in orange. The panel is from Khanna et al., 2019.

Figure 8 .

 8 Figure 8. The SpoIID-SpoIIM-SpoIIP machinery. (A) Migration of the mother cell membrane (thick grey line) around the forespore membrane (thin grey line) is driven by peptidoglycan hydrolysis performed by the SpoIID (pacman) and SpoIIP (shaded lollipop) pair of hydrolases. SpoIIM (speckled box) anchors the peptidoglycan hydrolases at the leading edge of the engulfing mother cell membrane. The panel is from Mello et al., 2002. (B) Schematic diagram of the proposed catalytic cycle of the engulfment complex. (1) The SpoIID (D)-SpoIIM (M)-SpoIIP (P) complex binds the peptidoglycan. Glycan strands are in green, peptides are in black. (2) D stimulates the amidase activity of P, resulting in cleavage of the stem peptides cross-links and the release of P. (3) Released P rebinds at a nearby peptidoglycan site. (4) The denuded glycan strands are cleaved by D. (5) Released D rebinds to P at the nearby site. (C) Circumferentially distributed D-M-P engulfment complexes drive movement of the mother cell membrane (light purple) around the forespore membrane (blue). Panels (B) and (C) are from Morlot et al., 2010.

Figure 9 .

 9 Figure 9. Protective layers found in the mature B. subtilis spore. (A) Schematic diagram of the mature B. subtilis spore. The chromosome is located in the dehydrated central core. The core is protected by multiple layers including the cortex (in green), the basement layer (in blue), the inner coat (in orange), the outer coat (in purple) and the crust (in red). (B) Composition of the different protein layers of the spore coat. The assembly of each layer may be driven by multimerization of the coat proteins. The interaction between each layer is still to be demonstrated. This figure is from McKenney et al., 2013.

Figure 10 .

 10 Figure 10. The sequential activation of sporulation-specific transcription factors. The different morphological stages observed during sporulation, as well as the activation sequence of the  transcription factors, are represented with diagrams (top panels). For the engulfment stage, components of the SpoIIIA-SpoIIQ complex are represented with purple spheres. For each developmental stage, a fluorescence image of a sporulating cell in which the membranes are stained with the FM4-64 dye is shown.

Figure 11 .

 11 Figure 11. Schematic diagrams of the components of the SpoIIIA-SpoIIQ complex in B. subtilis. (A) Localization, topology and structure of mother cell and forespore proteins from the A-Q complex. SpoIIIAA (AA, the ATPase, represented as an hexamer), SpoIIIAB (AB), SpoIIIAC (AC), SpoIIIAD (AD), SpoIIIAE (AE), SpoIIIAF (AF), SpoIIIAG (AG), SpoIIIAH (AH), GerM and SpoIIQ (Q) are shown with an arbitrary stoichiometry. (B) Spore morphology in wild-type (WT) cells and in the absence of the SpoIIIA proteins (ΔspoIIIA) observed by EM. Scale bar, 200 nm. The caret highlights membrane defects. (C) Model describing the putative role of the A-Q complex (violet circles and ellipses) in B. subtilis sporulation. Passive transport or active secretion of an unknown metabolite/osmolyte (red circle)

Figure. 12

 12 Figure. 12 SpoIIIAA is required for the activity of G. (A) SpoIIIAA (IIIAA) shares sequence similarities with GspE from T2SS, PilB, PilD, VirB11 and TrbB from T4SS, in four conserved motifs (red boxes). (B) The activity of G in the forespore is observed using a fluorescent reporter (PsspE-cfp).Compared to the wild-type background (wt), the CFP fluorescence signal is strongly reduced in a strain lacking SpoIIIAA (A) or expressing a SpoIIIAA D224A Walker B box mutant (A D224A ). (C) Expression of a G-dependent sspB-lacZ translational fusion was monitored by measuring the activity of the βgalactosidase. Compared to the wild-type background (wt), the β-galactosidase production is totally impaired in a strain lacking G (sigG), and strongly reduced in strains lacking SpoIIIAA (A) or expressing a SpoIIIAA D224A Walker B box mutant (A D224A ). The figure is from[START_REF] Doan | Novel secretion apparatus maintains spore integrity and developmental gene expression in Bacillus subtilis[END_REF] 

Figure. 13

 13 Figure. 13 SpoIIIAB shares structural similarity with T2SS and T4SS proteins. (A) Topology of SpoIIIAB. The structure of SpoIIIAB is shown in ribbon representation. (B) Amino acid sequence alignment of SpoIIIAB against homologues from specialized secretion systems. The secondary structures of SpoIIIAB and EpsF are shown on the top and bottom of the aligned sequences, respectively. Residue numbering is for SPoIIIAB. Conserved residues are boxed in red. Similar residues are boxed in blue. (C) Structural overlay of AB27-153 (in blue, PDB code 6BS9) with EpsF56-171 (in orange, PDB code 3C1Q), PilC53-168 (in green, PDB code 4HHX) and TcpE1-102 (in yellow, PDB code 2WHN). The two SpoIIIAB regions displaying structural divergence with its homologues (angle of helix α6, dimensions of helices α4 and α5) are pointed with black arrows. TM, transmembrane segment. Panel B-C are adapted from Zeytuni et al., 2018.

Figure 14 .

 14 Figure 14. SpoIIIAC and SpoIIIAD share similar topology with Flip/SctR, FliQ/SctS proteins from the export apparatus of T3SS. (A) Topology of SpoIIIAC and SpoIIIAD. (B) Topology of Flip/SctR and FliQ/SctS from S. typhimurium. (C) Models of the closed and open conformations of the PQR complex. The PQR complex in its closed conformation (as obtained experimentally by singleparticle cryo-EM) fits in the cellular cryo-EM map obtained from a basal body in the absence of rod components (left panel). The PQR complex in its open conformation (obtained by in silico modeling) fits in the cellular cryo-EM map obtained from a basal body in the presence of rod components (right panel). TM, transmembrane segment. Panel B-C are adapted from[START_REF] Kuhlen | Structure of the core of the type III secretion system export apparatus[END_REF] 

Figure 15 .

 15 Figure 15. Topology of SpoIIIAE (A) and FliR/SctT (B) from flagellar/injectisome machineries. (A) 7 predicted TMs cover around 3/4 of the SpoIIIAE sequence. (B) The FliR/SctT component of the flagellar/injectisome export complex contains 6 TMs distributed all along the protein sequence. Panel B is adapted from Kuhlen et al., 2018.

Figure 16 .

 16 Figure 16. Topology and structure of SpoIIIAF. (A) Topology of SpoIIIAF. TM, transmembrane segment. The orientation of SpoIIIAF relative to the mother-cell membrane was chosen arbitrarily. The structure of AF85-206 (PBD code 6DCS) is shown in ribbon representation. (B) Size-exclusion chromatograms of AF60-206 (in blue) and AF85-206 (in red). (C) Micrograph of the purified AF60-206 construct observed by negative-stain TEM. Suspected ring structures are pointed with black arrows. Panels (B) and (C) are from Zeytuni et al., 2018.

Figure 17 .

