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Introduction

Delivery of bacterial effector proteins and toxins into target cells relies on transenvelope nanomachines called secretion systems. These machines select and transport effectors in the milieu or directly into the target cell [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF] . Most of these secretion systems evolved from efflux pumps or from machineries involved in conjugation or flagellar, twitching or gliding motility [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF] . The Type VI secretion system (T6SS) is a fascinating machine that uses a contractile mechanism similar to that of contractile tail structures such as bacteriophages or R-pyocins [START_REF] Bonemann | Tubules and donuts: a type VI secretion story[END_REF][START_REF] Cascales | Structural biology of type VI secretion systems[END_REF][4][START_REF] Zoued | Architecture and assembly of the Type VI secretion system[END_REF][START_REF] Ho | A View to a Kill: The Bacterial Type VI Secretion System[END_REF][START_REF] Basler | Type VI secretion system: secretion by a contractile nanomachine[END_REF] . The T6SS delivers toxins and effectors in both eukaryotic and procaryotic cells and participates to bacterial pathogenesis and inter-bacterial competition [START_REF] Durand | and beyond: the versatile arsenal of Type VI secretion effectors[END_REF]9 . By eliminating competing bacteria, the T6SS confers an increased ability to colonize the niche [START_REF] Kapitein | Type VI secretion system helps find a niche[END_REF][START_REF] Wexler | Human symbionts inject and neutralize antibacterial toxins to persist in the gut[END_REF][START_REF] Chatzidaki-Livanis | Bacteroides fragilis type VI secretion systems use novel effector and immunity proteins to antagonize human gut Bacteroidales species[END_REF][START_REF] Sana | Salmonella Typhimurium utilizes a T6SS-mediated antibacterial weapon to establish in the host gut[END_REF][START_REF] Hecht | Strain competition restricts colonization of an enteric pathogen and prevents colitis[END_REF][START_REF] Fu | Tn-Seq analysis of Vibrio cholerae intestinal colonization reveals a role for T6SS-mediated antibacterial activity in the host[END_REF][START_REF] Ma | Agrobacterium tumefaciens deploys a superfamily of type VI secretion DNase effectors as weapons for interbacterial competition in planta[END_REF] Basically, the T6SS can be viewed as a contractile tail oriented towards the target cell and anchored to the cell envelope by a membrane complex (MC) [START_REF] Cascales | Structural biology of type VI secretion systems[END_REF]17 . The MC is evolutionarily related to a sub-complex associated with Type IVb secretion system [START_REF] Bingle | Type VI secretion: a beginner's guide[END_REF][START_REF] Cascales | The type VI secretion toolkit[END_REF] . The MC is a 1.7-MDa trans-envelope structure constituted of three conserved subunits: the TssJ outer membrane lipoprotein and the TssL and TssM inner membrane proteins [START_REF] Aschtgen | SciN is an outer membrane lipoprotein required for type VI secretion in enteroaggregative Escherichia coli[END_REF][START_REF] Aschtgen | The SciZ protein anchors the enteroaggregative Escherichia coli Type VI secretion system to the cell wall[END_REF][START_REF] Ma | An IcmF family protein, ImpLM, is an integral inner membrane protein interacting with ImpKL, and its walker a motif is required for type VI secretion system-mediated Hcp secretion in Agrobacterium tumefaciens[END_REF][START_REF] Felisberto-Rodrigues | Towards a structural comprehension of bacterial type VI secretion systems: characterization of the TssJ-TssM complex of an Escherichia coli pathovar[END_REF][START_REF] Aschtgen | The C-tail anchored TssL subunit, an essential protein of the enteroaggregative Escherichia coli Sci-1 Type VI secretion system, is inserted by YidC[END_REF][START_REF] Durand | Structural characterization and oligomerization of the TssL protein, a component shared by bacterial type VI and type IVb secretion systems[END_REF][START_REF] Durand | Biogenesis and structure of a type VI secretion membrane core complex[END_REF] . In several cases, the MC is properly inserted and anchored to the cell wall by additional proteins with peptidoglycan hydrolysis and peptidoglycan binding properties [START_REF] Aschtgen | The SciZ protein anchors the enteroaggregative Escherichia coli Type VI secretion system to the cell wall[END_REF][START_REF] Aschtgen | Anchoring the type VI secretion system to the peptidoglycan: TssL, TagL, TagP... what else?[END_REF][START_REF] Weber | Genetic Dissection of the Type VI Secretion System in Acinetobacter and Identification of a Novel Peptidoglycan Hydrolase, TagX, Required for Its Biogenesis[END_REF][START_REF] Santin | Domestication of a housekeeping transglycosylase for assembly of a Type VI secretion system[END_REF] . The contractile tail is composed of the inner tube made of hexamers of the Hcp protein, stack on each other [START_REF] Leiman | Type VI secretion apparatus and phage tail-associated protein complexes share a common evolutionary origin[END_REF][START_REF] Brunet | Type VI secretion and bacteriophage tail tubes share a common assembly pathway[END_REF] , tipped by VgrG and surrounded by the contractile sheath made of the TssBC proteins [START_REF] Leiman | Type VI secretion apparatus and phage tail-associated protein complexes share a common evolutionary origin[END_REF][START_REF] Brunet | Type VI secretion and bacteriophage tail tubes share a common assembly pathway[END_REF][START_REF] Kudryashev | Structure of the type VI secretion system contractile sheath[END_REF] . The polymerization of the tail tube/sheath tubular structure is initiated on an assembly platform, the baseplate (BP), the less characterized T6SS sub-complex, and is coordinated by the TssA protein [33][START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF][START_REF] Zoued | Priming and polymerization of a bacterial contractile tail structure[END_REF] . The T6SS contractile tail shares functional and structural homologies with the tail of several bacteriophages [START_REF] Zoued | Architecture and assembly of the Type VI secretion system[END_REF][START_REF] Ho | A View to a Kill: The Bacterial Type VI Secretion System[END_REF][START_REF] Leiman | Type VI secretion apparatus and phage tail-associated protein complexes share a common evolutionary origin[END_REF][START_REF] Boyer | Dissecting the bacterial type VI secretion system by a genome wide in silico analysis: what can be learned from available microbial genomic resources?[END_REF][START_REF] Pell | The phage lambda major tail protein structure reveals a common evolution for long-tailed phages and the type VI bacterial secretion system[END_REF] . Once the T6SS tail is assembled, the sheath contracts and propels the inner tube/spike needle complex towards the target cell [39][START_REF] Leroux | Quantitative single-cell characterization of bacterial interactions reveals type VI secretion is a double-edged sword[END_REF][START_REF] Basler | Tit-for-tat: type VI secretion system counterattack during bacterial cell-cell interactions[END_REF][START_REF] Brunet | Imaging type VI secretion-mediated bacterial killing[END_REF] , and it has been proposed that this needle complex traverses the cell envelope through the MC [START_REF] Durand | Biogenesis and structure of a type VI secretion membrane core complex[END_REF] . A recent in vivo study identified five components of the BP: TssE, -F, -G, -K and VgrG [START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF] . While TssA was also identified in this screen, later observations have demonstrated that TssA is not a structural component of the baseplate per se [START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF] . TssE is a homologue of gp25, a bacteriophage T4 baseplate wedge protein [START_REF] Bingle | Type VI secretion: a beginner's guide[END_REF][START_REF] Cascales | The type VI secretion toolkit[END_REF][START_REF] Lossi | Structure-function analysis of HsiF, a gp25-like component of the type VI secretion system, in Pseudomonas aeruginosa[END_REF] . By contrast, no tri-dimensional structure is available for TssF, -G or -K. In silico analyses recently predicted that TssF and TssG share limited homologies with gp6 and gp7 respectively [START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF] whereas controversies exist regarding TssK [START_REF] Planamente | TssA forms a gp6-like ring attached to the type VI secretion sheath[END_REF][START_REF] Taylor | Structure of the T4 baseplate and its function in triggering sheath contraction[END_REF] .

