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            Abstract
Bacteria share their ecological niches with other microbes. The bacterial type VI secretion system is one of the key players in microbial competition, as well as being an important virulence determinant during bacterial infections. It assembles a nano-crossbow-like structure in the cytoplasm of the attacker cell that propels an arrow made of a haemolysin co-regulated protein (Hcp) tube and a valine–glycine repeat protein G (VgrG) spike and punctures the prey’s cell wall. The nano-crossbow is stably anchored to the cell envelope of the attacker by a membrane core complex. Here we show that this complex is assembled by the sequential addition of three type VI subunits (Tss)—TssJ, TssM and TssL—and present a structure of the fully assembled complex at 11.6 Å resolution, determined by negative-stain electron microscopy. With overall C5 symmetry, this 1.7-megadalton complex comprises a large base in the cytoplasm. It extends in the periplasm via ten arches to form a double-ring structure containing the carboxy-terminal domain of TssM (TssMct) and TssJ that is anchored in the outer membrane. The crystal structure of the TssMct–TssJ complex coupled to whole-cell accessibility studies suggest that large conformational changes induce transient pore formation in the outer membrane, allowing passage of the attacking Hcp tube/VgrG spike.
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                    Figure 1: Biogenesis of the T6SS membrane-associated core complex.[image: ]


Figure 2: TssJLM complex purification and structure.[image: ]


Figure 3: Structure of the TssJLM tip complex.[image: ]


Figure 4: Cell surface accessibility and mechanism of action of the T6SS membrane core complex during secretion.[image: ]
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                Data deposits

                The EM structure of the TssJLM complex has been deposited in the Electron Microscopy Data Bank (EMDB) under accession number emd-2927. The crystal structures of the TssM32Ct–nb25 complex, and of the TssM26Ct fragment and TssM26Ct–TssJ complexes, have been deposited in the Protein Data Bank under accession numbers 4Y7M, 4Y7L and 4Y7O, respectively.
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Extended data figures and tables

Extended Data Figure 1 Functional and dynamic properties of fluorescently labelled Tss proteins.
a, GFP–TssM and GFP–TssL fusion proteins are functional. Top: Hcp release assay. Hcp release was assessed by separating whole cells (C) and supernatant (S) fractions from the indicated strains. A total of 1 × 109 cells and the TCA-precipitated material from the supernatant of 2 × 109 cells were analysed by western blot using anti-Flag monoclonal antibody (lower panel) and anti-TolB polyclonal antibodies as a lysis control (upper panel). The molecular mass markers (in kilodaltons) are indicated on the left. Bottom: anti-bacterial assay. The anti-bacterial activity was assessed by mixing kanamycin-resistant prey E. coli K-12 cells with the indicated attacker cells for 16 h at 37 °C in SIM. The number of recovered E. coli prey cells is indicated in the graph (as log of colony-forming units (c.f.u.)). The circles indicate values from three independent assays, and the average is indicated by the bar. b, TssJ–sfGFP and TssJ–mCh fusion proteins are non-functional. Hcp release was assessed by separating whole cells (C) and supernatant (S) fractions from the indicated strains. A total of 1 × 109 cells and the TCA-precipitated material from the supernatant of 2 × 109 cells were analysed by western blot using anti-Flag monoclonal antibody (lower panel) and anti-TolB polyclonal antibodies as a lysis control (upper panel). The molecular mass markers (in kilodaltons) are indicated on the left. c, sfGFP–TssM and sfGFP–TssL cluster in foci. Large fields of fluorescence microscopy recordings showing localization of the sfGFP–TssL (left) and sfGFP–TssM (right) fusion proteins. The positions of selected foci are indicated by arrowheads. Scale bars, 5 μm. d, sfGFP–TssM and sfGFP–TssL foci are stable and static. Mean square displacement (in arbitrary units (a.u.)) of sfGFP–TssM (blue line) and sfGFP–TssL (red line) clusters were measured by sub-pixel tracking of fluorescent foci and plotted over time (in minutes). e, The TssBC sheath tubular structures assemble on TssJLM membrane complexes. Statistical analyses reporting the average number of sheath per cell compared with the number of membrane complexes per cell, highlighting the observation that the number of membrane complexes is at least equal to the number of sheathes. Lower and upper boundaries of the boxes correspond to the 25% and 75% percentiles respectively. Black bold horizontal bar, median values for each strain; whiskers, 10% and 90% percentiles; n indicates the number of cells studied per strain. f, Long-term fluorescence microscopy recordings. Time-lapse fluorescence microscopy recordings showing localization and dynamics of the sfGFP–TssL and TssB–mCherry fusion proteins. Individual images were taken every 15 min. Assembly/contraction of the sheath and TssL localization events are schematized in the lowest panel. Scale bars, 1 μm. g, Statistical analysis of sfGFP–TssM and sfGFP–TssL localization in various tss backgrounds. Shown are box-and-whisker plots of the measured number of sfGFP–TssM and sfGFP–TssL foci per cell for each indicated strain with the lower and upper boundaries of the boxes corresponding to the 25% and 75% percentiles respectively (horizontal bar, the median values for each strain; whiskers, the 10% and 90% percentiles); n indicates the number of cells studied per strain.