 17 Figure 17. The ring-forming component SpoIIIAG of the A-Q complex. (A) Topology of AG showing the transmembrane segment (TM) and the extracytoplasmic D1 and D2 domains. Numbering refers to the B. subtilis AG sequence. The hatched area represents the region inserted within the RBMhomologous sequence and displaying the β-triangle fold. (B) AG localization around the forespore requires AH, Q and GerM. Conventional fluorescence microscopy images obtained with a strain producing a GFP-AG fusion in a wild-type (WT), ΔspoIIIAH (ΔAH), ΔgerM (ΔGerM), ΔspoIIQ (ΔQ) and ΔspoIIIAH ΔgerM (ΔAH ΔGerM) background. The GFP signal is false-colored green in the merge image. Membranes are stained with TMA-DPH (false-colored red in the merge image). Enrichment of AG around the forespore is reduced in the absence of GerM, Q, and to a lesser extent in the absence of AH. From Rodrigues et al., 2016a. (C) Negative-stained EM images of rings obtained with a AGS51-S229 construct. The left panel shows a large field of homogeneous rings. The right panel shows enlargements of individual rings. Scale bar, 20 nm. From Rodrigues et al., 2016b. (D) Ribbon and surface representation of an AG89-227 oligomeric ring displayed in top, side, and tilted views from top to bottom. An AG monomer is labeled in blue. (E) Structural overlay of AG89-227 (PDB code 5WC3) and EscJ96-186(PDB code 1YJ7, in dark grey), PrgK94-176 (PDB code 4OYC, in light grey). Panels D and E are from[START_REF] Morlot | The New Kid on the Block: A Specialized Secretion System during Bacterial Sporulation[END_REF] 

Figure 18 .

 18 Figure 18. The SpoIIIA-SpoIIQ dimer. (A) Topology of SpoIIIAH and SpoIIQ. (B) Ribbon representation of the SpoIIIAH -SpoIIQ dimer showing the intermolecular composite β-sheet. Helix α1 and strands β2 and β3 from Q are annotated. α-helices and β-strands of AH are numbered 0-1 and 1-3, respectively. This panel is from Morlot and Rodrigues, 2018. (C) The top panels show conventional fluorescence microscopy images obtained with a strain producing a GFP-SpoIIIAH fusion in a wild-type (WT) or ΔspoIIQ (ΔSpoIIQ) background. The GFP signal is false-colored green and membranes are stained with MTR, which is false-colored red. Enrichment of SpoIIIAH around the forespore is reduced in the absence of Q. The bottom panels show conventional fluorescence microscopy images obtained with a strain producing a GFP-SpoIIQ (GFP-Q) fusion in wild-type (WT), ΔspoIIIAH (ΔAH), ΔgerM (ΔGerM) or ΔspoIIIAH ΔgerM (ΔAH ΔgerM) backgrounds. The GFP signal is false-colored green in the merge image. Membranes are stained with TMA-DPH (false-colored red in the merge image).

Figure 19 .

 19 Figure 19. GerM displays an RBM-like domain and is functionally linked to the AH-Q dimer. (A) Topology of GerM showing the N-terminal lipobox and the two RBM-like domains called GerMN1 and GerMN2 (left panel). On the right panel, the structure of the soluble region of GerM (GerMF26-F366) is shown in ribbon representation with an arbitrary orientation in the intermembrane space. From Trouve al., 2018. (B) Conventional fluorescence microscopy images of GerM-mCherry localization 2.5 hours after the onset of sporulation. Images were obtained from wild-type (WT), spoIIIAH (AH), spoIIQ (Q), spoIIIA (A), spoIIQ(Q168A) (Q Q168A ) and spoIIIAH spoIIQ(Q168A) (AH Q Q168A ) strains. The mCherry signal and the TMA-DPH-stained membranes are respectively false-colored green and red in the merge image. Scale bars, 2 µm. From Rodrigues& Rudner et al., 2016.

  [START_REF] Setlow | Spore Resistance Properties[END_REF][START_REF] Hay | Structural Basis of Type 2 Secretion System Engagement between the Inner and Outer Bacterial Membranes[END_REF][START_REF] Hay | Structure and Membrane Topography of the Vibrio-Type Secretin Complex from the Type 2 Secretion System of Enteropathogenic Escherichia coli[END_REF][START_REF] Nouwen | Domain structure of secretin PulD revealed by limited proteolysis and electron microscopy[END_REF][START_REF] Chami | Structural insights into the secretin PulD and its trypsin-resistant core[END_REF][START_REF] Yan | Structural insights into the secretin translocation channel in the type II secretion system[END_REF][START_REF] Howard | Structure and assembly of pilotin-dependent andindependent secretins of the type II secretion system[END_REF]. In this context, I have dedicated part of my Ph.D. work to investigate the structural determinants of RBM oligomerization in sporulation proteins. Because some of the RBMcontaining sporulation proteins harbor additional secondary structures that pack against the RBM core in proteins that do not oligomerize in vitro (AH and GerM), I aimed to determine whether these regions impair the oligomerization ability of the RBM domains. On the other hand, I investigated which region(s) in AG is(are) required for oligomerization. The experimental approach used to address these questions was based on recombinant protein production and purification, coupled to SEC-MALLS (Size-exclusion chromatography and multi-angle laser light scattering) and negative-stain transmission electron microscopy (TEM) analysis of high-molecular weight species. I applied this approach to full-length and truncated forms of the RBM-containing soluble domains of AG, AH and YhcN.In parallel, I have pushed the structural characterization of AG, which is so far the only ringforming component of the A-Q complex. The D1 domain is not visible in cryo-EM reconstructions of the soluble region of AG (containing the D1 and D2 domains)[START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF][START_REF] Zeytuni | Near-atomic resolution cryoelectron microscopy structure of the 30-fold homooligomeric SpoIIIAG channel essential to spore formation in Bacillus subtilis[END_REF] and is thus likely flexible in this construct. However, I showed that the D1 domain is required for AG oligomerization in the first part of my project (described in the above paragraph). My first objective here was thus to study the structure of the full-length membrane form of AG (AGM1-S229) by cryo-EM. Obtaining a cryo-EM model of AGM1-S229 would provide information regarding the structure and oligomerization ability of the D1 domain. In addition, getting the dimensions of full-length AG rings would shed light on their positioning relative to the inner forespore membrane. My second objective was to reconstitute part of the A-Q complex in vitro using the full-length AGM1-S229 construct and fulllength membrane forms of other RBM-containing components: AF and the AH-Q heterodimer.To do so, I have produced and purified full-length membrane forms of AF, AG, AH and Q and tested whether they could form rings in the presence of detergents.

Figure 20 .

 20 Figure 20. (A) Model proposing a putative role of the A-Q complex during B. subtilis sporulation. Passive transport or active secretion of an unknown metabolite/osmolyte (red circles) into the forespore would maintain forespore integrity and σG activity (green forespore) in wild-type cells (WT). In the absence of the A-Q proteins (∆AA-AH or ∆Q), the forespore loses metabolic potential, collapses and σG activity cannot be maintained. Panel A is from Doan et al., 2009. (B) Schematic diagram showing a potential architecture of the A-Q complex, in which stacked rings of AG (in cyan), AH (pink), GerM (green) and Q (purple) form a channel in the intermembrane space. Other components of the A-Q complex are shown in grey. The AA ATPase might form a hexamer in the mother-cell cytoplasm. Panel B is from Morlot and Rodrigues, 2018.