Interestingly, T6SS BP sub-complexes could be isolated in Serratia marcescens and uropathogenic Escherichia coli (UPEC) such as the TssKFG or TssKFGE complexes 33,[START_REF] Taylor | Structure of the T4 baseplate and its function in triggering sheath contraction[END_REF] .

These complexes likely represent the equivalent of wedge complexes of phage baseplates, which assemble around the central gp27-gp5 hub/spike [START_REF] Leiman | Morphogenesis of the T4 tail and tail fibers[END_REF][START_REF] Leiman | Contractile tail machines of bacteriophages[END_REF] . In addition to appear central for the assembly of the T6SS wedges, TssK is a key BP subunit mediating contacts with the cytoplasmic domains of MC components [START_REF] Zoued | Priming and polymerization of a bacterial contractile tail structure[END_REF][START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF][START_REF] Logger | Molecular Dissection of the Interface between the Type VI Secretion TssM Cytoplasmic Domain and the TssG Baseplate Component[END_REF] . Hence, TssK is an essential BP component connecting MC, BP and tail components. However, we still lack structural information on TssK. While we showed that TssK assembles trimeric complexes in enteroaggregative E. coli (EAEC) [START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] , a study reported that it assembles trimers and hexamers in S. marcescens 33 . The available structural information on the EAEC TssK protein (accession number: EC042_4526) consists to the low-resolution (~ 26 Å) negative stained electron microscopy structure of the TssK trimer, as well as its SAXS envelope [START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . Despite intensive efforts, neither full-length of cleaved forms of TssK could be crystallized. Here, we report the crystal structure of the fulllength EAEC TssK protein, obtained as a complex with a camelid nanobody that facilitated the crystallisation process. The structure of trimeric TssK reveals an unexpected homology of its N-terminal domain with siphophages RBP shoulders, hence expanding the number of homologous proteins between T6SS and bacteriophages. While TssK N-terminal domain attaches to the rest of T6SS baseplate, the C-terminal domain binds the membrane complex and has evolved to use the T6SS membrane complex as receptor for docking the baseplate. In addition, the flexibility of the TssK C-terminal domain suggests that TssK may establish a flexible link to maintain the anchorage of the baseplate to the T6SS membrane complex before and after tail contraction.

Results

TssK crystallization is facilitated when complexed to the TssK-specific nb18 nanobody.

Despite extensive efforts, previous attempts to crystallize TssK were unsuccessful.

Crystallization of proteins has been previously shown to be facilitated once the protein of interest is complexed to camelid single-chain antibodies, called nanobodies [START_REF] Desmyter | Camelid nanobodies: killing two birds with one stone[END_REF] . We sused this approach for the crystallization of the periplasmic domain of the T6SS TssM subunit [START_REF] Durand | Biogenesis and structure of a type VI secretion membrane core complex[END_REF][START_REF] Nguyen | Inhibition of type VI secretion by an anti-TssM llama nanobody[END_REF][START_REF] Nguyen | Production, crystallization and X-ray diffraction analysis of a complex between a fragment of the TssM T6SS protein and a camelid nanobody[END_REF] .

We therefore immunized a llama with purified TssK, and isolated nanobodies that bind TssK: nbK18, nbK25 and nbK27. The crystal structure of nbK18 was determined (Supplementary Figure 1a) and its complexation with TssK was then monitored by Biolayer interferometry (BLI). Kinetic and steady-state analyses defined K D of 2.4 nM and 3.1 nM respectively.

The TssK structure reveals a three-domain protein organized as a tightly packed trimer.

The structure of the nbK18-TssK co-crystallized complex was determined at 2.6 Å resolution. The complex contains three TssK molecules to which three nbK18 units are bound (Supplementary Figure 1b). TssK trimerization is in agreement with previous gel filtration data suggesting that TssK forms trimer [START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . Each nanobody interacts with two monomers of TssK and covers ~700 Å 2 of the accessible surface area of a TssK monomer and 80 Å 2 of a second monomer. Interaction of nbK18 with TssK is mainly mediated by nbK18 CDR3 but also by the two other CDRs and the conserved skeleton (Supplementary Figure 1b, Supplementary Table 2), a feature already observed in other cases [START_REF] Desmyter | Three Camelid VHH domains in complex with porcine pancreatic alpha-amylase -Inhibition and versatility of binding topology[END_REF][START_REF] Spinelli | Lateral recognition of a dye hapten by a llama VHH domain[END_REF] . NbK18 binds the TssK N-terminal -sandwich and more specifically the L4-5 and L6-7 loops (Supplementary Figure 1b inset; Supplementary Table 2).

The TssK trimer has the overall structure of an apple core or an hourglass, with two globular domains -the N-terminal shoulder (herefater named TssK S ) and C-terminal head (TssK H ) domains -separated by a helical stalk, the neck (TssK N ). The TssK trimer is tightly packed, as 1400-1570 Å 2 of the accessible surface area of each monomer is covered by the two other monomers (Fig. 1a). The structure exhibits high B-factors (~100 Å 2 ) and consequently the side-chains of solvent exposed residues are often disordered when not involved in crystal packing contacts. A large segment is missing at the bottom of the shoulder domain, between residues 130 and 144, and a short loop is incomplete at the top of the neck domain, between residues 221 and 224. These segments and have not been incorporated into the model (Fig. 1a). Two of the three monomers are not complete: their amino acid chains start at residue 19 and end at residues 320 and 315 for monomers A and C, respectively, suggesting that their Cterminal domain might be totally disordered. In contrast, the main-chain of monomer B could be traced up to residue 334, and the side-chain identity can be assigned (Fig. 1a). However, despite its stabilization by crystal contacts, the C-terminal domain of chain B exhibits an average B-factor double compared to the rest of the structure, impeding its complete assignment (Fig. 1a).

The TssK monomer structure comprises three domains: a N-terminal -sandwich domain (shoulder, TssK S , residues 19-174), a linker (residues 175-193) and a four-helix bundle middle domain (neck, TssK N , residues 194-313), and, in chain B only, a partially traced Cterminal domain (head, TssK H , residues 315-447) (Fig. 1b). The N-terminal domain starts with a long -helix followed by three anti-parallel -strands forming a -sheet ( 1-3). After -strand 4, a short -hairpin ( 4, 5) is followed by -strands 6 and 7. Together, -strands 4, 6 and 7 form the second -sheet of the -sandwich. After a long linker, -helices 2, 3 and 4 form an antiparallel bundle. Helix 4 is then followed by a long unstructured stretch of residues returning in the direction of the N-terminus and positioning -helix 5 parallel tohelix 3, allowing the chain to continue in a direction opposite to the N-terminus. The Cterminal domain, starting at residue 317, is predicted by JPRED [START_REF] Drozdetskiy | JPred4: a protein secondary structure prediction server[END_REF] as assembling three αhelices and seven β-strands. We assigned 106 amino acids for a total of 125 for the complete C-terminal domain. At this stage it comprised two complete -helices and an incomplete one, as well as two -sheets forming a -sandwich of putatively 7 -strands, but most connections were not visible in the electron density map.