Extended Data Figure 2 Expression and purification of the T6SS membrane core complex.
a–e, T6SS operon genomic organization and constructs used for in vitro analyses. a, Schematic representation of the T6SS sci-1 gene cluster from entero aggregative E. coli. The numbers on top refer to the gene locus tag (EC042_XXXX). Genes encoding core components (identified by their names on bottom, for example, ‘B’ refers to the tssB gene) are coloured grey. Genes of unknown function are coloured white. The three genes used to reconstitute the core membrane complex are coloured orange (tssJ), blue (tssL) and green (tssM). b, Schematic representation of the engineered constructs: the tssJ, tssL and tssM genes were amplified with an additional Shine Dalgarno (SD) sequence and 3′ StrepII, 5′ Flag and 5′ 6×His tags respectively. These three fragments were cloned into the pRSF-Duet vector (c). This construct allows the production of the C-terminally StrepII-tagged TssJ outer membrane (OM) lipoprotein and N-terminally Flag-tagged TssL and 6×His-tagged TssM inner-membrane (IM) proteins (d, e). The proteins are schematized and their boundaries and principal characteristics (TM, transmembrane segments; SP, signal peptide; CYS, acylated cysteine) are indicated (d) and their topologies are shown (e). The additional TssM constructs (TssMp, TssM32Ct and TssM26Ct) used for SAXS or X-ray analyses are shown at the bottom. f–h, Purification and biochemical characterization of the T6SS membrane core complex. f, Analytical size-exclusion chromatography analysis of the purified TssJLM complex (continuous line) on a Superose 6 column, calibrated with 75-, 158-, 440- and 660-kDa molecular mass markers (dotted lines). The molecular mass of each marker (in kilodaltons) is indicated on the top of the corresponding peak. An arrow indicates the position of the peak fraction corresponding to the TssJLM complex. g, SDS–PAGE of the purified TssJLM complex analysed by Coomassie staining (CB) or immunoblotting using anti-His (α-His), -Flag (α-Flag) and -StrepII (α-STREP) antibodies. h, Left: cysteine labelling of the purified TssJLM complex in reducing and denaturing conditions as described in Methods. The total number of cysteine residues was nine for TssM, five for TssL and none for TssJ (the N-terminal cysteine is acylated). Right: the relative amount of TssL compared with TssM (densitometry relative to the number of free cysteine residues, fixed at 1 for TssM).


Extended Data Figure 3 Architecture of the T6SS membrane core complex.
a, Negative-stain EM of the EAEC TssJLM complex. Representative micrograph of the data set used for image processing. Isolated TssJLM complexes were clearly visible (white circles). b, Plot of the rotational autocorrelation function for a representative class average of an end-view. c, FSC curve of the TssJLM reconstruction. The ‘gold standard’ FSC curve was calculated in Relion using the masked reconstruction of the TssJLM complex. The resolution at 0.143 correlation was 11.56 Å. d, Top: side and corresponding cut-away views of the 3D reconstruction for the whole TssJLM complex. Bottom: local resolution as calculated by Resmap. The TssJLM volume (left reconstruction, side view; right reconstruction, cut-away view) is coloured according to the local resolution from high resolution (∼12 Å) in blue to low resolution (>30 Å) in red. e, FSC curve of the TssJLM base. The ‘gold standard’ FSC curve was calculated in Relion using the unmasked reconstruction of the TssJLM base. The resolution at 0.143 correlation was 16.6 Å. f, Top, side and bottom views of the 3D reconstruction after specific refinement of the base.


