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Structure-function analysis of the TssL cytoplasmic domain reveals a new 1! interaction between the Type VI secretion baseplate and membrane 2! complexes. 3!
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The Type VI secretion system (T6SS) is a multiprotein complex that delivers toxin effectors 2! in both prokaryotic and eukaryotic cells. It is constituted of a long cytoplasmic structure -the 3! tail -made of stacked Hcp hexamers and wrapped by a contractile sheath. Contraction of the 4! sheath propels the inner tube capped by the VgrG spike protein towards the target cell. This 5! tubular structure is built onto an assembly platform -the baseplate -that is composed of the 6! TssEFGK-VgrG subunits. During the assembly process, the baseplate is recruited to a trans-7! envelope complex comprising the TssJ outer membrane lipoprotein and the TssL and TssM 8! inner membrane proteins. This membrane complex serves as docking station for the 9! baseplate/tail and as channel for the passage of the inner tube during sheath contraction. The 10! baseplate is recruited to the membrane complex through multiple contacts including 11! interactions of TssG and TssK with the cytoplasmic loop of TssM, and TssK interaction with 12! the cytoplasmic domain of TssL, TssL Cyto . Here, we show that TssL Cyto interacts also with the 13! TssE baseplate subunit. Based on the available TssL Cyto structures, we targeted conserved 14! regions and specific features of TssL Cyto in enteroaggregative Escherichia coli (EAEC). By 15! using bacterial two-hybrid and co-immunoprecipitation, we further show that the disordered 16! L3-L4 loop is necessary to interact with TssK, that the L6-L7 loop mediates the interaction 17! with TssE, whereas the TssM cytoplasmic loop binds the conserved groove of TssL Cyto .

18!

Finally, competition assays demonstrated that these interactions are physiologically important 19! for EAEC T6SS function. 20! 21!

Introduction

1!

Bacteria have evolved strategies to survive within difficult environment or to 2! efficiently colonize a specific niche. When nutrients become limiting or when conditions are 3! defavorable, most Gram-negative Proteobacteria delivers anti-bacterial toxins into 4! competitors. One of the main mechanisms for toxin delivery into prokaryotic cells is a 5! multiprotein machinery called Type VI secretion system (T6SS). [1][2][3][START_REF]constructed the vectors for the in vivo studies and performed the BACTH 5! experiments, Chl.C. performed the co-immunoprecipitations and anti-bacterial assays[END_REF][5][6] The T6SS resembles a ~ 6! 600-nm long cytoplasmic tail-like tubular structure anchored to the cell envelope, and works 7! as a nano-crossbow. 2,7,8 The T6SS tail shares structural and functional homologies with 8! contractile tail particles such as R-pyocins or bacteriophages. [7][8][9][START_REF](Strains, Plasmids and Oligonucleotides used in this study) and two Supplemental Figure (S1, 12! Comparison of the EAEC, F. tularensis and V. cholerae TssL Cyto structures; S2, Sequence 13! alignment of TssL proteins). 14! Competing financial interests[END_REF] The cytoplasmic tubular 9! structure is constituted of an inner tube made of stacked Hcp hexamers organized head-to-tail 10! and wrapped by a contractile sheath. 7,9,[11][12][13][14][15][16][17] Contraction of the sheath propels the inner tube 11! towards the target cell, allowing toxin delivery and target cell lysis. 7,[18][19][20] This tubular 12! structure is tipped by a spike, composed of a trimer of the VgrG protein and of the PAAR 13! protein, which serves as puncturing device for penetration inside the target cell. 9,21 Toxin 14! effectors are preloaded and different mechanisms of transport have been proposed, including 15! cargo models in which effectors directly or indirectly binds on VgrG, PAAR or within the 16! lumen of Hcp hexamers. 3,6,[21][22][23][24][25][26][27][28][29] 

17!