To obtain a better model of TssK, the C-terminal domain (amino-acids 316-445) was produced, crystallized and its structure solved at 1.6 Å resolution. This domain is very compact and comprises three -helices ( 6-8) and 7 -strands ( 10-16) (Fig. 1b). The structure of the isolated C-terminal domain was reintroduced in the structure of full-length TssK, and refinement was performed. Apart from loop 372-382, which has a different conformation, the domain conformations are very close in the isolated and full-length structures (r.m.s.d = 1.2 Å on 115 residues) (Supplementary Figure 2). Notably, the Cterminal domain of chain B establishes stabilizing packing contacts, involving mainly loop 372-382. As such, the complete TssK trimer is ~110 Å long and ~85 Å wide at the level of the shoulder domains, and ~40 Å wide at the level of the central domain (Fig. 1a).

We previously reported the negative stain electron microscopy (EM) structure of TssK [START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . The crystal structure of TssK was fitted into the EM map using Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF] (Fig. 1c,d). With the exception of the C-terminal domain of monomer B, TssK fits exquisitely well into the EM structure with a correlation of 0.89 and 93 % of atoms included in the map.

Nanobody epitope analysis performed by BLI revealed that nbK27 and nbK25 bind TssK using another epitope compared to nbK18. We therefore co-crystallized the cloned TssK SN domain (shoulders and neck domain, residues 1-315) with nbK18 and nbK27. Crystals of the TssK SN -nbK18-nbK27 were obtained and the structure was solved (Supplementary Table 1). The structure of the TssK SN -nbK18-nbK27 superimposes well with that of the TssK-nbK18 complex, with a small rotation of the three nbK18. By contrats to nbK18, that binds each TssK monomer, a unique nbK27 binds the trimeric assembly along the 3-fold axis at the bottom of the shoulder domains (Fig. 2a,b), resulting in a TssK 3 /nbK18 3 /nbK27 1 stoichiometry. The most striking result of nbK27 binding to TssK is the ordering of the bottom of the shoulder domains segments that were disordered in the TssK-nbK18 complex: the N-terminal segment 1-19 and the β-hairpin 130-144 (Fig. 2c,d). This ordering results in strong domain-swapped like interactions of the 1-19 segment with the i-1 monomer, and of the 130-144 β-hairpin with the i+1 monomer (Fig. 2c). Notably, the stabilized structures comprise all the bottom part of TssK, a surface with a diameter of ~50 Å (Fig. 2d). Finally, the list of domains or segments present in the different crystal structures is summarized as a linear sequence representation with secondary structures (Supplementary Figure 3).

The TssK N-terminal domain shares structure similarities with phage Receptor Binding

Protein shoulder domains.

The three domains of TssK were subjected to DALI analyses to detect structural similarities. Interestingly, DALI retrieved strong similarities between the TssK N-terminalsandwich domain and the shoulder domains from lactococcal siphophages receptor binding proteins (RBP) (Fig. 3), including phages 1358 (PDB: 4L9B, Z=9.0, r.m.s.d. = 3.0 Å; [START_REF] Farenc | Molecular insights on the recognition of a Lactococcus lactis cell wall pellicle by phage 1358 receptor binding protein[END_REF] ) and p2 (PDB: 1ZRU, Z=6.0 r.m.s.d.= 3.0 Å; [START_REF] Spinelli | Lactococcal bacteriophage p2 receptor-binding protein structure suggests a common ancestor gene with bacterial and mammalian viruses[END_REF] ). In addition, although helix bundles represent a common structural fold, DALI analyses detected similarities between the TssK neck domain and a domain of the human adenylosuccinate lyase (PDB: 4FFX, Z=9.4, r.m.s.d.=3.1 Å; 59 ) (Supplementary Figure 4).

Interaction analyses of TssK domains

Previous studies have shown that TssK is a central subunit of the T6SS, as it interacts with components of the MC (the cytoplasmic domains of TssL (TssL C ) and TssM (TssM C )), of the baseplate (the TssFG complex) and of the tail (TssA, TssC and Hcp) 33,[START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF]39,[START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF][START_REF] Casabona | Proteomic characterization of Pseudomonas aeruginosa PAO1 inner membrane[END_REF] . We therefore sought to define the domains mediating TssK interactions with MC and BP. First, the N-terminal shoulder and neck (TssK SN ), shoulder (TssK S ), neck (TssK N ) and C-terminal head (TssK H ) domains of TssK were cloned in two-hybrid vectors and tested for their ability to promote oligomerization and to interact with TssFG, TssL C and TssM C (Fig. 4a). In agreement with the crystal structure of the TssK trimer (Fig. 1a), both shoulder and neck domains oligomerize whereas the TssK head domain does not interact with TssK (Fig. 4a, first column). More interestingly, the two-hybrid analyses revealed that the N-terminal shoulder domain mediates contacts with the TssFG complex whereas the C-terminal head domain interacts with TssL C , TssM C and to a lesser extent to TssFG. We then monitored coimmunoprecipitation experiments. Soluble lysates of cells producing the VSV-G-tagged TssK domains were combined with lysates containing FLAG-tagged TssF and TssG, or the cytoplasmic domains of TssL (TssL C ) or TssM (TssM C ). FLAG-tagged proteins were immobilized on agarose beads coupled to the monoclonal anti-FLAG antibody and the eluted material was analysed by SDS-PAGE and immuno-staining. Figure 4b shows that the TssK S domain is co-precipitated with the TssFG complex, whereas the the TssK H domain coprecipitates with TssL C and TssM C -and to a lower extent -with TssFG. The results of BACTH and co-immunoprecipitation analyses are summarized in Supplementary Figure 5.

To confirm these results, we engineered vectors producing TssFG as well as either 6×His-tagged TssK SN or TssK H . HPLC chromatography indicated that TssKFG and TssK SN FG complexes form (Supplementary Figure 6a). However, while we succeeded to purify the TssK SN FG complex (Fig. 4c, Supplementary Figure 6a), TssK H was purified alone and did not co-purify with TssFG; isolated TssFG is not observed on the chromatogram as it is insoluble (Supplementary Figure 7a). These results confirm the TssK SN /TssFG complex interaction and indicate that the low TssK H /TssFG interaction, observed by BACTH and coimmuno-precipitation, should be weaker and in fast exchange. To gain further insights on the contribution of the TssK SN domain for binding to the TssFG complex, we then tested binding of the TssK-specific nbK18 and nbK27 nanobodies to the TssK SN FG complex. The purified TssK SN FG complex was mixed with an excess of nanobody and analysed by gel filtration and HPLC. First, we confirmed that nbK18 and nbK27 bind alone and simultaneously to TssK SN .

We performed then the analysis of TssK SN FG in the presence of nbK18, nbK27 and nbK18 + nbK27 (Supplementary Figure 6b). We found that nbK18 binds to the TssK SN FG complex (Fig. 4c,d and Supplementary Figure 6c) whereas nbK27 does not (Fig. 4c,e). From these results, we concluded that nbK27 and TssFG share the same binding site to TssK, and hence, that TssFG should bind to the bottom of the TssK S domain comprising the residues 1-19 segment and the 130-144 β-hairpin. Taken together, the results of the co-purification and the nanobody binding experiments confirmed the interaction of TssK S with the TssFG complex and suggested that TssFG binds the bottom of TssK S .

We could not assay the TssK H interaction with the TssMc domain, as it is insoluble. In contrast we performed a gel filtration of a mixture of TssLc and TssK H , and found that they do not co-purify. As an interaction is observed by double-hybrid and co-immunoprecipitation this latter result suggests that this interaction is rather weak (around 1-10microM) and in fast exchange. Indeed, this does not reflect the biological situation in which the interaction of several TssK trimers and several Lc dimers occurs, leading certainly to a tremendous avidity increase.