Extended Data Figure 4 Structural analysis and segmentation.
a, Segmentation of the TssJLM reconstruction. Left: above the base, ten equivalent densities could be defined by segmentation. They are arranged in two concentric rings. The internal ring is represented in green in the top panel and the external ring is represented in blue in the bottom panel. Right: cut-out views of the complex showing the arrangement of the two concentric rings at different levels (grey lines) along the periplasmic portion of the TssJLM complex. The cut-out views are seen from the bottom of the complex. b, Requirement of TssJ lipidation for complex assembly and insertion into the outer membrane. Left: membrane fractionation by differential solubilization followed by immunoblot analysis. Total membrane extracts from cells producing the wild-type TssJLM complex or the TssJLM complex with an unacylated variant of TssJ (Cys1-to-Ser substitution, CS) were solubilized by lauroyl sarcosine to separate inner membranes and outer membranes. HisTssM, FlagTssL and TssJStrep (indicated on the right) were revealed by anti-His, anti-Flag and anti-StrepII antibodies respectively. Controls included immuno-detection of the inner membrane DglA diacylglycrol lipase and the outer membrane OmpF porin. Wild-type TssJLM complex co-fractionates with both the inner and outer membrane fractions whereas the Cys1-to-Ser substitution mutated complex co-fractionates only with the inner-membrane fraction. Top right: negative-stain EM of the mutated TssJCSLM complex. Representative micrograph of the data set used for image processing. Isolated TssJCSLM complexes were clearly visible (white circles). Bottom right: gallery of representative class averages generated after reference-free 2D classification in Relion. End to side views are shown from top left to bottom right. c, Orientation of the TssJLM complex in the cell envelope. Left: schematic representation of the TssJ (J, orange), TssL (L, blue) and TssM (M, green) proteins. Their localization, main characteristics (lipidation or transmembrane segments shown in black) and the location of the 6×His and StrepII tags (red balls) are indicated. The strepII and 6×His tags were introduced at the C terminus and N terminus of TssJ and TssM respectively. Middle: immune and Nanogold labelling coupled to EM. Anti-StrepII or Nanogold-NTA were incubated with the TssJLM complex and visualized by negative-stain EM. A gallery of representative views is presented (top row, StrepII labelling; bottom row, Ni-NTA labelling). StrepII antibodies (a schematic diagram with StrepII antibodies depicted as blue circles is shown on top) and Nanogold-NTA are highlighted in red circles. Right: the positions of the StrepII antibody (targeting TssJ C terminus) and of the Ni-NTA gold particle (targeting TssM N terminus) are indicated on the TssJLM reconstruction. d, SAXS data and low-resolution structure of the TssMp–TssJ complex. Top left: experimental scattering data (green crosses) and the fitting curve (continuous red line) calculated from an ab initio model of the TssMp–TssJ complex. Top right: Guinier plot (dots) with the linear fit (continuous line). Bottom left: distance distribution function of the TssMp–TssJ complex. Bottom right: SAXS envelope (grey surface) of the ‘best representative’ model of the TssMp–TssJ complex. Each view is rotated by 90° around the y-axis. e, Location of the TssMp–TssJ complex SAXS envelope in the 3D reconstruction of TssJLM complex. Left: the volume of the TssMp–TssJ complex determined by SAXS was docked into the EM 3D reconstruction of the TssJLM complex (top). Two optimal docking positions were found, both with 82% correlation with the EM map (coloured magenta and pink). The corresponding volumes in the EM map were extracted (bottom). They correspond to the same volume displayed in Extended Data Fig. 4a. Right: direct comparison of the SAXS (magenta) and EM (blue and green) volumes corresponding to the TssMp–TssJ complex. The volumes are equivalent in size and shape. f, TssL cytoplasmic domain docking into the TssJLM complex base. Fitting of the TssL cytoplasmic domain (TssLcyto)28 dimer in green ribbons in the hooks found in the base. Top and bottom: side and bottom views, respectively.