  -206 / His6-SUMO-spoIIIAFK55-E206 This work (CR) pCR 291 HS-AF1-206 / His6-SUMO-spoIIIAFM1-E206 This work (CR) -150 / His6-SUMO-yhcNA24-N150 This work (BL) pCM 126 HS-YhcN78-150 / His6-SUMO-yhcND78-N150 This work (BL) B. RBM-like plasmid construction pCR291 [His6-SUMO-spoIIIAFM1-E206], pCR284 [His6-SUMO-spoIIIAGM1-S229], pCR290 [His6-SUMO-spoIIIAHM1-K218], pCR289 [His6-SUMO-spoIIQM1-S283], pCM122 [His6-SUMO-yhcNA24-E189], pCM123 [His6-SUMO-yhcND78-E189] and pCM129 [His6-SUMO-spoIIIAGT126-K181] were generated by ligating a PCR product containing the relevant DNA segment into pCR134 [His6-SUMO-spoIIIAG(Alo)66-201] cut with BamHI/XhoI[START_REF] Rodrigues | A ring-shaped conduit connects the mother cell and forespore during sporulation in Bacillus subtilis[END_REF].pCM124 [His6-SUMO-spoIIIAGS51-S229(L128-K180)], pCM125 [His6-SUMO-yhcNA24-E189], pCM126 [His6-SUMO-yhcND78-E189], pCM127 [His6-SUMO-spoIIIAHA32-K218(L105-V128)] and pCM128 [His6-SUMO-spoIIIAHS129-K218] were generated by site-directed mutagenesis using appropriate oligonucleotide primers and plasmid templates : AG(L128-K180)for/rev on pCR94, YhcN24-150-for/rev on pCM122 or pCM123, AH(L105-V128)for/rev or AH129-218-for/rev on pCR105.PCR products were cleaned up using the NucleoSpin Gel and PCR clean-up kit. For sitedirected mutagenesis, the DpnI restriction enzyme was used for digestion of the methylated plasmid template. DNA preparations were transformed into E. coli DH5α competent cells and grown on LB-agar-Amp plates at 37℃, overnight. Single colonies were inoculated into LB-Amp medium for an overnight culture at 37℃. Plasmid DNA was extracted and sent for DNA sequencing to the GENEWIZ Ltd company.C. Production of recombinant proteinsPlasmids for expression of recombinant proteins were transformed into competent E. coli BL21 (DE3) STAR cells. Cells were grown in 2-L baffled flasks containing 500-mL of Terrific Broth (TB) medium supplemented with ampicillin (100 μg/mL) at 37°C under agitation (180 rpm) until OD600nm reached  0.8. Cells were cooled to 25°C (for soluble proteins) or 16°C (for membrane proteins) until the OD600nm reached  1.5. Expression of the gene of interest was then induced by the addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cultureswere further incubated at 25℃ or 16°C for  18 h. Cells were harvested by centrifugation at 3,500 × g, at 4℃ for 30 min. After been resuspended in 1/50 th volume of buffer A (Tris-HCl 50 mM pH 8.0, NaCl 500 mM, imidazole 25 mM, glycerol 10% vol/vol) supplemented with the Complete™ EDTA-free cocktail of protease inhibitors (Roche), cells from a total of 2 L of culture were either flash-frozen into liquid nitrogen for storage at -80°C, or directly used for protein purification.

  Thirteen different detergents were screened : 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPS); 5-Cyclohexylpentyl β-D-maltoside (cymal5); ndodecylphosphocholine (FC12); Octyl-beta-Glucoside (β-OG); Lauryldimethylamine oxide (LDAO); 3-Dodecylamido-N,N′-dimethylpropyl amine oxide (LAPAO); Octaethylene Glycol Monododecyl Ether (C12E8); N-Dodecanoyl-N-methylglycine sodium salt (NLS); Triton X-100; n-Decyl-β-D-Maltopyranoside (DM); n-Dodecyl β-D-maltoside (DDM); n-Undecyl βmaltoside (UDM) and Decyl Maltose Neopentyl Glycol (DMNG).

  and personal contribution to the GerM study.GerM is a lipoprotein initially identified by a genetic screen as a protein involved in the germination of the spore[START_REF] Rigden | Sequence analysis of GerM and SpoVS, uncharacterized bacterial 'sporulation' proteins with widespread phylogenetic distribution[END_REF]. However, a more recent study performed by the group of David Rudner (Harvard Med. School, Boston) in B. subtilis has shown that it has an earlier role in the development of the spore[START_REF] Rodrigues | Peptidoglycan hydrolysis is required for assembly and activity of the transenvelope secretion complex during sporulation in Bacillus subtilis[END_REF][START_REF] Rodrigues | GerM is required to assemble the basal platform of the SpoIIIA-SpoIIQ transenvelope complex during sporulation in Bacillus subtilis[END_REF]. Like the A-Q proteins, GerM is required for the activation of G and for the integrity of the forespore. In addition, it is involved in the localization of the A-Q complex. The study of GerM in my hosting laboratory started when the first author of these studies (Christopher Rodrigues) started his own group at the University of Sydney, Australia.

Figure 21 .

 21 Figure 21. Interdependent localizations of SpoIIQ, SpoIIIAH and GerM. (A) GFP-SpoIIQ (GFP-Q) localization requires GerM or SpoIIIAH (AH). Conventional fluorescence microscopy images of GFP-Q localization in sporulating cells at hour 2 of sporulation. Images are from wild-type (WT), spoIIIAH (AH), gerM and spoIIIAH gerM (gerM AH) strains. (B) GerM-mCherry localizes to septal membrane in a manner that depends on Q. Conventional fluorescence microscopy images of GerM-mCherry localization in sporulating cells at hour 2.5 of sporulation. Images are from wild-type (WT), spoIIIAH (AH) and spoIIQ (Q) strains. Scale bar, 2 µm. The images are from Rodrigues et al. 2016a.

Figure 22 .

 22 Figure 22. The crystal structure of GerM. (A) Ribbon representation of the GerMN1 domain of GerM. α-helices, β-strands, 310-helices (η) are marked. (B) Structural overlay of GerMN1 and the second RBM domain (D3) of PrgH from S. typhimurium (PDB code 4G11). (C) Structural overlay of GerMN1 and AG from B. subtilis (PDB code 5WC3). (D) Structural overlay of GerMN1 and AH from B. subtilis (PDB code 3UZ0). (E) The GerM26-366 protofilament resulting from the continued protein oligomerization in the crystal. The four molecules in the asymmetric unit are colored in different shades of green and are shown with surface and ribbon representations. This figure is from Trouve et al., 2018.

  conclusive enough to be included in the article about GerM structure (see section I.C of the Results chapter) but I have described my results in section I.B. In addition, I produced and purified GerM samples for SAXS (Small-Angle X-ray Scattering) analyses, which are reported in the Trouve et al. article. My authorship in the article from Trouve et al. thus results from my contribution to the biophysical study of GerM (test of GerM interaction with protein partners and preparation of SAXS samples).

Figure 23 .

 23 Figure 23. Topology of SpoIIIAG (AG), SpoIIIAH (AH), SpoIIQ (Q) and GerM, and constructs purified for this study. The constructs purified for the protein-protein interaction assays are shown below the schematics describing the domain boundaries of the A-Q proteins. Residue numbering is for the A-Q proteins from B. subtilis 168. Transmembrane domains (TM), RBM-like domains, as well as the D1 and D2 domains of AG, and the insertion region within the D2 domain (see section IIC6 of the Introduction chapter) are labeled.

Figure 24 .

 24 Figure 24. Affinity measurements by microscale thermophoresis (MST) of GerM against other proteins from A-Q complex. (A) Labeled GerM binds to increasing concentrations of Q (left panel) or AH (right panel). Fnorm (normalized fluorescence = fluorescence after thermophoresis/initial fluorescence) is plotted against Q or AH concentrations. Measures are represented by dots and the fitted curve by a line. (B) Labeled GerMN1 binds weakly to increasing concentrations of Q and AH. (C) Labeled GerMN1 binds weakly to increasing concentrations of Q and AH.

Figure 25 .

 25 Figure 25. (A-C) Size-exclusion chromatography (SEC) profiles of individual proteins show the elution of GerM (A) 8.7 mL, Q (B) at 9.0 mL and AH (C) at 9.3 mL. (D) The SEC profile of a preincubated mix containing GerM and Q shows two peaks corresponding to the separated elution of GerM and Q at 8.7 and 9.0 mL, respectively. (E) The SEC profile of a pre-incubated mix containing GerM and AH proteins shows two peaks corresponding to the separated elution of GerM and AH at 8.7 and 9.3 mL, respectively. UV absorbance chromatogram is in blue, black dotted lines mark the elution volumes.

Figure 26 .