The T6SS tail polymerizes on an assembly platform or baseplate complex (BC), which 18! is also broadly conserved in contractile particles. [30][31][32][33][34] The composition of the T6SS baseplate 19! has been recently revealed and is constituted of five proteins: TssE, TssF, TssG and TssK that 20! assemble a complex together with the VgrG spike. 32,33,35 Once assembled in the cytoplasm, 21! 7! activity was tested against a competitor strain engineered to constitutively express the GFP 1! and to resist kanamycin. The fluorescence levels of mixture containing the EAEC and 2! competitor strains at a 4:1 ratio, which is proportional to the number of competitor cells was 3! measured after 4 hours of contact. In addition, the survival of the competitor strain was 4! measured by counting fluorescent colony-forming units (cfu) after plating serial dilutions of 5! the mixture on plates supplemented with kanamycin. The results represented in Figure 4 show 6! that the growth of the competitor strain was inhibited by the ∆tssL strain producing the wild-7! type TssL protein, at a level comparable to that of the wild-type strain. By contrast, the ∆tssL 8! strain did not cause growth inhibition of competitor cells. With the exception of the FE 9! mutant strain, all the TssL variants were unable to complement the anti-bacterial defects of 10! the ∆tssL strain, demonstrating the formation of TssL Cyto -TssE, TssL Cyto -TssK and TssL Cyto -11! TssM Cyto complexes is necessary for proper assembly and function of the EAEC Sci-1 T6SS. 12! 13!

Discussion

14!

In this study, we have used a systematic bacterial two-hybrid approach to define the 15! partners of the T6SS TssL cytoplasmic domain. In addition to the known interacting subunits, 16! TssM 40 and TssK 46 , we have found an additional contact with the TssE protein, a component 17! of the baseplate. This interaction was confirmed in vitro using surface plasmon resonance.

18!

With the identification of TssM Cyto -TssG, TssM Cyto -TssK and TssL Cyto -TssK contacts 32,46,47 , 19! the interaction of TssL Cyto with TssE corresponds to the fourth interaction between the T6SS 20! membrane and baseplate complex. The cytoplasmic domain of TssL is located at the base of 21! the TssJLM complex 37 , a location compatible with the position of the baseplate in vivo. 7,32,48 22! Although these interactions are of low affinity between isolated molecules (the dissociation 23! constant measured in vitro for the TssL Cyto -TssE interaction is ~ 50 µM), the avidity should 24! increase within the secretion apparatus by the number of interactions and the local 25! concentration. Furthermore, the existence of four contacts likely stabilizes the recruitment of 26! the baseplate to the membrane complex. These multiple contacts are probably important to 27! properly position the baseplate onto the membrane complex and to maintain the baseplate 28! stably anchored when the sheath contracts. In addition, it has been shown that the 29! bacteriophage T4 baseplate is subjected to large conformational changes during sheath 30! contraction 33,49 , and a similar situation is likely to occur in the case of the T6SS. 30,32 Therefore 31! ! 8! it might be critical to have a multitude of contacts between the baseplate and membrane 1! complexes as several interactions might be broken during the conformational transition.

2!

TssL dimerizes and interacts with three proteins of the secretion apparatus (Fig. 5). In 3! enteroaggregative E. coli, TssL dimerization occurs mainly by the trans-membrane segment 4! with contribution of residues from helix α1. In this study, we provided further molecular 5! details on the TssL interaction by conducting a structure-function analysis. First, using 6! sequence alignment, we defined that a number of residues share high level of conservation.

7!

Interestingly, most of these residues locate at the interface between the two-helix bundles and 8! delimitate a cleft. Second, by comparing the three available crystal structures of TssL 9! cytoplasmic domains (from EAEC, F. tularensis and V. cholerae), we targeted two loops, 10! loops L3-L4 and L6-L7, which present different shapes, distinct secondary structures 11! (addition of short helices) and are highly degenerated. Substitutions were introduced in the 12! cleft as well as in loops L3-L4 and L6-L7 and were tested for their impact on the interactions.

13!