Extended Data Figure 5 Crystal structure of the TssJ–TssM C-terminal domain complex.
a, Amino-acid sequence of TssM. The different domains as well as the fragments used in this study are indicated (yellow, transmembrane helix; grey, cytoplasmic domain; green, blue and purple, periplasmic domain; blue and purple, C-terminal domain corresponding to the TssM32Ct fragment; purple, C-terminal domain corresponding to the TssM26Ct fragment). b, Crystal structure of the TssM32Ct–nb25 complex. The two proteins are represented as rainbow-coloured ribbons. The complementary determining regions (CDRs 1–3, coloured blue, green and red, respectively) of nb25 are indicated. The inset highlights the TssM32Ct–nb25 interface: the TssM32Ct surface is coloured beige whereas nb25 is represented as rainbow-coloured ribbons; the side chains of the amino acids in contact with TssM32Ct are indicated. The nb25 nanobody binds the TssM C-terminal domain, and covers a surface area of 580 Å2 by inserting its protruding CDR3 between TssM32Ct loops L5–6 and L9–10. The contacts between the two proteins are listed in Extended Data Table 2a. c, Crystal structure of the TssM26Ct–TssJ complex. Left: the two proteins are represented as ribbons and coloured in rainbow mode. Middle: same view rotated by 90°. The TssJ loop 1–2, previously shown to contact TssM25, is indicated. Right: TssM26Ct–TssJ interface. Top panel: the TssM26Ct surface is coloured violet, whereas TssJ is represented as rainbow-coloured ribbons. The TssJ side-chains of the amino acids in contact with TssM are indicated. The loops are numbered according to the flanking β-strands. Bottom panel: the TssJ surface is coloured beige whereas TssM26Ct is represented as rainbow-coloured ribbons. The TssM side-chains of the amino acids in contact with TssJ are indicated. The contacts between the two proteins are listed in Extended Data Table 2b. d, Comparison of the binding sites of nb25 and TssJ on TssM. Left: the structure of the TssM26Ct–TssJ complex (rainbow coloured) has been superimposed to the structure of the TssM32Ct–nb25 complex (only nb25 is shown in grey for clarity). Right: the same partners as in the left panel in surface representation. TssM26Ct (violet), TssJ (green) and nb25 (pink). e, Insertion of the TssJ lipid anchor in the outer membrane. Left: TssJ structure25 with the N-terminal 24 residues (absent in the crystal structure). This N-terminal extension (in magenta), predicted to be disordered, was modelled in Chimera using Modeller. The first cysteine residue is acylated to allow anchorage to the inner leaflet of the outer membrane (orange rectangle). Right: docking of the TssM26Ct–TssJ complex in the EM 3D reconstruction of the TssJLM complex (only the uppermost (tip) part of the TssJLM complex is shown). Left panel: two TssM26Ct–TssJ were docked into the inner and outer pillars of the tip complex. Right panel: docking in each pillar of the TssJLM tip complex (C5 symmetry). f, Hydrophobicity of the TssM26Ct–TssJ complex. Surface representation of the TssM26Ct–TssJ decamer (left, top view; right, side view). The hydrophobicity of the surface residues is displayed (blue to red scale from most hydrophilic to most hydrophobic). No obvious hydrophobic patch is visible at the surface of the complex.