Discussion

In this work, we present the crystal structure and a domain analyses of a T6SS core component, TssK. Previous studies have demonstrated that TssK is a trimer and is an essential subunit of the Type VI secretion apparatus by connecting the trans-envelope membrane complex to the phage-like contractile tail [START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . In addition, TssK has been shown to be part of the T6SS assembly platform or baseplate 33,[START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF]39,[START_REF] Taylor | Structure of the T4 baseplate and its function in triggering sheath contraction[END_REF][START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . It has been recently reported that phage T4 is a very complex phage, and that phage Mu is a simpler, widespread, and a better paradigm of phages with contractile tails [START_REF] Buttner | Baseplate assembly of phage Mu: Defining the conserved core components of contractile-tailed phages and related bacterial systems[END_REF] . Notably, TssK has no counterpart in phage Mu whereas other T6SS baseplate components have counterparts in both phages T4 [START_REF] Taylor | Structure of the T4 baseplate and its function in triggering sheath contraction[END_REF] the idea that TssK acts as a connector between two T6SS complexes that are evolutionarily unrelated: the phage-like baseplate/tail and the T4bSS IcmF/DotU-like membrane complex (Fig. 5). From the protein-protein interaction assays we concluded that the TssK N-terminal shoulder domain binds to TssFG and that the C-terminal head domain mediates interactions with the TssL and TssM inner membrane proteins..

The fascinating observation of this study is that TssK shares a similar overall architecture with lactococcal siphophage receptor-binding proteins. These RBPs are trimers and comprise shoulder and head domains separated by the neck [START_REF] Farenc | Molecular insights on the recognition of a Lactococcus lactis cell wall pellicle by phage 1358 receptor binding protein[END_REF][START_REF] Spinelli | Lactococcal bacteriophage p2 receptor-binding protein structure suggests a common ancestor gene with bacterial and mammalian viruses[END_REF][START_REF] Spinelli | Modular structure of the receptor binding proteins of Lactococcus lactis phages. The RBP structure of the temperate phage TP901-1[END_REF] . They recognize the host cell surface and are responsible for properly orienting the phage onto the host cell [START_REF] Casjens | Short noncontractile tail machines: adsorption and DNA delivery by podoviruses[END_REF][START_REF] Spinelli | Structures and host-adhesion mechanisms of lactococcal siphophages[END_REF] .

RBPs are anchored to the virion and bind to receptors at the cell surface of the target cell.

Anchorage to the virion particle is mediated by the shoulder domain whereas the ability to recognize the cell envelope receptor is conferred by the head domain. It has been reported that in each lactococcal phage family, the shoulder domain structure is strictly conserved whereas the head domain is relatively diverse and confers specificity for binding to the proper target cell [START_REF] Farenc | Molecular insights on the recognition of a Lactococcus lactis cell wall pellicle by phage 1358 receptor binding protein[END_REF][START_REF] Spinelli | Lactococcal bacteriophage p2 receptor-binding protein structure suggests a common ancestor gene with bacterial and mammalian viruses[END_REF][START_REF] Spinelli | Modular structure of the receptor binding proteins of Lactococcus lactis phages. The RBP structure of the temperate phage TP901-1[END_REF][START_REF] Casjens | Short noncontractile tail machines: adsorption and DNA delivery by podoviruses[END_REF][START_REF] Sciara | Structure of lactococcal phage p2 baseplate and its mechanism of activation[END_REF] . Another striking similarity between the TssK and RBP shoulder domains is the ordering of their bottom segments upon binding to partners. When the phage p2 RBP is expressed alone, the 20 N-terminal residues are disordered and not visible in the electron map density. In contrast, they are ordered when the RBP is complexed with the other baseplate components and constitutes the main contributors to the interaction. Worth noticing, the "arm and hand" domain of the Dit protein inserts between the three N-termini, holding thus the RBP trimer [START_REF] Spinelli | Lactococcal bacteriophage p2 receptor-binding protein structure suggests a common ancestor gene with bacterial and mammalian viruses[END_REF][START_REF] Spinelli | Modular structure of the receptor binding proteins of Lactococcus lactis phages. The RBP structure of the temperate phage TP901-1[END_REF][START_REF] Sciara | Structure of lactococcal phage p2 baseplate and its mechanism of activation[END_REF] . A similar situation may exist with TssK. Although we do not have the structure of TssK within the TssKFG complex, nanobody binding experiments on the TssKFG complex have shown that the TssFG binding site on TssK involves the bottom of the trimer, including the N-termini (Supplementary Figure 8). The ordering of this site upon nbK27 binding suggests that this nanobody acts as a surrogate of the TssFG complex.

In myophages, such as phages T4 or Mu, both the baseplate and the tail sheath change conformation upon contraction 45 ,61 . The tail sheath conformational change is also documented for the T6SS [START_REF] Kudryashev | Structure of the type VI secretion system contractile sheath[END_REF] . It is therefore expected that a conformational reorganization also occurs for the T6SS baseplate [START_REF] Zoued | Priming and polymerization of a bacterial contractile tail structure[END_REF][START_REF] Kube | Structure of the VipA/B type VI secretion complex suggests a contraction-state-specific recycling mechanism[END_REF] . The flexibility of TssK head domain relative to the rest of the trimer suggests that TssK may constitute a flexible link between the T6SS baseplate and its membrane domain to accommodate the different conformations and radii before and after tail contraction. The TssK flexible hinge would therefore prevent disruption of the contact between the membrane and the baseplate complexes during sheath contraction.

By sharing the overall architecture and the N-terminal shoulder domain with RBPs, we propose that TssK represents a RBP-like component of T6SS. Such as in RBPs, the TssK has a modular architecture with a N-terminal shoulder domain and a C-terminal head domain.

The TssK shoulder domain interacts with the other T6SS baseplate components (TssFG). By contrast, the head domain of TssK mediates interaction with the cytoplasmic domains of TssL and TssM and hence docks the baseplate to the MC (Fig. 5). These data are consistent with previous fluorescence microscopy imaging demonstrating that GFP-labeled TssK is recruited to the MC and is necessary for recruiting the gp6/Mup47-like TssF baseplate subunit [START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF] . Based on these data and on the observation of TssE and TssG interactions with the cytoplasmic domains of TssL and TssM respectively [START_REF] Brunet | The Type VI Secretion TssEFGK-VgrG Phage-Like Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail Tube/Sheath Polymerization[END_REF][START_REF] Logger | Molecular Dissection of the Interface between the Type VI Secretion TssM Cytoplasmic Domain and the TssG Baseplate Component[END_REF][START_REF] Zoued | Structure-Function Analysis of the TssL Cytoplasmic Domain Reveals a New Interaction between the Type VI Secretion Baseplate and Membrane Complexes[END_REF] , we propose that TssK first interacts with the MC and that TssE-TssL and TssG-TssL additional contacts stabilize the MC-BP complex.

TssK has therefore a similar function to RBPs: it is anchored to the phage-like structure by a conserved shoulder domain but, instead of allowing the phage particle to bind to the target cell surface, it has evolved a distinct head domain to recognize and bind to the T6SS MC. It should be stressed that while TssFG have sequence similarity with Myoviridae phages baseplate components, the TssK shoulder domain has structural similarity with Siphoviridae phages RBPs, and has no counterpart in Myoviridae. Therefore, even if the origin of T6SS tail and baseplate is from Myoviridae phages, the TssK N-terminal domain may derive from horizontal transfer from a Siphoviridae component in order to provide the ability to bind the TssJLM complex of T6SS). These results point to a more complicated evolutionary process leading to the T6SS where elements of different phage types were combined.