None of these mutations disrupted the oligomerization of TssL Cyto suggesting that their impact 14! on TssL Cyto folding was null or moderated. Our data show that the cleft is required for proper 15! interaction with TssM Cyto , whereas loops L3-L4 and L6-L7 are putative binding sites for TssK 16! and TssE respectively. The conservation of the charged crevice in TssL proteins suggests that 17! the mode of binding of TssL/TssM proteins might be conserved. It is worthy to note that the 18! T6SS-associated TssL and TssM proteins share homologies with IcmH/DotU and IcmF, two 19! subunits of the Legionella pneumophila Type IVb secretion system (T4bSS). 8,42 Interestingly, 20! IcmH/DotU also possesses charged residues in the putative cleft position, suggesting that this 21! cleft might also be important for binding to IcmF. By contrast, the variability of the L3-L4 22! and L6-L7 loops might confer specificity between TssL proteins and the baseplate complex, 23! notably when different T6SS are produced simultaneously in a bacterium. However, while our 24! results demonstrate that these regions are necessary for these interactions, it remains to be 25! defined whether these regions are sufficient. Swapping experiments between TssL proteins 26! from different bacteria would be an interesting extension of this study. Finally, these data are 27! interesting for the development of inhibitors that will target the assembly of the membrane 28! complex or the recruitment of the baseplate. Specifically, crevices such as the cleft that 29! accommodates the TssM cytoplasmic domain are interesting targets for drugs, while mimetic 30! peptides might be used to prevent interaction of the baseplate components with the TssL 31! loops. 

32!

Legend to Figures

27!
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 1 Figure 1. TssL Cyto oligomerizes and interacts with TssE, TssK and TssM Cyto . (A) Bacterial two-

10 !Figure 2 .Figure 3 .

 1023 Figure 2. Structure of the EAEC TssL Cyto domain. (A) Crystal structure of the EAEC TssL Cyto

Figure 4 .Figure 5 .

 45 Figure 4. TssL Cyto interactions with TssE, TssK and TssM Cyto are required for T6SS anti-

Figure S1 .

 S1 Figure S1. Comparison of the three available TssL Cyto crystal structures. (A) Sequence alignement