Extended Data Figure 6 Cell surface accessibility of TssM C-terminal domain.
a, Functionality of the TssM cysteine variants. Hcp release was assessed by separating whole cells (C) and supernatant (S) fractions from the wild-type (WT) 17-2 strain and its ΔtssM derivative producing a wild-type allele of TssM or TssM cysteine substitution derivatives (as indicated). A total of 1 × 109 cells and the TCA-precipitated material from the supernatant of 2 × 109 cells were analysed by western blot using anti-HA monoclonal antibody (lower panel) and anti-TolB polyclonal antibodies as a lysis control (upper panel). The molecular mass markers (in kilodaltons) are indicated on the left. b, Cysteine substitution labelling. Accessibility to cysteine residues positioned in TssM domain 4 loops was assessed by treating isolated membranes (M) or whole cells (WC) of the indicated strain (WT, wild-type 17-2; ΔtssBC; ΔtssJ) producing the indicated TssM cysteine derivative (in red letters) with the cysteine-reactive, membrane-impermeant BSA-maleimide (BSA-mal). Samples corresponding to a total of 5 × 109 cells were analysed by western blot using anti-Flag monoclonal antibody. The position of the TssM protein (∼125 kDa) is indicated as well as that of a retarded band corresponding to BSA-maleimide-coupled TssM (∼190 kDa; asterisk). The molecular mass markers (in kilodaltons) are indicated. c, Close-up of the TssM26Ct–TssJ interface. TssM26Ct is represented in blue ribbons. TssJ is represented in orange ribbons and orange transparent surface. TssM residues accessible from the cell exterior when the T6SS is functional are indicated by yellow spheres whereas unaccessible residues are shown by grey spheres. The accessible residues 989 and 1005 are buried at the interface between TssM and TssJ, suggesting that this interface is probably disrupted during T6SS assembly and/or function. Left and right panels are orthogonal views of the same molecule.


Extended Data Figure 7 Comparison with other bacterial secretion systems and model for channel opening.
a, Comparison between the T6SS TssJLM membrane core complex structure and other bacterial secretion systems. From left to right, the E. coli AcrAB-TolC multi-drug efflux pump (EMDB accession number emd-5915)73, the EAEC T6SS membrane core complex (this study, EMDB accession number emd-2927), the Shigella T3SS transmembrane complex (EMDB accession number emd-1617)74 and the E. coli R388 T4SS complex (EMDB accession number emd-2567)75. The positions on the inner membrane (IM) and outer membrane (OM) are indicated (C, cytoplasm; P, periplasm). Scale bar, 10 nm. b, Docking of the Hcp tube/VgrG spike into the TssJLM 3D reconstruction. Left: before sheath contraction. The Hcp tube/VgrG spike (VgrG in yellow and Hcp in green; surface representation) was manually docked in the 3D reconstruction of TssJLM complex (grey surface). The diameter of the channel defined by the closed tip complex is not large enough to allow the passage of the tube/spike, suggesting that large conformational changes probably occur. The cavity at the tip of VgrG could be filled by VgrG-bound PAAR modules or toxin effectors20. Right: during sheath contraction. The diameter of the C10-symmetrized TssM26Ct model (represented as ribbons) is compatible with the passage of the Hcp tube/VgrG spike (same colours as in the left panel). c, Closed and open forms of the TssM26Ct oligomer. Crystal structure of TssM26Ct represented as ribbons and transparent surface. The TssM26Ct α- and β-domains are coloured cyan and blue, respectively. The C-terminal α5-helix and the extended stretch are coloured pink. Cysteines with extracellular accessibility when the T6SS is active are coloured yellow, while the unlabelled ones are coloured red. Left: docking of the TssM26Ct–TssJ crystal structure in the EM 3D reconstruction of the TssJLM tip complex. Top and bottom panels, side and top views, respectively. Right: model of a C10-symmetrized oligomer of the TssM26Ct domain. Top and bottom panels, side and top views, respectively.
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Extended Data Table 2 Interactions and accessibility dataFull size table
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Type VI secretion system structure
The bacterial type VI secretion system (T6SS) is responsible for translocating a range of toxic effector molecules into both bacterial and eukaryotic prey cells. The T6SS consists of a contractile sheath that propels a needle-like structure into the target cell. This complex is stably anchored to the T6SS-producer cell envelope by a membrane core complex. Here Rémi Fronzes and colleagues show that this complex is assembled by the sequential addition of three proteins —TssJ, TssM and TssL — and present a 11.6 Å resolution structure of the fully assembled complex, determined by negative-stain electron microscopy.
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