Materials and Methods

Bacterial strains, growth conditions and chemicals

The strains used in this study are listed in Supplementary Table 3. Escherichia coli K-12 strains DH5α, W3110, BTH101 and T7 Iq pLys were used for cloning procedures, coimmune-precipitation, bacterial two-hybrid and protein purification respectively. The enteroaggregative E. coli (EAEC) wild-type O3:H2 17-2 strain genomic DNA was used as template for cloning. E. coli K-12 and EAEC cells were routinely grown in LB broth at 37°C, with aeration. For protein production, cells were grown in terrific broth. Plasmids and mutations were maintained by the addition of ampicillin (100 µg/mL), kanamycin (50 µg/mL) or chloramphenicol (40 g/mL). Gene expression was induced by the addition of iso-propylβ-D-thio-galactopyranoside (IPTG, Sigma-Aldrich, 1 mM for nanobodies, 0.5 mM for TssK and TssK domains production and BACTH analyses), L-arabinose (Sigma-Aldrich; 0.2%) or anhydrotetracyclin (AHT; IBA Technologies; 0.2 g/mL).

Plasmid construction

PCR were performed with a Biometra thermocycler, using the Pfu Turbo DNA polymerase (Stratagene; La Jolla, CA). Plasmids and oligonucleotides are listed in Supplementary Table 3. Plasmids producing EAEC TssK domains fused to a VSV-G tag or to the T18 or T25 domains of the B. pertussis adenylate cyclase were engineered by restriction-free cloning [START_REF] Van Den Ent | RF cloning: a restriction-free method for inserting target genes into plasmids[END_REF] .

Briefly, DNA fragments corresponding to TssK domains were amplified from EAEC 17-2 genomic DNA using oligonucleotides bearing 5' extensions annealing on the target plasmid.

The PCR products were then used as primers for amplification of the target plasmid.

Constructs have been screened by colony-PCR and verified by DNA sequencing. The TssK H domain (residues S316 to T445) was cloned into the pETG20A expression vector using the same procedure.

The tssK, tssF and tssG were initially cloned in a pCDF-Duet1 vector with Cter His 6 tag, Nter TREP tag and Cter FLAG tag for The tssK, tssF and tssG, respectively (Supplementary Figure 8). For this study, the TREP and FLAG tags were removed by overlapping PCR (Supplementary Figure 8). The tssK SN FG and tssK H FG vectors were obtained by Gibson assembly (Gibson Assembly Cloning Kit, New England BioLabs) (Supplementary Figure 9).

Bacterial two-hybrid

The adenylate cyclase-based bacterial two-hybrid technique [START_REF] Karimova | A bacterial two-hybrid system based on a reconstituted signal transduction pathway[END_REF] was used as previously published [START_REF] Battesti | The bacterial two-hybrid system based on adenylate cyclase reconstitution in Escherichia coli[END_REF] . Briefly, the proteins to be tested were fused to the isolated T18 and T25 catalytic domains of the Bordetella adenylate cyclase. After introduction of the two plasmids producing the fusion proteins into the reporter BTH101 strain, plates were incubated at 30°C for 24 hours. Three independent colonies for each transformation were inoculated into 600 L of LB medium supplemented with ampicillin, kanamycin and IPTG (0.5 mM). After overnight growth at 30°C, 10 L of each culture were dropped onto LB plates supplemented with ampicillin, kanamycin, IPTG and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) and incubated for 12 hours at 30 °C. Controls include interaction assays with TolB and Pal, two protein partners unrelated to the T6SS. The experiments were done at least in triplicate and a representative result is shown.

Co-immunoprecipitation

Co-immunoprecipitation experiments were performed as previously described [START_REF] Zoued | Priming and polymerization of a bacterial contractile tail structure[END_REF] . 10 11 exponentially growing cells producing the proteins of interest were harvested, and resuspended in CellLytic TM B Cell Lysis reagent (Sigma-Aldrich) supplemented with protease inhibitors (Complete, Roche), lysozyme (100 µg/mL) and DNase (100 µg/mL) and incubated for 1 hour with strong shaking. The insoluble material was discarded by centrifugation for 45 min at 60,000×g and the supernatant from 2×10 10 cells was incubated overnight at 4°C with anti-FLAG M2 affinity beads (Sigma-Aldrich). Beads were then washed twice with CellLytic TM and once with Tris-HCl 20 mM pH8.0, NaCl 100 mM. The total extract and immunoprecipitated material were resuspended and boiled in Laemmli loading buffer prior to analyses by SDS-PAGE and immunoblotting.

High-performance liquid size-exclusion chromatography

Size exclusion chromatography was performed on an Ultimate 3000 HPLC system (Dionex), using a Superdex 200 increase 10/30GL column equilibrated in Tris 10mM pH8, NaCl 150 mM at a flow rate of 0.6ml/min. Accurate injections of 30 ul samples were done using the autosampler and detection was monitored at 280nm.

Gel filtration analyses

The effect of domains deletions on TssKFG as well as the binding of nanobodies nbK18 and nbK27 to TssK SN FG were analyzed using nickel affinity chromatography and gel filtration chromatography. The three constructs possess a unique module bearing a His 6 tag (Supplementary Figure 9)): On TssK for the TssKFG construct, on TssK H for the TssK H FG construct, and on TssK SN for the TssK NS FG construct. The purification procedures were similar to those used for the TssK-nbK18 complex (see above). An molar excess of nanobody (1.2), nbK18 or nbK25, was added to the TssK SN FG complex and submitted to a nickel affinity purification, followed by gel filtration. The mixtures were immobilized on a 5-mL Ni 2+ HisTrap prepacked column (GE Healthcare) using an AKTA FPLC system. After Generation and purification of TssK-specific llama nanobodies.

To obtain nanobodies against TssK, a llama (Lama glama) was immunized with purified TssK 6His (Ardèche-lamas France). Approximately 400 µg of TssK 6His in 10 mM HEPES, 150 mM NaCl, pH 7.5, was injected subcutaneously four times at one-week intervals using incomplete Freund's adjuvant, followed by a fifth injection two weeks later. Blood samples were collected aseptically 5 days after the last boost. Lymphocytes were isolated from blood samples, and cDNA was synthesized from the acquired RNA using a reverse PCR protocol. A nanobody phage display library of approximately 10 9 independent transformants was generated using the phagemid vector pHEN4 [START_REF] Pardon | A general protocol for the generation of Nanobodies for structural biology[END_REF][START_REF] Arbabi Ghahroudi | Selection and identification of single domain antibody fragments from camel heavychain antibodies[END_REF] . Phage display selection and screening of specific nanobodies were performed as previously published [START_REF] Desmyter | Viral infection modulation and neutralization by camelid nanobodies[END_REF] . An enrichment of antigenspecific clones was observed after two consecutive rounds of selection on solid-phase coated antigen. After the second round, TssK-specific nanobodies were identified, and the inserts of the corresponding pHEN4-derived plasmids were sequenced and cloned into the pHEN6

vector. E. coli WK6 cells carrying the pHEN6 derivatives were grown at 37°C in terrific broth supplemented with 0.1 % glucose and 100 g/mL ampicillin to an optical density ~ 0.6-1.0 and the expression of the nanobodies was induced by the addition of 1 mM IPTG for 16 h at 28°C. The periplasmic fraction containing the nanobodies was prepared using mild osmotic shock and the His-tagged nanobodies were immobilized on a 5-mL Ni-NTA column equilibrated in 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 10 mM imidazole. Nanobodies were eluted in 250 mM imidazole and concentrated using the Amicon-technology (10-kDa cut-off) prior to loading on a HiLoad 16/60 Superdex 75 gel filtration column equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. The final concentration for NbK18 and NbK27 were 13 mg/mL and 10 mg/mL, respectively.

Crystallization and structure determination of nbK18, TssK-nbK18 complex, TssK H and TssK SN -nbK18-nbK27. TssK SN -nbK18-nbK27 complex were obtained in the STURA Footprint Screening plate.

