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            Abstract
Tripartite Tc toxin complexes of bacterial pathogens perforate the host membrane and translocate toxic enzymes into the host cell, including in humans. The underlying mechanism is complex but poorly understood. Here we report the first, to our knowledge, high-resolution structures of a TcA subunit in its prepore and pore state and of a complete 1.7 megadalton Tc complex. The structures reveal that, in addition to a translocation channel, TcA forms four receptor-binding sites and a neuraminidase-like region, which are important for its host specificity. pH-induced opening of the shell releases an entropic spring that drives the injection of the TcA channel into the membrane. Binding of TcB/TcC to TcA opens a gate formed by a six-bladed Î²-propeller and results in a continuous protein translocation channel, whose architecture and properties suggest a novel mode of protein unfolding and translocation. Our results allow us to understand key steps of infections involving Tc toxins at the molecular level.
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                    Figure 1: Structures of the TcA prepore and pore complex.[image: ]


Figure 2: The TcA prepore channel.[image: ]


Figure 3: An entropic spring drives the syringe-like injection mechanism of TcA.[image: ]


Figure 4: Binding of TcBâ€“TcC to TcA opens the Î²-propeller gate and the ADP-ribosyltransferase is secreted into the channel of TcA.[image: ]
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                The coordinates for the EM structures have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-2551 and EMD-2552. Coordinates of TcdB2â€“TccC3 and TcdA1 have been deposited in the Protein Data Bank under accession numbers 4O9X and 4O9Y, respectively.
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Extended data figures and tables

Extended Data Figure 1 Topology diagram and structural homologues of selected TcA domains.
Receptor-binding domains A to D, neuraminidase-like domain and TcB-binding domain of TcA are coloured according to the colour code used in Fig. 1. Two closest structural homologues (Protein Data Bank (PDB) accession and corresponding root mean squared deviation (r.m.s.d.)) were aligned to the query structure.


Extended Data Figure 2 Biophysical properties of the TcA channel and the interface between two shell subunits in the prepore and pore state of TcA.
aâ€“c, Top and side views on the surface and in the lumen of the channel, demonstrating the conservation of residues (a), the surface hydrophobic potential (b) and the surface electrostatic Coulomb potential at pH 7.5 (c). Conserved residues are depicted in purplish-red, hydrophobic patches are shown in orange, positive-charge and negative-charge density are coloured in blue and red, respectively. d, The putative transmembrane region (yellow) of the TcA prepore channel (amino acids 2104â€“2190) was integrated into a homogeneous dioleoyl-phosphatidylcholine lipid bilayer (115â€‰Ã—â€‰115â€‰Ã—â€‰40â€‰Ã…) using molecular dynamics simulation. Spheres of D2186â€“2189 and E2104/2105 are highlighted in blue and red, respectively. e, Residues of the large interface between two shell subunits are depicted in yellow and green on the crystal structure of the TcA prepore state (left) and flipped open to demonstrate the complementary charges at the surface (electrostatic Coulomb potential at pH 7.5) (right). f, Same as in e, but for the TcA pore state.


Extended Data Figure 3 Cryo-EM of the TcA pore complex and the holotoxin complex PTC3 (TcA/TcBâ€“TcC).
a, Representative digital micrograph area of vitrified TcA pore complexes. b, Corresponding representative class averages, each containing 300â€“500 single particles. Scale bars, 20â€‰nm. c, Fourier shell correlation (FSC). The 0.5 FSC cut-off criterion indicates that the cryo-EM map has an average resolution of 9â€‰Ã…. d, Surface renderings of the TcA-pore reconstruction in top (left) and side (right) view, coloured according to localized resolution. e, Fitting of the TcA prepore crystal structure in the electron density of the TcA pore. f, Fitting of the present cryo-EM reconstruction of the TcA pore complex (shown in red) in our previous low-resolution cryo-EM structure of the TcA pore complex reconstituted in liposomes (Electron Microscopy Data Bank accession EMD-2298) (grey). The arrow indicates that the transmembrane part of the channel is not resolved in the present structure of the pore. g, h, Top and side view of the molecular model of the TcA pore, obtained by flexible fitting in the cryo-EM density. The different domains are coloured according to the colour code used in Fig. 1. Parts of the model that were not resolved in the cryo-EM density map (receptor-binding domain A, transmembrane part of the central channel) are indicated by black arrows. i, A typical digital micrograph area of PTC3 holotoxin complexes in vitrified ice. Scale bar, 20â€‰nm. j, Characteristic reference-free class averages of PTC3 complexes, each containing 300â€“400 single particles. Scale bar, 10â€‰nm. k, The 0.5 FSC cut-off criterion indicates that the cryo-EM maps of PTC3 (TcA/TcBâ€“TcC, C1 symmetryâ€”that is, no symmetry) and TcA (TcBâ€“TcC was masked during image processing, C5 symmetry) have an average resolution of 9.1â€‰Ã… and 7.4â€‰Ã…, respectively. l, Surface and cross-sections of PTC3 and TcA coloured according to the local resolution. For better clarity the respective maps are filtered to their average resolutions. See Methods for more detail.