 26 Figure 26. Dot-blot assay of GerM binding to different proteins. 0.3 nmol of purified proteins

(

  cymal-5, B-OG, C12E8, TX-100, DM, UDM, DMNG) and zwitter-ionic detergents (CHAPS, LDAO, LAPAO) (See the Materials and Methods chapter and Fig.27A). In collaboration with Anne-Marie Villard from my hosting laboratory, we performed small-scale solubilization and purification assays of His-SUMO-AGM1-S229. Coomassie-stained SDS-PAGE gel showed that His-SUMO-AGM1-S229 purification efficiency was the highest in Cymal 5 (5-Cyclohexyl-1-Pentyl-β-D-Maltoside), FC12 (Fos-Choline 12) and DDM (n-Dodecyl-β-D-Maltoside) (Fig.27B).

Figure 27 .

 27 Figure 27. Detergent screening. (A) List of the different detergents used in the small-scale solubilization and purification assays of His-SUMO-AGM1-S229. The concentrations used for the solubilization of membrane proteins (Conc. solubilization) and for the Ni-NTA purification (Conc. purification) are indicated. (B) 12.5% SDS-PAGE gel stained by Coomassie blue, showing the output of small-scale Ni-NTA purification of His-SUMO-AGM1-S229 using different detergents. Numbers on top of each lane refer to the detergents listed in panel A. His-SUMO-AGM1-S229 was produced in E. coli BL21 (DE3) Star, membrane proteins in groups 1-15 were solubilized in Tris-HCl 50 mM pH 8.0, NaCl 500 mM, containing an appropriate concentration of detergent (see panel A), proteins in groups 16-18 were solubilized in Tris-HCl 50 mM pH 8.0, NaCl 300 mM, containing an appropriate concentration of detergent , and purified using 50-μL Ni-NTA resin. M, molecular weight markers; Mb, membranes. The protein bands squared with black boxes indicate the conditions that provided the highest purification yields.

Figure 28 .

 28 Figure 28. Purification of full-length RBM-containing proteins from B. subtilis. (A) 12.5% SDS-PAGE gel stained with Coomassie blue, showing elution fractions of size-exclusion chromatography purification of His-SUMO-AGM1-S229. The band migrating around 30 kDa corresponds to monomers of His-SUMO-AGM1-S229 while the band migrating above 250 kDa corresponds to rings of His-SUMO-AGM1-S229 . (B) Coomassie blue-stained gel showing the protein content of the purified samples of AHM1-K218 and QM1-S283 following size-exclusion chromatography and protein concentration. Both AHM1-K218 and QM1-S283 migrate around 40 kDa. (C) Coomassie blue-stained gel showing the concentrated sample of His-SUMO-AFM1-E206 after nickel-affinity chromatography.

Figure 29 .

 29 Figure 29. Rings formed by soluble and membrane AG constructs. (A) The top panel shows domain boundaries of the soluble AGS51-S229 construct. The middle panel shows a large field of rings formed by the purified AGS51-S229 sample and observed by negative-stain EM. The lower panels show top and side view of a single ring formed by AGS51-S229. The white arrows point at the saucer and the cup regions in the side view panel. Scale bar is 20 nm. EM micrographs are from a previous study from my hosting lab (Rodrigues, Henry, et al. 2016). (B) The top panel shows domain boundaries of the membrane His-SUMO-AGM1-S229 construct. The middle panel shows a large field of double rings formed by the DDM-solubilized His-SUMO-AGM1-S229 sample and observed by negative-stain EM. Scale bar is 100 nm. The lower panels show top and side views of a double ring formed by His-SUMO-AGM1-S229. The white arrows point at the putative saucer regions in the side view panel. Scale bar is 10 nm.

Figure 30 .

 30 Figure 30. The RBM-like domains of AG and AH contain additional secondary structures compared to canonical RBMs. (A) Ribbon representation of the structure of the AGS51-S229 construct, showing the RBM core in blue and the β-triangle insertion in red. (B) Superimposition of an AG dimer (PDB code 5WC3, in blue) onto a PrgK dimer (PDB code 6DUZ, in grey). (C) Ribbon representation of the structure of the AHA24-K218 construct, showing the RBM core in magenta and the additional α0 helix in red (PDB code 3UZ0). (D) Superimposition of AH (PDB code 3UZ0, in magenta) onto a PrgK dimer (PDB code 6DUZ, in grey).

Figure 32 .

 32 Figure 32. Analysis of truncated forms of AH. (A) The size-exclusion chromatography profile of AHS129-S218 shows a first peak (Peak 1) eluting at around 8 mL (large molecular weight specie) and another peak eluting at about 15 mL (small molecular weight species). Fractions in boxes correspond to those analyzed by SDS-PAGE in panel (B). (C) SEC-MALLS analysis of the oligomerization status of AHS129-K218 in solution. Chromatograms are displayed with the absorbance at 280 nm as a blue line, the refractive index as a red line and the UV as a green line. Molecular weight estimation is displayed as a black line with values (in Da) displayed on the left axis.

Figure 33 .

 33 Figure 33. Design of YhcN constructs. (A) Secondary structure prediction of YhcN performed with the Jpred4 server (http://www.compbio.dundee.ac.uk/jpred/). The predicted α-helices are indicated with red "H" letters and the predicted β-strands are shown as yellow "E" letters. (B) Domain boundaries of the YhcNA24-E189 (top scheme) and YhcND78-E189 (lower scheme) constructs.

Figure 34 .

 34 Figure 34. Purification of recombinant YhcN constructs. (A, B) Elution profiles of the YhcNA24-E189 (A) or the YhcND78-E189 (B) construct from a Sec650 gel filtration column. The elution volume of the proteins suggest that they are monomeric in solution. On the right of these panels, Coomassie-stained SDS-PAGE gel shows the presence of a single species in each sample. (C) Purified YhcN A24-E189 sample was analyzed by liquid chromatography-mass spectrometry (LC-MS), which showed a major species of 18.7 kDa.

Figure 35 .

 35 Figure 35. Initial protein crystallization hits. (A) Images of four conditions in which YhcNA24-E189 nano-crystals were obtained with different PEG polymers as the precipitation agent. Numbers correspond to the composition of the crystallization buffer indicated in panel (B). (B) Composition of the crystallization buffer corresponding to images shown in panel (A).

  structure, we sought to perform ab initio phase determination using the ARCIMBOLDO LITE program, which combines the location of model fragments like small α-helices with PHASER (McCoy et al. 2007) and density modification with SHELXE (Thorn and Sheldrick 2013). Ab initio phasing was achieved by Carlos Contreras-Martel from the Dessen lab, from the correct positioning of four helices. Using the ab initio phases, I performed semi-automated model building and refinement of YhcNA24-E189 as described in the Material and Methods section.

Figure 36 .

 36 Figure 36. YhcN structure model. (A) Full size YhcN crystals obtained in 15 days in 100 mM HEPES pH 7.5; 16% (w/vol) PEG 8000. (B) Topology of YhcNA24-E189. Residues A24 to D78 are invisible in electron density map. The rest of the protein displays a α1β1β2α2β3α3α4 topology, which includes an RBM core region (in green) and two additional C-terminal α-helices in (orange). (C) Refined YhcN crystal structure. Figures were generated with Chimera in two different orientations. (D) Overlay of Chain A (green) and Chain B (blue) of YhcN A24-E189. (E) B-factor color-coded ribbon diagrams of the YhcN A24-E189 dimer present in the asymmetric unit. The ribbon color changes from blue (rigid) to red (flexible) to represent a low to high residue flexibility. The low B-factors of α1β1β2α2β3α3 suggest that these domains are stable. The high B-factors at the beginning of helix α4 suggest that this helix displays more flexibility in the crystal, and could therefore be flexible in the cellular context.

Figure 37 .