TssK SN (35 mg/ml) was mixed with the purified nanobodies nbK18 and nbK27 concentrations of 10 mg/ml, with a molar excess of 1.2 vs TssK SN . A volume of 100 nL of the proteins mixtures was mixed with 45% PEG600, 0.1 M HEPES pH 7.5, and disposed over the reservoir. Crystals appear in a few days. Crystals were cryo-cooled in the mother liquor.

Data collection was performed at ID23-2 (ESRF synchrotron, Grenoble, France) for nbK18

and TssK H , and at Proxima 1 (Soleil synchrotron, Saint-Aubin, France) for the TssK-nbK18 complex and the data for the crystal of the TssK SN -nbK18-nbK27 complex were collected at ESRF beam line ID30A-3 (Supplementary Table 1). The data were integrated and scaled with the XDS/XSCALE package and converted to a ccp4 input format file by XDSCONV 73 .

For nbK18, the crystal diffracted up to 1.5 Å (Supplementary Table replacement was performed using MOLREP [START_REF] Vagin | Molecular replacement with MOLREP[END_REF] and a truncated nanobody structure as a starting model. Refinement was performed using autoBUSTER [START_REF] Blanc | Refinement of severely incomplete structures with maximum likelihood in BUSTER-TNT[END_REF] alternating with rebuilding with COOT [START_REF] Emsley | Features and development of Coot[END_REF] . Two nbK18 molecules are contained in an asymmetric unit and possesses a shorter complementary-determining region 3 (CDR3) compared to those usually found in camelid single-chain domains. For TssK-nbK18, the crystal belonged to the orthorhombic space group P2 1 2 1 2 1 with cell dimensions a=93.3, b=153.7, b=154.8 Å; = = = 90°.

Diffraction images were processed and scaled with the XDS/XSCALE package 73 . The highresolution data cut-offs were defined based on the CC1/2 statistical indicator [START_REF] Karplus | Linking crystallographic model and data quality[END_REF] . Molecular replacement on the native data set using the structure of nbK18 provided the positions of three nbK18, but this did not yield a good enough initial electron density map. Therefore, three 360-degree rotation datasets were collected at different positions of the large single CsI/NaI crystal derivative at 1.7712-Å X-ray wavelength to 3.5-Å resolution. The heavy atom substructure, comprising 20 sites, was obtained with the SHELXC/D/E software suite [START_REF] Sheldrick | A short history of SHELX[END_REF] using the HKL2MAP graphical interface [START_REF] Pape | 2MAP: a graphical user interface for macromolecular phasing with SHELX programs[END_REF] . This sub-structure was subsequently refined and used for phase calculation with PHASER [START_REF] Mccoy | Phaser crystallographic software[END_REF] . Phase improvement and extension by density modification using 3-fold non-crystallographic symmetry averaging performed with PARROT [START_REF] Cowtan | Recent developments in classical density modification[END_REF] produced readily interpretable maps that allowed positioning of the three nbK18 and a first rough TssK model to be built. Inspection of electron density maps and model adjustment and rebuilding were performed using COOT [START_REF] Emsley | Features and development of Coot[END_REF] , and BUSTER was used for model refinements [START_REF] Blanc | Refinement of severely incomplete structures with maximum likelihood in BUSTER-TNT[END_REF] . The initial refined model was then positioned by molecular replacement with MOLREP 74 in a 2.7 Å resolution native dataset collected at 0.9786-Å wavelength with cell dimensions a=93.3, b=153.7, b=154.8 Å. Then, several iterations of model improvement were conducted by cycling through refinement with autoBUSTER [START_REF] Blanc | Refinement of severely incomplete structures with maximum likelihood in BUSTER-TNT[END_REF] , phase improvement by density modification with PARROT [START_REF] Cowtan | Recent developments in classical density modification[END_REF] , auto-tracing with BUCCANEER [START_REF] Cowtan | The Buccaneer software for automated model building. 1. Tracing protein chains[END_REF] and manual pruning and rebuilding using COOT [START_REF] Emsley | Features and development of Coot[END_REF] . The structure of TssK H was obtained by molecular replacement using MOLREP [START_REF] Vagin | Molecular replacement with MOLREP[END_REF] using the partial structure in the refined full-length TssK and a 1.6-Å resolution dataset. Refinement and manual building were performed as described above. The TssK SN -nbK18-nbK27 data were processed and scaled with the XDS/XSCALE package 73 .

The crystald belong to the same space group as TssK-nbK18 (P2 1 2 1 2 1 ) with a comparable packing and cell dimensions of a=90.9, b=143.3, c=150.3. The structure was determined by molecular replacement with MOLREP 74 using the TssK SN and nbK18 structures as separate models. The resulting map made it possible to complete the missing segments of TssK SN (1-19 and 130-144) as well to construct the nbK27 model using alternate manual fitting with COOT [START_REF] Emsley | Features and development of Coot[END_REF] and autoBUSTER [START_REF] Blanc | Refinement of severely incomplete structures with maximum likelihood in BUSTER-TNT[END_REF] for model refinements at 2.2 Å resolution (Supplementary Table 1).

Biolayer interferometry (BLI)

NbK18 was biotinylated using the EZ-Link NHS-PEG4-Biotin kit (Perbio Science, France). The reaction was stopped by removing the excess biotin reagent using a Zeba Spin Desalting column (Perbio Science, France). BLI assays were performed in black 96-well plates using an OctetRed96 (ForteBio, USA) apparatus. The total working volume for samples or buffer was 0.2 ml and the rpm setting was 1000 rpm for baseline, loading, and association and dissociation steps. The experiments were performed at 25°C. Prior to each assay, streptavidin (SA) biosensor tips (ForteBio, USA) were hydrated in 0.2 ml kinetic buffer (KB, ForteBio, USA) for 20 min. Streptavidin (SA) biosensor tips were then loaded with biotinylated nbK18 at 5 mg/mL in KB, followed by a quenching step using biocytin. A baseline was recorded, and nbK18 binding to TssK 6His was performed at concentrations of 0.08 to 50 nM. Association and dissociation were carried out for 300 s and 600 s, respectively. Complete dissociation of the complex was achieved by three-fold regeneration (5 s in glycine 10 mM, pH 1.7) and neutralization (5 s in KB). 

Legend to Figures

  and Mu 61 : TssE corresponds to gp25 (T4) and Mup46 (Mu), TssF to gp6 and Mup47 and TssG to Mup48 (no homologue in T4). The X-ray structure of TssK confirms that TssK exists as a trimer. The TssK trimer has an overall architecture resembling that of an apple core: a shoulder base and a distal head separated by the central neck. The structure of TssK is modular. It comprises three domains: a N-terminal domain, essentially -stranded, comparable to the N-terminal shoulder domains of phages p2 and 1358 RBPs, followed by a -helical central domain and a mixed Cterminal globular domain. In vivo interactions studies with known partners of TssK support