  sci1 tssL (EC042_4527), C-terminal HA tag cloned into pMS600 Aschtgen et al., 2010 pOK-TssL-EKDK Glu81-to Lys and Asp84-to-Lys substitutions introduced into pOK-TssL HA This study pOK-TssL-GE Gly137-to-Glu substitution introduced into pOK-TssL HA This study pOK-TssL-FE Phe138-to-Glu substitution introduced into pOK-TssL HA This study pOK-TssL-GEFE Gly137-to-Glu and Phe138-to-Glu substitutions introduced into pOK-TssL HA This study pOK-TssL-DR Asp74-to-Arg substitution introduced into pOK-TssL HA This study pOK-TssL-ER Glu75-to-Arg substitution introduced into pOK-TssL HA This study pOK-TssL-DRER Asp74-to-Arg and Glu75-to-Arg substitutions introduced into pOK-TssL HA This study pOK-TssL-QKDKDK Gln145-to-Lys, Asp146-to-Lys and Asp147-to-Lys substitutions introduced into pOK-TssL HA This study pASK-IBA37(+) cloning vector, f1 origin, Ptet, Amp R IBA technologies pIBA-TssLc FL sci1 tssL cytoplasmic domain (amino-acids 1-184; TssL Cyto ), C-terminal FLAG tag cloned into pASK-IBA37(+) Aschtgen et al., 2012 pIBA-TssL C -EKDK Glu81-to-Lys and Asp84-to-Lys substitutions introduced into pIBA-TssLc FL This study pIBA-TssL C -GE Gly137-to-Glu substitution introduced into pIBA-TssLc FL This study pIBA-TssL C -FE Phe138-to-Glu substitution introduced into pIBA-TssLc FL This study pIBA-TssL C -GEFE Gly137-to-Glu and Phe138-to-Glu substitutions introduced into pIBA-TssLc FL This study pIBA-TssL C -DR Asp74-to-Arg substitution introduced into pIBA-TssLc FL This study pIBA-TssL C -ER Glu75-to-Arg substitution introduced into pIBA-TssLc FL This study pIBA-TssL C -DRER Asp74-to-Arg and Glu75-to-Arg substitutions introduced into pIBA-TssLc FL This study pIBA-TssL C -QKDKDK Gln145-to-Lys, Asp146-to-Lys and Asp147-to-Lys substitutions introduced into pIBA-TssLc FL This study pBAD33 cloning vector, P15A origin, Para, araC Cm R Guzman et al., 1995 pBAD33-TssE VSV-G sci1 tssE (EC042_4545), C-terminal VSV-G tag cloned into pBAD33 This study pBAD33-TssK VSV-G sci1 tssK (EC042_4526), C-terminal VSV-G tag cloned into pBAD33 This study pBAD33-TssMc VSV-G sci1 tssM (EC042_4539) cytoplasmic loop (amino-acids 62-360, TssM Cyto ), C-terminal VSV-G tag cloned into pBAD33 Laureen Logger pETG20A Gateway ® expression vector, ColE1 origin, P T7 , N-terminal 6xHis-TRX-TEV fusion, Amp R Arie Geerlof pETG20A-TssL Cyto sci1 tssL cytoplasmic domain (amino-acids 1-184) cloned into pETG20A Durand et al., 2012 pETG20A-TssE sci1 tssE cloned into pETG20A Zoued et al., 2016 Bacterial Two-Hybrid vectors pT18-FLAG Bacterial two-hybrid vector, ColE1 origin, Plac, T18 fragment of Bordetella pertussis CyaA, Amp R Battesti & Bouveret, 2008 pT18-Pal Soluble region of E. coli K-12 Pal cloned downstream T18 in pT18-FLAG Battesti & Bouveret, 2008 pTssL C -T18 sci1 tssL cytoplasmic domain (amino-acids 1-184) cloned upstream T18 into pT18-FLAG Durand et al., 2012 pTssL C -EKDK-T18 Glu81-to-Lys and Asp84-to-Lys substitutions introduced into pTssLc-T18 This study pTssL C -GE-T18 Gly137-to-Glu substitution introduced into pTssLc-T18 This study pTssL C -FE-T18 Phe138-to-Glu substitution introduced into pTssLc-T18 This study pTssL C -GEFE-T18 Gly137-to-Glu and Phe138-to-Glu substitutions introduced into pTssLc-T18 This study pTssL C -DR-T18 Asp74-to-Arg substitution introduced into pTssLc-T18 This study pTssL C -ER-T18 Glu75-to-Arg substitution introduced into pTssLc-T18 This study pTssL C -DRER-T18 Asp74-to-Arg and Glu75-to-Arg substitutions introduced into pTssLc-T18 This study pTssL C -QKDKDK-T18 Gln145-to-Lys, Asp146-to-Lys and Asp147-to-Lys substitutions introduced into pTssLc-T18 This study pT25-FLAG Bacterial two-hybrid vector, P15A origin, Plac, T25 fragment of Bordetella pertussis CyaA, Kan R Battesti & Bouveret, 2008 pTolB-T25 E. coli K-12 tolB cloned upstream T25 in pT25-FLAG Battesti & Bouveret, 2008 All others BACTH constructs have been described in Zoued et al., 2013.
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Table S1 . Strains, plasmids and oligonucleotides used in this study.

 S1 

		Strains	
	Strains	Description and genotype	Source
	E. coli K-12		
	DH5α	F-, Δ(argF-lac)U169, phoA, supE44, Δ(lacZ)M15, relA, endA, thi, hsdR	New England Biolabs
	W3110	F-, lambda-IN(rrnD-rrnE)1 rph-1	Laboratory collection
	BTH101	F-, cya-99, araD139, galE15, galK16, rpsL1 (Str R ), hsdR2, mcrA1, mcrB1.	Karimova et al., 2005
	BL21(DE3) pLys	F-, miniF lysY lacI q (Cm R ) / fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr-73::miniTn10--Tet S )2	
		[dcm] R(zgb-210::Tn10-Tet S ) endA1 Δ(mcrC-mrr) 114::IS10	New England Biolabs
	Enteroaggregative E. coli		
	17-2	WT enteroaggregative Escherichia coli	Arlette Darfeuille-Michaud
	17-2ΔtssL	17-2 deleted of the tssL gene of the sci1 T6SS gene cluster (EC042_4527)	Aschtgen et al., 2010
		Plasmids	
	Vectors	Description	Source
	Expression vectors		
	pUA66-rrnb pMS600	P rrnB ::gfpmut2 transcriptional fusion in pUA66 cloning vector, pOK12 derivative, P15A origin, Plac, Kan R	Zaslaver et al., 2006 Aschtgen et al., 2008
	pOK-TssL HA		
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