 37 Figure 37. Analyses of the YhcN crystal dimer. Views of the YhcN chain A (in dark green) and chain B (in light green) interface with residues involved in hydrogen bonds labeled and shown as atomcolored sticks. (B) SEC-MALLS analysis of the oligomerization status of YhcNA24-E189 in solution.Chromatograms are displayed with the absorbance at 280 nm as a green line (UV), the refractive index as a blue line (dRI) and arbitrary units displayed on the left axis. Molecular weight estimation is displayed as a pink line with the value (in kDa). SEC-MALLS analysis provided an apparent MW of 21.04 ± 1.24 kDa, close to the experimental MW determined by mass spectrometry (18.7 kDa).

Figure 38 .

 38 Figure 38. Analysis of potential YhcN homologues. (A) Potential homologues of YhcN identified by the Dali server. The PDB entry, Z-score, rmsd (in Å) and sequence identity are provided. (B-E) Left

(

  Fig. 4C, 4D and Fig. 39D,39H). In addition, RBM protomers display different orientations in the different rings : in PrgH, oligomerization of RBM1 is mediated by helix α1 of one protomer interacting with helix α2 and strand β3 of the neighboring protomer, oligomerization of RBM2 involves helix α1 of one protomer and the β-sheet of the adjacent protomer, while RBM3 oligomerizes through the packing of the two α-helices of one protomer against the β-sheet of the adjacent molecule (αα/βββ conformation, Fig.39E-G). In PrgK, oligomerization of RBM1 is mediated by helix α1 of one protomer interacting with helix α2 of the neighboring protomer while RBM2 oligomerizes through contacts between the two α-helices of one protomer and the β-sheet of the adjacent molecule (Fig.39I-J), similar to the oligomerization of RBM3 from PrgH. In other words, the only similar oligomerization interfaces are the RBM3-RBM3 interface from PrgH and the RBM2-RBM2 interface from PrgK. This observation suggests that these αα/βββ interfaces might be the most stable ones.

Figure 39 .

 39 Figure 39. RBM domains and their oligomerization interfaces in PrgK-PrgH rings of the inner membrane platform in T3SS. (A) Schematic diagram of T3SS. Adapted from Costa et al., 2015. (B) Ribbon representation of the stacked 24-mer rings of PrgK (in light brown) and PrgH (in pink) in the T3SS from S. typhimurium (PDB code 6DUZ). (C) Ribbon representation of a ring unit containing a PrgK and PrgH protomer. RBM domains are individually boxed with dotted lines and labeled. (D) Scheme of the domain composition and boundaries in PrgH from S. typhimurium. (E-G) Adjacent protomers in rings made by RBM1 (E), RBM2 (F) and RBM3 (G) of PrgH display variable orientations but a similar αββαβ arrangement. (H) Scheme of the domain composition and boundaries in PrgK from S. typhimurium. (I-J) Adjacent protomers in rings made by RBM1 (I) and RBM2 (J) of PrgK display different orientations and different arrangements. RBM1 displays a βαβαβ topology while RBM2 shares the αββαβ topology of RBM1-3 from PrgH.

Figure 40 .

 40 Figure 40. RBM domains and their oligomerization interfaces in the InvG component of the outer membrane platform in T3SS. (A) The InvG component of T3SS from S. typhimurium forms a cylinder-like assembly containing 15 protomers (PDB code 6DV3). One protomer is labeled in red. (B) Domain composition and boundaries in InvG from S. typhimurium. (C-E) Adjacent protomers in rings made by RBM1 (C), RBM2 (D) and RBM3 (E) of InvG. RBM2 and RBM3 rings display the canonical αα/βββ interface while the RBM1 ring displays an α/α interface.

Figure 41 .

 41 Figure 41. RBM domains and their oligomerization interfaces in GspD component of the outer membrane platform in T2SS. (A) Scheme diagram of the T2SS. Adapted from Costa et al., 2015. (B) The GspD component of the T2SS from V. cholerae forms a cylinder-like assembly containing 15 protomers (PDB code 5WQ8). One protomer is labeled in red. (C) Scheme of the domain composition and boundaries in GspD from V. cholerae. (D-G) Adjacent protomers in rings made by RBM1 (D, PDB code 4JTM), and by RBM2 (E), RBM3 (F) and RBM4 (G) (PDB code 5WQ8) of InvG. RBM2, RBM3 and RBM4 rings display the canonical αα/βββ interface while the RBM1 ring displays a β/β interface. (H) Oligomerization interfaces between RBM4 protomers (left) and RBM4-secretin β-barrel (right). Residues involved in the interfaces are shown as sticks in the boxes. Adapted from Yan et al., 2016.

Figure 42 .

 42 Figure 42. Oligomerization of AG. (A) Ribbon representation of an AG dimer that composes the AG ring and zoom on the dimerization interface. Two protomers are labeled in green and blue (PDB code 5WC3). In the box, AG residues involved in hydrophobic and electrostatic interactions are labeled and shown as atom-colored sticks. (B) Structural overlay of an AG dimer (PDB code 5WC3, in blue) onto a dimer of the second RBM domain of PrgK (PDB code 6DUZ, in grey). (C) Sequence alignment between the RBM-like domain of AG and the second RBM domain of PrgK, based on the structural alignment shown in panel (B). Residues involved in the oligomerization interface are labeled with a black star. Overlayed domains are boxed in orange.

Figure 43 .

 43 Figure 43. Models for the assembly of the AG oligomer as a double ring. (A) The two AG rings position on both sides of the mother cell membrane. (B) Model in which two AG rings anchored in the mother-cell membrane, together with rings of AF, AH and Q, make the trans-enveloppe conduit. AF and the AH-Q-GerM trimer are shown as embedded in the AG ring but could alternatively surround the AG ring in the intermembrane space. (C) Two AG rings assemble in both the mother cell and forespore membranes and span the intermembrane space. (D) Model in which a transenvelope AG channel is stabilized and connected by AH, Q and GerM. AA is shown as an hexameric ATPase, and AB to AE as components of a platform anchored in the mother-cell membrane.

Figure 44 .

 44 Figure 44. Structural analysis of the RBM-containing protein SpoIIIAF. (A) Size-exclusion chromatograms of AFV60-E206 showing the presence of a monomers, dimers and large oligomers. (B) Negative-stain EM analysis of AFV60-E206. Black arrows point to ring-like particles. From Zeytuni et al., 2018. (C) Structure and topology of AFS82-E206 (PDB code 6DCS). (D) Structure and topology of AGP89-E227 (PDB code 5WC3). (E) Structure and topology of PrgKS96-A193 (PDB code 6DUZ). (F) Structural overlay of AFS82-E206 (in orange) onto a dimer made by PrgK RBM2 (in grey). (G) Structural overlay of AFS82-E206 (in orange) onto a dimer made by AG (in blue).

Figure 45 .

 45 Figure 45. Structural analysis of the RBM-containing protein SpoIIIAH. (A) Structure and topology of AHD104-S217 (PDB code 3UZ0). The RBM core domains is colored pink, the additional α0 helix is in red. (B) Structure and topology of PrgKS96-A193 from S. typhimurium (PDB code 6DUZ). (C) Structural overlay of AFS82-E206 onto a dimer made by the second RBM domain of PrgK (PDB code 6DUZ, in grey).

Figure 46 .

 46 Figure 46. Structure of GerMF26-F366. (A) Ribbon representation of GerMF26-F366 (PDB code 6GZB). GerMF26-F366 contains two RBM-like domains, called GerMN1 (dark green) and GerMN2 (light green). (B) Structure of a PrgKS96-A193 dimer from S. typhimurium (PDB code 6DUZ), in which two α-helices fold against the three anti-parallel β-sheet, forming the canonical αα/βββ RBM oligomerization interface. (C) Structural overlay of GerMN1 onto a dimer made by the second RBM domain of PrgK. The orientation of one of the GerM's α-helix is different with the corresponding one in PrgK. The additional N-terminal two-stranded β-sheet interferes with the PrgK oligomerization interface. (D) Ribbon and surface representation of the GerM fiber observed in the crystal structure. The protofilament results from the continued dimerization of GerM26-366 molecules in the crystal. The fiber is visualized upon display of the crystallographic symmetries of the asymmetric unit content. The four GerM molecules present in the asymmetric unit are colored with different shades of green.