  extensive washing steps in absence or presence of 50 mM of imidazole, they were eluted with 250 mM imidazole. The fractions containing the His 6 tagged proteins were pooled and loaded on to a preparative 10/300 Superdex 200 gel filtration column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. The peaks were analysed by SDS gels. The same conditions were applied to the TssK H FG construct. The fractions containing the His 6 tagged proteins were pooled and loaded on to aHiLoad 16/600 Superdex 200, column equilibrated in 20 mM Tris-HCl pH 8.0, 150 mM NaCl buffer.Protein purification.6×His-tagged TssK was purified as previously described[START_REF] Zoued | TssK is a trimeric cytoplasmic protein interacting with components of both phage-like and membrane anchoring complexes of the Type VI secretion system[END_REF] . E. coli T7 Iq pLys cells carrying pRSF-TssK (TssK 6His ) or pETG20A-TssK Ct (TssK C-terminal domain fused to a thioredoxin-6×His-TEV N-terminal extension, TRX-6His-TEV-TssK Ct ) were grown at 37 °C in terrific broth to an optimal optical density (OD 600 ) ~ 0.6-1.0 and tssK expression was induced with 0.5 mM IPTG for 16 h at 17 °C. Cells were harvested, resuspended in 50 mM Tris-HCl pH 8.0, 300 mM NaCl supplemented with 1 mM PMSF, 0.25 mg/mL lysozyme, 100 g/mL DNase I and 20 mM MgCl 2 . After sonication, soluble proteins were separated from inclusion bodies and cell debris by centrifugation at 20,000 × g for 30 min. TssK 6His and TRX-6His-TEV-TssK Ct were immobilized on a 5-mL Ni 2+ HisTrap prepacked column (GE Healthcare) using an AKTA FPLC system. After extensive washing steps in absence or presence of 50 mM of imidazole, TssK 6His and TRX-6His-TEV-TssK Ct were eluted with 250 mM imidazole.The fractions containing the TssK 6His protein were pooled and loaded on to a preparative Superdex 200 gel filtration column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. TssK 6His was concentrated to 25 mg/mL and stored at 4 °C for crystallization trials. The fractions containing TRX-6His-TEV-TssK Ct were pooled and incubated with TEV protease (protein/TEV to a 20/1 molecular ratio) coupled to dialysis against 50 mM Tris-HCl pH 8.0, 300 mM NaCl supplemented with 10 mM imidazole overnight at 4 °C. The proteins were then subjected to a second Ni 2+ HisTrap prepacked column. The untagged TssK H protein was collected in the flow through and concentrated on a preparative Superdex 200 gel filtration column equilibrated in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. TssK H was concentrated to 26 mg/mL and stored at 4 °C for crystallization trials. pETG20A-TssK SN (TssK N-terminal domain fused to a thioredoxin-6×His-TEV N-terminal extension, TRX-6His-TEV-TssK SN ) was prepared and purified in the same conditions as TssK 6His .

1 M

 1 Crystallization screening experiments were performed with several commercial kits, including STURA, WIZARD and MDL. The nanodrop crystallization experiments were performed in SWISSCI 3-well plates. The reservoirs of the SWISSCI plates were filled up using a TECAN pipetting robot, while the nanodrops were dispensed with a Mosquito robot. All crystallization experiments were performed at 293 K. For nbK18, a single crystal was obtained by mixing 100 nL of the nbK18 protein solution with 100 nL of 0.2 M Li 2 SO 4 , 0.NaAc, pH 4.75, and 30 % m/v PEG8000. The crystal was cryo-cooled in reservoir liquid supplemented with 5 % ethylene glycol. For the TssK-nbK18 complex, purified TssK was mixed with nbK18 (TssK:nbK18 at 1:1.2 molecular ratio), and then adjusted to a concentration of 10 mg/mL for 1 hour prior to crystallization experiments. Small crystals were obtained in 100 mM Tris-HCl, pH 8.5, 200 mM MgCl 2 , 15 % PEG-6000. Optimization was achieved by varying the concentration of PEG-6000 from 8 to 20 % m/v and the pH from 8 to 9. Quality crystals were obtained in 100 mM Tris-HCl, pH 8.3, 200 mM MgCl 2 , 10 % PEG-6000. All crystals, including CsI/NaI derivatives, were cryo-cooled in a well solution supplemented with 20 % ethylene glycol. For the CsI/NaI derivatives, the TssK-nb18 crystals were soaked for a few seconds in a well solution supplemented with 20 % ethylene glycol and 0.5 M CsI/NaI. For TssK H , the best crystals appeared in 400 mM NaH 2 PO 4 , 1.6 M K 2 HPO 4, 100 mM imidazole, pH 8.0. Crystals were flash cooled in 5 M sodium formate. Crystals of the
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  ) and belonged to space group P4 3 , with cell dimensions a = b = 53.4 Å, c = 88.0 Å; = = = 90°. Two molecules in the symmetric unit yielded a Vm value of 2.29 Å3/Da and 46.35 % solvent. Molecular

  Figure 1. Structure of TssK. a, Ribbon view of the TssK trimer. Monomers A, B and C are

Figure 2 .

 2 Figure 2. Structure of the TssK SN -nbK18-nbK27 complex. a, Ribbon view of the TssK SN -

Figure 3 .

 3 Figure 3. Structural comparison of the TssK N-terminal shoulder domain with shoulder

Figure 5 .

 5 Figure 5. Schematic model of the baseplate docked to the membrane complex, 857$ highlighting the connector role of TssK. The TssJLM membrane complex is represented in 858$ green whereas TssK is colored beige and the other baseplate components, TssFGE are colored 859$ blue, VgrG is yellow and Hcp orange. The tail complex is shown in dark green. The three 860$ domains of TssK are represented in beige, the N-terminal shoulder domain anchored to the 861$ baseplate and the C-terminal head domain bound to the membrane complex. 862$

  Bacterial Two Hybrid vector, ColE1 origin, Plac, T18 fragment of Bordetella pertussis CyaA, Amp R Battesti & Bouveret, 2008 pTssK-T18 tssK cloned upstream T18 in pT18-FLAG Zoued et al., 2013 pTssK S -T18 tssK residues 1-193 cloned upstream T18 in pT18-FLAG This study pT18-TssK N tssK residues 175-315 cloned downstream T18 into pT18-FLAG This study pTssK SN -T18 tssK residues 1-315 cloned upstream T18 into pT18-FLAG This study pT18-TssK H tssK residues 315-445 cloned downstream T18 into pT18-FLAG This study pT18-Pal pal cloned downstream the T18 coding sequence in pT18-FLAG Battesti & Bouveret, 2008 pT25-FLAG Bacterial Two Hybrid vector, p15A origin, Plac, T25 fragment of Bordetella pertussis CyaA, Kan R Battesti & Bouveret, 2008 pT25-TssFG tssFG cloned downstream the T25 coding sequence in pT25-FLAG Brunet et al., 2015 pT25-TssK tssK cloned downstream the T25 coding sequence in pT25-FLAG Zoued et al., 2013 pTssL C -T25 tssL residues 1-184 cloned downstream the T25 coding sequence in pT25-FLAG Durand et al., 2012 pTssM C -T25 tssM residues 62-360 cloned upstream the T25 coding sequence in pT25-FLAG Zoued et al., 2013 pT25-TolB tolB cloned upstream the T25 coding sequence in pT25-FLAG Battesti & Bouveret, 2008 TAGTTAGGAAGGCAGGCTTGCCTCCAGC 5-pTssK SN -T18 insertion of tssK 1-315 fragment into pT18-Flag CGGATAACAATTTCACACAGGAAACAGCTATGACC ATGAAGATTTATCGCCCATTATGGGAAGACG 3-TssK SN -T18 insertion of tssK 1-315 fragment into pT18-Flag CCTCGCTGGCGGCTAAGCTTGGCGTAATGGAAG GCAGGCTTGCCTCCAGC 5-pT18 -TssK H insertion of tssK 315-445 fragment into pT18-Flag CGCCACTGCAGGGATTATAAAGATGACGATGACA AGCGTGTGGTTTTCATTGAACTGAAACAAAAGGG 3-pT18 -TssK H insertion of tssK 315-445 fragment into pT18-Flag CGAGGTCGACGGTATCGATAAGCTTGATATCGAA TTCTAGTTATGTCCGCAGCACCGCAAAAAGTTC T6_K316-445_p17_F insertion of tssK 316-445 fragment into pETG20A GGCTTAGAAAACCTGTACTTCCAGGGTTCCCGT GTGGTTTTCATTGAACTGAAAC T6_K316-445_p17_R insertion of tssK 316-445 fragment into pETG20A ACCACTTTGTACAAGAAAGCTGGGTTTATTATGTCC GCAGCACCGCAAAAAGTTCC a Sequence annealing on the target plasmid underlined. b VSV-G epitope coding sequence italicized.