Figure 47 .

 47 Figure 47. Models of for the structure and function of the A-Q complex. (A) The A-Q complex forms a T3SS-like machine. AF, AG, AH and Q assemble as stacked rings that form a transenvelope channel connecting the mother cell and forespore comportments. AA provides energy for substrate secretion. AB connects AA to the export/gating platform made of AC-AD-AE. (B) Cellular cryo-EM image of Salmonella enterica T3SS. Adapted from Chen et al., 2011. (C) The A-Q complex forms a T4Plike machine. AF, AG, AH and Q assemble as stacked rings that form a transenvelope channel connecting the mother cell and forespore comportments. AA provides energy for polymerization of a pilus made of AC and AD, that pushes the secreted substrate through the AF-AG-AH-Q channel. (D) Cellular cryo-EM image of Thermus thermophilus T4P machinery. Adapted from Beeby et al., 2015. (E) The A-Q complex forms a feeding tube. AF, AG, AH and Q assemble as stacked rings that form a transenvelope channel connecting the mother cell and forespore comportments. AA provides energy for assembly of the AF-AG-AH-Q channel. AC-AD-AE form a gating platform. (F) Cellular cryo-EM image (left) and schematic representation (right) of gap-like channel in anabaena filament. The gated channel consists of three main components: cap, plug and tube. Adapted from Weiss et al., 2019.(G)The A-Q components form two complexes involved in membrane integrity and tethering. AA to AG would form a complex that would rigidify the outer forespore membrane and counteract the pressure exerted by the growing coat on the mother cell side. The A-Q dimer would tether the outer and inner forespore membranes during engulfment. GerM would form a net connecting the AA-AG and AH-Q complexes to further rigidify the two membranes surrounding the forespore.

  

  

  

  

Table 2 . Plasmids and oligonucleotides used in this study.

 2 

Table 3 . Detergent screening conditions Condition number Detergent name

 3 

		Detergent	Detergent	Detergent
		concentration for	concentration for	concentration for
		membrane	washing of the nickel	elution from the
		solubilisation (1)	resin (2)	nickel resin (2)
		(mM)		
	CHAPS	28 (CMC + 20 mM)	10 (CMC + 2 mM)	10 (CMC + 2 mM)
	Cymal 5	22,4 (CMC + 20 mM) 4.4 (CMC + 2 mM)	4.4 (CMC + 2 mM)
	FC12	21,5 (CMC + 20mM) 3.5 (CMC + 2 mM)	3.5 (CMC + 2 mM)
	B-OG	23 (CMC + 5 mM)	20 (CMC + 2 mM)	20 (CMC + 2 mM)
	LDAO	21 (CMC + 20 mM)	3 (CMC + 2 mM)	3 (CMC + 2 mM)
	LAPAO	21.6 (CMC + 20 mM) 3.6 (CMC + 2 mM)	3.6 (CMC + 2 mM)
	C12E8	20.1 (CMC + 20 mM) 2.1 (CMC + 2 mM)	2.1 (CMC + 2 mM)
	NLS	34.6 (CMC + 20 mM) 16.6 (CMC + 2 mM)	16.6 (CMC + 2 mM)
	TX100	20.2 (CMC + 20 mM) 2.2 (CMC + 2 mM)	2.2 (CMC + 2 mM)
	DM	21.8 (CMC + 20 mM) 3.8 (CMC + 2 mM)	3.8 (CMC + 2 mM)
	UDM	20.6 (CMC + 20 mM) 2.6 (CMC + 2 mM)	2.6 (CMC + 2 mM)
	DMNG	0.034% (CMC x 10)	2 (CMC + 2 mM)	2 (CMC + 2 mM)
	DDM / DDM	20.17 (CMC + 20 mM) 2.2 (CMC + 2 mM)	2.2 (CMC + 2 mM)
	DDM / UDM	.17 (CMC + 20 mM)	2.6 (CMC + 2 mM)	2.6 (CMC + 2 mM)
	DDM / DMNG 20.17 (CMC + 20 mM) 2 (CMC + 2 mM)	2 (CMC + 2 mM)
	DDM / DDM	20.17 (CMC + 20 mM) 2.2 (CMC + 2 mM)	2.2 (CMC + 2 mM)
	DDM / UDM	20.17 (CMC + 20 mM) 2.6 (CMC + 2 mM)	2.6 (CMC + 2 mM)
	DDM / DMNG 20.17 (CMC + 20 mM) 2 (CMC + 2 mM)	2 (CMC + 2 mM)
	CMC, critical micelle concentration		

Table 4 . Hanging drop crystallization screening conditions.

 4 

	mm, Agilent Technologies) for 3 min at a flow rate of 50 µL/min with 100% solution E and
	then eluted with 70% solvent F (95% acetonitrile-5% water-0.03% TFA) at flow rate of 50
	µL/min for MS detection.

TABLE 5 . Data collection and refinement statistics.
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	Data collection	
	Name of dataset	4YhcN_A2_1
	X-ray source	ID30A-3 (ESRF)
	Wavelength (Å)	0.9677
	Scan range (°)	250
	Oscillation (°)	0.1
	Space group	P212121
	Unit-cell parameters	
	a, Å	31.48
	b, Å	52.28
	c, Å	134.13
	α, °	90.00
	β, °	90.00
	γ, °	90.00
	Number of molecules in ASU	2
	Resolution (last shell), Å	1.44 (1.44-1.53)
	Completeness, %	96.8 (87.5)
	I/σ(I)	8.77 (0.64)
	Rsym † , %	7.3 (168.3)
	Unique reflections	39,371 (5,820)
	Observed reflections [I/σ(I) > 1]	177,413 (20,052)
	Wilson B factor, (Ų )	31.12
	Refinement and model statistics	
	Resolution (last shell), Å	1.77 (1.77-1.87)
	R-factor ‡, R-free §	0.207, 0.233
	rmsd from target i	
	Bond lengths, Å	0.009
	Bond angle, °	1.54
	Mean B factor (Ų )	41.5
	Ramachandran plot**	
	Core, %	94.3
	Allowed, %	5.7
	Disallowed, %	0
	Values in parentheses are for the outermost shell of data.
	†Rsym = (Σ(ABS(I(h,i)-(I(h)))) / (Σ(I(h,i))).
	‡R-factor = ΣjjFoj -jFcjj/ΣjFoj where Fo and Fc are the observed and calculated structure factor
	amplitudes, respectively.	
	§R-free is the R-factor calculated with 5% of the reflections chosen at random and omitted from
	refinement.	

i rmsd of bond lengths and bond angles from ideal geometry. **Performed by Procheck.