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Data collection and refinement statistics of nbK18, nbK18-TssK and TssK SN -nbK18-nbK27 complexes, and TssK H domain. (numbers in brackets refer to the highest

	Supplementary resolution bin)					
	DATA COLLECTION	nbK18	TssK-nbK18 CsI/NaI	TssK-nbK18 native	TssK SN -nbK18-nbK27	TssK H
	PDB	5M2W		5M30	5MWN	5M2Y
	Source	ESRF ID23-2 Soleil PX 1	Soleil PX 1	ESRF ID30A-3 ESRF ID23-1
	Wavelength (Å)	0.9786	1.7712	0.9786	0.9677	0.9789
	Space group	P4 3	P2 1 2 1 2 1	P2 1 2 1 2 1	P2 1 2 1 2 1	P3 2
	Cell (Å)	a=b=53.4 Å, c = 88.0 Å	a=93.4,b=153.7 c=154.2	a=93.2, b=153.7, c=154.8	a=90.9, b=143.3, c=150.3	a=b=63.8, c=63.1
	Angles (°)	α=β=γ=90	α=β=γ=90	α=β=γ=90	α=β=γ=90	α=β=90;
	Nr. of monomers	2	3/3	3/3	3/3/1	γ=120 2
	Resolution limits (Å)	20-1.50 (1.59-1.5)	50-3.49 (3.6-3.49)	50.0-2.6 (2.66-2.6)	50.0-2.20 (2.33-2.20)	41.6-1.61 (1.71-1.61)
	Rmerge (Rpim a )	0.088 (0.785) 0.016 (1.8)	0.018 (1.40) a	0.077 (0.84)	0.06 (0.65)
	CC1/2	0.994 (0.61) 0.999 (0.32)	1.0 (0.30)	0.993 (0.5)	0.99 (0.90)
	Unique reflections	38858 (6348)	54138	69265 (4986) 100494 (16357) 36972 (5934)
	Mean((I)/sd(I))	7.8 (1.6)	14.6 (1.0)	19.6 (0.5)	6.5 (1.0)	22.79 (3.36)
	Completeness (%)	98.7 (98.2)	100 (99.5)	99.8 (99.2)	95.5 (92.4)	99.9 (99.5)
	Multiplicity	3.5 (3.3)	18 (8)	11.0 (10.7)	4.8 (4.4)	10.6 (10.5)
	SigAno (4.18 Å)		7.9 (0.94)			
	CCano (4.18 Å)		0.98 (0.14)			
	REFINEMENT					
	Resolution (Å)	12.1-1.5 (1.54-1.5)		48.9-2.6 (2.67-2.6)	45.0-2.20 (2.26-2.20)	12.7-1.61 (1.65 1.61)
	Number of reflections 38782 (2908)		59771 (4503)	98369 (6904) 36903 (2686)
	Number of protein / water / ions atoms	1712/296/15		10297/120	10822/694	1966/223
	Test set reflections	1940 (146)		2988	5032	1845
	R work /R free	0.195/0.212 (0.3/0.28)		0.198/0.218 (0.249/0.295)	0.199/0.220 (0.232/0.249)	0.198/0.199 (0.216/0.246)
	r.m.s.d.bonds (Å)/angles (°)	0.011 / 1.13		0.009 / 1.09	0.008 / 1.07	0.012 / 1.12
	B-Wilson / B-mean Å 22.7 / 28.6		108.5/107.1	57.1/66.4	25.7/32.2
	Ramachandran:					
	preferred / allowed /	96.3 / 3.7 / 0		97.1/2.6/0.3	79.9/2.1/0	98.0/2.0/0
	outliers (%)					

Table 2 . Interaction contacts between TssK and the nbK18 nanobody

 2 (obtained with the PISA server (Krissinel & Henrick, 2007)). ASA: accessible surface area (Å 2 ). BSA: buried surface area (Å 2 ). a) surface of nbK18; blue: CDR1; green: CDR2; pink: CDR3. b) surface of TssK. (The bars indicate the percentage of the ASA covered; 1 bar = 10%).

	a)			
		H-bonds	ASA	BSA
	VAL 32		56.25	42.21 ||||||||
	VAL 33		37.25	32.81 |||||||||
	ALA 35		8.52	8.37 ||||||||||
	TYR 37	H	41.54	25.97 |||||||
	total			125
	LEU 47		79.47	60.17 ||||||||
	SER 50		18.33	10.61 ||||||
	THR 52	H	49.89	18.84 ||||
	GLY 54		75.43	13.20 ||
	THR 56	H	86.79	9.83 ||
	ALA 60		21.75	13.55 |||||||
	total			132
	LYS 96	H	33.05	22.99 |||||||
	PHE 98		73.41	72.20 ||||||||||
	ARG 100	H	133.07	69.68 ||||||
	TYR 103		188.69	110.41 ||||||
	VAL 104		79.31	32.53 |||||
	GLY 105	H	38.52	38.52 ||||||||||
	TYR 106		89.32	33.59 ||||
	ASP 107	H	79.14	65.47 |||||||||
	total			452
	Grand total			709
	b)			
		H-bonds	ASA	BSA
	PRO 69		47.50	37.02 ||||||||
	ASP 70		44.65	21.34 |||||
	LEU 105		78.77	78.45 ||||||||||
	LEU 106	H	70.66	33.60 |||||
	ASN 107	H	42.33	36.39 |||||||||
	ALA 108	H	106.15	35.88 ||||
	ASN 109	H	149.19	58.67 ||||
	GLY 110		39.76	11.02 |||
	GLU 118		170.72	61.86 ||||
	SER 119		48.16	17.95 ||||
	GLU 120	H	165.08	139.61 |||||||||
	ARG 121		54.64	43.11 ||||||||
	GLU 158	H	160.85	84.97 ||||||
	ALA 160	H	97.20	48.41 |||||
	ALA 161		35.99	24.80 |||||||
	TRP 162	H	48.61	8.76 ||
	LEU 163		22.45	21.13 ||||||||||

production and crystallization. A.D. performed the nanobodies selection and characterization. E.D. provided the TssKFG clone. C.K. performed the BLI and HPLC experiments. L.L., Y.C., A.Z. and E.C performed the double hybrid and co-immunoprecipitation experiments.
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Supplementary Figures 1-Supplementary Tables 123Supplementary Figure 1. Characterization of the nbK18 nanobody and its interaction with TssK. a, sequence and structure of TssK-specific nbK18 llama single-chain antibody. The nbK18 sequence is presented on top of its rainbow-colored ribbon structure. The three complementarydetermining regions (CDR) are colored blue, green and red, respectively in the sequence and indicated with the same color code in the ribbon structure. b, structure of the trimeric TssK-nbK18 complex. Each TssK is colored as in Fig. 1A (monomers A, B and C in pink, blue and green, respectively) and the three nbK18 nanobodies, bound to TssK shoulder domain, are shown in grey, yellow and salmon, respectively. In the inset is shown a close-up of the TssK-nbK18 interaction at monomer A. TssK is shown in surface representation whereas nbK18 is shown in ribbon. The magnification highlights the side-chains of nbK18 that contact TssK. 

Supplementary Figure 2. Structural analysis of the