Table 6 . Main chain-side chain hydrogen bonds between YhcN chain A and chain B Donor Acceptor
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	Position	Chain	Residue	Atom	Distance	Position	Chain	Residue	Atom
	89	A	ASP	NZ	2.83	134	B	LYS	O
	92	A	THR	NZ	2.97	90	B	LYS	O
	94	A	LEU	NZ	3.01	90	B	LYS	O
	97	A	VAL	NZ	2.73	90	B	LYS	O

Table 7 . Side chain-side chain hydrogen bonds between YhcN chain A and chain B Donor Acceptor
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	Position	Chain	Residue	Atom	Distance	Position	Chain	Residue	Atom
	89	A	ASP	NZ	3.41	130	B	LYS	OD1
	89	A	ASP	NZ	2.89	130	B	LYS	OD2
	89	A	ASP	NZ	2.86	134	B	LYS	OD2
	93	A	ASP	NZ	3.38	133	B	LYS	OD1
	93	A	ASP	NZ	2.79	134	B	LYS	OD1

Table 8 . Ionic interactions between YhcN chain A and chain B
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	Position	Chain	Residue	Position	Chain	Residue
	89	A	ASP	130	B	LYS
	89	A	ASP	133	B	LYS
	89	A	ASP	134	B	LYS
	93	A	ASP	133	B	LYS
	93	A	ASP	134	B	LYS
	98	A	LYS	89	B	ASP
	99	A	HIS	93	B	ASP

Table 9 . Reported structures of RBM domains from specialized secretion systems PDB entry (oligo. status)

 9 Salmonella typhimurium; Xantho. citri, Xanthomonas citri; IMP, inner membrane platform; OMP, outer membrane platform. The oligomeric status of the supra-molecular assemblies are indicated as "XX-mer". When molecule association results from crystal packing, the number of molecules in the asymmetric unit is indicated as "XX molecules".

		Species Protein name	Construct	RBM	Method	Reso
			(SS localization)		content		l.
	1YJ7 (4-mer)	E. coli	EscJ (T3SS IMP)	20-190	RBM1-2 X-ray	1.8
		EPEC				
	3GR0 (4 molecules) S. typhi PrgH (T3SS IMP)	177-362	RBM1-3 X-ray	2.3
	3GR1 (8 molecules) S. typhi PrgH (T3SS IMP)	170-392	RBM1-3 X-ray	2.8
	3GR5 (monomer)	E. coli	EscC (T3SS secretin)	21-173	RBM 1-2 X-ray	2.05
		EPEC				
	2Y9J (24-mer ring) S. typhi PrgK-PrgH	PrgK:21-190	RBM1-2	EM	6.4
			(T3SS IMP)	PrgH:177-362	RBM1-2	

AG(L128-K180)for / gatgcaacgtcgaaacctgatatacgc This work (BL) AG(L128-K180)rev / gcgtatatcaggtttcgacgttgcatc This work (BL) pCM 125 YhcN24-150-for / gtttacgtttcagctaactaataagcttgtcgagcacc This work (BL) YhcN24-150-rev / ggtgctcgacaagcttattagttagctgaaacgtaaac This work (BL) pCM 126 YhcN78-150-for / gtttacgtttcagctaactaataagcttgtcgagcacc This work (BL) YhcN78-150-rev / ggtgctcgacaagcttattagttagctgaaacgtaaac This work (BL) pCM 127 AH(L105-V128)for / gtttacgtttcagctaactaataagcttgtcgagcacc This work (BL) AH(L105-V128)rev / ggtgctcgacaagcttattagttagctgaaacgtaaa This work (BL) pCM 128 AH129-218-for / gaacagattggtggttcaagcgatgatgc This work (BL) AH129-218-rev / Gcatcatcgcttgaaccaccaatctgttc This work (BL) pCM 129 AG126-181-for / cgcaggatccacgtcgctga This work (BL) AG126-181-rev / ccgactcgagttttttcgtttgg This work (BL) The name of the persons who have cloned the genes are indicated into brackets : BL, Bowen Liu; CR, Christopher Rodrigues; AH, Adriano Henriques.

Methods and Materials

Oligo. pCM 124

J. Microscale thermophoresis

Binding experiments were carried out with a Monolith NT.115 Series instrument (Nano Temper Technologies GMBH). GerM constructs were labeled with the red dye NT-647. Four μL of sample containing 100 nM of labeled GerM and increasing concentrations of AG, AH and/or Q (from 7 nM to 235 μM) or BSA (negative control, from 5 nM to 360 μM) were loaded on K003 Monolith NT.115 hydrophilic treated silicon capillaries and thermophoresis was measured for 30 sec. Each measurement was made in triplicates. Experiments were carried out at 25°C in MST optimized buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM MgCl2, 0.05% Tween-20). Analysis was performed with the Monolith software. Affinity KD was quantified by analyzing the change in normalized fluorescence (Fnorm = fluorescence after thermophoresis/initial fluorescence) as a function of the concentration of the protein partner.

K. Protein crystallization and X-ray diffraction data collection

A freshly purified YhcN24-189 sample concentrated to 40 mg/mL in buffer D was used to screen initial crystallization conditions using a Cartesian PixSys 4200 nano-crystallization robot available through the High-Throughput Crystallization platform (HTX lab, EMBL -European Molecular Biology Laboratory, Grenoble). Three sitting drops containing 100 nL of protein (at 40, 20 or 10 mg/mL) and 100 nL of reservoir solution (from commercial kits) were set up in 96-well Crystal Quick plates (Greiner) and incubated at 20°C. Several crystal hits were then reproduced and refined manually through the hanging drop method. Three drops containing 1 μL of protein (at 10, 20 or 40 mg/mL) and 1 μL of reservoir solution were set up onto a siliconized glass cover slide (Hampton Research) hanging on top of 24-well Crystal Quick plates containing 500 μL reservoir solution in each well. (Hanging drop crystallization conditions are shown in Table 4). The plates were incubated at 20℃ and needle-shaped crystals were obtained in 0.1 M HEPES pH 7.5, 20% (w/vol) PEG 8000. Crystals appeared within 7 days and kept growing until around 15 days to reach dimensions of about 20 x 20 x 100 µm.

Crystals were soaked briefly (a few seconds) into a cryo-protecting solution containing 0.1 M The article on the structure of GerM needed to be published as soon as possible because we were aware of a dangerous competition with the group of Nathalie Strynadka in Vancouver, Canada. After two or three months of unconclusive trials to demonstrate the specificity of the GerM-Q and GerM-AH interaction, we thus decided to publish the structure of GerM without any protein-protein interaction assays. As of today, further biophysical evidence is still required to validate the existence of direct GerM-AH or GerM-Q complexes.

C. Determination of structural determinants for the (putative) oligomerization of RBM-containing proteins from the A-Q complex

Except GerM, which is a lipoprotein, all the RBM-containing proteins of the A-Q complex (AF, AG and AH) have a transmembrane (TM) segment. AF has a canonical RBM domain but was not shown to form ring so far. AG forms 30-mer rings but has a non-canonical RBM domain in which a unique β-strand structure (called a β-triangle) is inserted within the core RBM domain (Fig. 23). In addition, AG possesses a N-terminal unfolded region. Finally, AH possesses a non-canonical RBM domain containing an additional N-terminal helix, as well as a N-terminal unfolded region (Fig. 23).

The "RBM" term suggests that this domain is sufficient to promote ring-like oligomerization and indeed, some RBM-containing proteins were shown to form rings in vivo (PrgK, PrgH, InvG, GspD and AG) and those rings were observed in vitro for AG. However, whether the RBM fold is sufficient to promote oligomerization, whether ring-formation is initiated, stabilized or inhibited by other regions, and whether all RBM-containing proteins are able to forms rings remain open questions. In order to investigate this, we characterized the biophysical behavior of different constructs of A-Q proteins containing RBM-like domains. Beyond a better comprehension of the oligomerization capacity of RBM-containing proteins, our objective was to get evidence that AF and AH also form rings.

Role of the transmembrane segments

The constructs used in all the previous in vitro studies of AF, AG and AH only contained the soluble domain of the proteins: the AFK55-E206 construct lacked the 54 N-terminal residues (including 2 TM segments), the AGS51-S229 construct lacked the 50 N-terminal residues (including 1 TM segment), and the AH A32-K218 construct lacked the 31 N-terminal residues (including 1 TM segment). In order to determine whether the TM segment(s) of AF and AH are required for protein oligomerization, we purified full-length (FL) recombinant constructs of those proteins. As a positive control for our capacity to purify ring-forming membrane proteins, we also purified the full-length membrane form of AG. Finally, we also purified the full-length the presence of oligomeric rings or protein aggregates. Part of the protein eluted at higher volumes, indicating the presence of small molecular weight species. Negative-stain EM analysis of all these AGK90-S229 samples did not show the presence of protein rings (Fig. 31D).

So far, the results thus indicate that the unfolded region of AG, as well as the cup region, are either required for folding of the soluble domain or for oligomerization of the RBM-like domain.

The His-SUMO-AGL128-K180 construct will be produced and purified soon to determine whether the β-triangle region of AG is able to fold on its own and to form β-barrels in the absence of the RBM-homologous region. 

Discussion b. RBM domains from the InvG secretin from T3SS

The InvG secretin family of T3SS contains three periplasmic RBM domains in the Nterminal region of the protein while the secretin domain anchored in the OM is C-terminal (Fig. 40B). By contrast with RBM1-2 from PrgK and RBM1-3 from PrgH, which display a kinked conformation, RBM1-3 of InvG display a rather straight conformation that allows them to extend through the periplasmic space (Fig. 40A) [START_REF] Hu | Cryo-EM analysis of the T3S injectisome reveals the structure of the needle and open secretin[END_REF]. In InvG, RBM2-RBM2 and RBM3-RBM3 dimers interact through the packing of two α-helices of one protomer against the β-sheet of the neighboring molecule (αα/βββ conformation, Fig. 40D-E). This oligomerization packing is similar to those observed in the RBM3 ring from PrgH and the RBM2 ring from PrgK. In the InvG RBM1 rings, the protomers show a different orientation and the interface is mainly established by interactions between the α-helices of neighboring protomers (Fig. 40C).

Very interestingly regarding my work on sporulation proteins, the RBM1 domain has an additional two-stranded β-sheet packed against the two α-helices (Fig. 40C). These additional secondary structures might be the reason why RBM1 domains orient differently within the rings and display different interfaces. In RBM3, the two additional β-strands are positioned away from the RBM core and therefore do not shield the canonical αα/βββ interface (Fig. 40E).

The variety described above in the oligomerization interface of RBM domains could reflect a yet-unexplored evolutionary relationship between them. In my thesis project, I contributed to enriching the structural knowledge of RBM-like domains through the structural characterization of sporulation proteins that contain RBM-like domains that diverge from those found in specialized secretion systems. A first example is discussed below with the sporulation protein YhcN.

The RBM-like domain of YhcN

YhcN is wide spread in Bacilli and Clostridia species. In B. subtilis, the yhcN gene was initially identified in 1996 [START_REF] Noback | A 22 kb DNA sequence in the cspB-glpPFKD region at 75° on the Bacillus subtilis chromosome[END_REF]. However, there is no significant sequence similarity between YhcN and any other protein with known function. Through secondary structure prediction, we found out that YhcN shows similarity with RBM-containing proteins such as the A-Q components AF, AG and AH and the EscJ/PrgK family of proteins from T3SS.

The structure of YhcN has confirmed the presence of a region similar to the canonical RBM core (αββαβ fold), but the RBM-like domain of this protein contains two additional C-terminal α-helices (see section Ⅳ of the Results chapter). The asymetric unit in the crystal contains two molecules, which interact through a few electrostatic contacts. However in solution, no YhcN dimer was observed by SEC-MALLS. Therefore, the interactions observed between the two YhcN molecules present in the asymmetric unit likely result from crystal packing. To date, we have thus no evidence that YhcN can oligomerize like other RBM-containing proteins.

We cannot exclude that oligomerization of YhcN requires the two additional α-helices to move away from the RBM core. This idea will be tested through the characterization of the His-SUMO-YhcNA24-N150 construct. Such scenario could happen in vivo upon interaction of YhcN with putative partners.

Alternatively, it is possible that the αββαβ fold in YhcN shares structural similarity with RBMs found in components of T2SS and T333 but have a different function. For example, it could be involved in protein-protein interactions with yet-to-be identified partner(s).

The functional characterization of YhcN, which is currently performed by Adriano Henriques (ITQB, Portugal) and Christopher Rodrigues (University of Sydney, Australia), will help unraveling the function of the RBM-like domain of this protein.

So far, deletion of the yhcN gene has not revealed any defect in heat resistance (heat-kills) morphology of the spore, coat assembly (localization of CotE, SafA, SpoIVD, SpoIVA and SpoVM) and activation of  factors.

The YhcN gene was detected in both the forespore inner membrane and outer layers [START_REF] Kuwana | Proteomics characterization of novel spore proteins of Bacillus subtilis[END_REF] but its localization around the forespore remains unknown. To investigate this, we will localize YhcN using a C-terminal mCherry fusion protein. Localization of truncated variants of YhcN (missing the unfolded N-terminal region and/or the additional Cterminal α helices) will also performed to determine which regions is involved in its localization.

A previous study has shown that YhcN can influence spore germination by affecting the activity of the cortex hydrolase SleB (Johnson andMoir 2017, Bagyan et al. 1998), but this mechanism is still unknown. There are two partially redundant cortex hydrolases in B. subtilis, SleB and CwlJ, and in the absence of the coat protein CotE, the activity of CwlJ is deficient. Germination assays will soon be performed on a cotE yhcN double mutant strain. If the role of YhcN in germination identified in the article from Johnson and Moir is confirmed [START_REF] Johnson | Proteins YlaJ and YhcN contribute to the efficiency of spore germination in Bacillus subtilis[END_REF], we will repeat these experiments with strains expressing truncated variants of YhcN to determine which region(s) of the protein (the unfolded N-terminal region, the RBM core and the additional C-terminal α helices) is(are) required for YhcN function.

Although these works did not go well because of the Covid-19 epidemic, they will be continued after my graduation in collaboration with Christopher Rodrigues and Adriano Henriques.

structure and function of the A-Q complex.

What is the global architecture of the complex?

What is the nature of secreted molecule(s) if the A-Q complex transports something?

What is the secretion mechanism if any?

In my project, in vitro reconstitution of putative stacked rings of the complex based on purified recombinant full-length membrane components has failed. As mentioned earlier, reconstructing the structure of the A-Q complex in its native environment using cryo-cellular electron microscopy appears as the most relevant and promising strategy to unravel its global architecture and provide insights into its function. In support of this idea, the most groundbreaking discoveries in the field of specialized secretion systems were recently achieved using such approach [START_REF] Worrall | Near-atomic-resolution cryo-EM analysis of the Salmonella T3S injectisome basal body[END_REF]. Our graduating master student, Elda Bauda, will tackle this challenging project in the next three years, in close collaboration with the Methods and Electron Microscopy group at the IBS. To do so, she will use ultramicrotomy, which is a technique that allows cutting of biological samples into nanometer-thick lamellae. In these sections, the A-Q complex will be labeled with antibodies coupled to gold beads to allow its localization in EM micrographs. This approach will allow to precisely localize the A-Q complex in the intermembrane space of sporulating cells, in order to identify specific structural elements that will facilitate that will facilitate further cellular cryo-tomography studies.

Through these cutting-edge EM approaches, we expect to determine the structure of the A-Q complex at high resolution in its native state. Reconstructing the structure of the A-Q complex will determine if the complex actually presents structural elements necessary for the transport of molecules, such as the presence of a membrane pore between the mother cell and the forespore, or export components. The diameter and architecture of the conduit will serve as a first indication regarding the nature of the transport and will facilitate the identification of protein-protein interaction interfaces to potentially develop, in the long term, inhibitors of the sporulation process. Moreover, the architecture of the A-Q complex will reveal similarities and differences with specialized secretion systems found in Gram-negative bacteria, allowing to understand their evolutionary history.