Extended Data Figure 4 Flexible regions and hinges of TcA.
a, Structure of the TcA prepore protomer, with the different domains coloured according to the colour code used in Fig. 1. Four groups of domains were identified as â€˜quasi-rigid bodiesâ€™ during motion analysis and are highlighted in different colours (the large lobe of the Î±-helical domain, red; receptor-binding domain D and the neuraminidase-like domain, yellow; receptor-binding domain B and receptor-binding domain C, cyan; the pore-forming domain and the TcB-binding domain, grey). b, Structure of the TcA prepore protomer, with the four bending regions as identified by the domain motion analysis highlighted in magenta. câ€“f, Superimposition of the quasi-rigid bodies of TcA in the prepore (coloured) and pore state (white) for the four different pairs of covalently linked quasi-rigid bodies, as highlighted in a. Details of the interdomain motion are given for each pair.


Extended Data Figure 5 The hyperconserved region of TcC, the interior of the TcBâ€“TcC cocoon and the interaction surface between TcB and TcC.
a, Ribbon representation of the hyperconserved region of TcC (green). Aspartic acid residues at the intrinsic aspartyl protease site are coloured in dark blue. D651 and D674 built the actual catalytic dyad, whereas D657 and D676 are not directly involved in proteolysis. b, Topology diagram of the hyperconserved region of TcC. Positions of the two highly conserved catalytic aspartate residues (D651 and D674) are marked with an asterisk. c, d, Amino acid sequences of the hyperconserved region of TcC and 18 homologues were aligned. The conservation score corresponds to the percentage of conserved amino acid residues and is coloured from cyan for no conservation to magenta for complete conservation. The two conserved catalytic aspartic acid residues (D651 and D674) of the intrinsic aspartyl protease domain are marked with an asterisk. e, f, Hyperconserved region of TcC (yellow) (e) as well as the TcB N-terminal region (dark blue) and TcA-binding domain (light blue) (f). The crystal structure of YenB and YenC2 from Yersinia entomophaga (coloured in red) (PDB accession 4IGL) are overlaid for comparison. The depicted domains match each other with an overall r.m.s.d. of 0.88â€‰Ã…. g, Conservation of amino acid residues at the interface between TcB and TcC. Conservation score corresponds to the percentage of conserved amino acid residues and is coloured from cyan for no (0%) conservation to magenta for complete (100%) conservation. hâ€“k, Sliced views displaying the surface hydrophobic potential (h, j) and the surface electrostatic Coulomb potential at pH 7.5 (i, k) of the inner surface of TcBâ€“TcC. Hydrophobic patches are shown in orange, positively and negatively charged surfaces are coloured in blue and red, respectively.


Extended Data Figure 6 TcA-binding domain of TcB and the binding interface between TcA and TcB.
a, Ribbon presentation of TcA-binding domain and its homologues. Two closest structural homologues (PDB accession and corresponding r.m.s.d.) were aligned to the query structure. b, Surface hydrophobicity of the four symmetric blades of the TcA-binding domain. Note the hydrophobic surface in the central passage of the Î²-propeller of the TcA-binding domain through which the ADP-ribosyltransferase passes before it enters the TcA translocation channel. c, d, Ribbon presentation (c) and topology diagram (d) of the TcA-binding domain (amino acids 374â€“693) of TcB. Blades 1 to 4 of the six-bladed Î²-propeller are coloured from dark to light blue whereas distorted blades 5 and 6 are coloured in red and orange, respectively. e, Sequence alignment of the six Î²-propeller blade regions. The two glycines of the DxxGxGxxxL(W)V(I) repeat (blue) are highlighted in the sequence with an asterisk and displayed in spheres in the structure depicted in a. Note the different orientation of both glycines in distorted blade 6 compared with the glycines in the other blades. f, Specific interaction between TcA (TcB-binding domain) depicted as surface representation and TcBâ€“TcC (Î²-propeller of the TcA-binding domain) depicted as ribbon representation. The Î²-hairpin that closes the central passage of the Î²-propeller before its interaction with TcA is depicted in yellow. Positively and negatively charged surfaces are coloured in blue and red, respectively. Hydrophobic patches are depicted in orange. g, The electron density of the TcBâ€“Î²-propeller in the holotoxin complex has pseudo-five-fold symmetry. h, Rigid-body fit of the TcA-binding domain into the corresponding density. Arrows indicate putative conformational changes that are necessary to open the central passage of the Î²-propeller of the TcA-binding domain. The Î²-hairpin that closes the central passage of the Î²-propeller before its interaction with TcdA1 is depicted in red.


Extended Data Figure 7 Cleavage of the C-terminal ADP-ribosyltransferase domain and in vivo intoxication with wild-type and mutant TcC.
a, Two micrograms of recombinant wild-type (WT) and mutant TcC (TccC3), fused to TcB, were loaded onto a gradient SDS gel (3â€“12% SDS) and stained with Coomassie blue (top). Wild-type and mutant TcBâ€“TcC were subjected to SDSâ€“PAGE (12.5% SDS) and the C-terminal hvr domain was detected by immunoblotting (bottom). Note, in uncleaved TcBâ€“TcC, the hvr domain is detected at âˆ¼280â€‰kDa. The data are representative of four repetitions. b, ADP-ribosylation of actin induces actin aggregation that can be detected by fluorescence microscopy. Intoxication of HeLa cells with wild-type and mutant TcC. All samples were treated for 2â€‰h with TcA (2â€‰Âµgâ€‰mlâˆ’1) and the indicated wild-type or mutant TcBâ€“TcC complexes (1â€‰Âµgâ€‰mlâˆ’1). Untreated cells were used as controls (con). Then, cells were fixed and stained with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated phalloidin and 4â€²,6-diamidino-2-phenylindole (DAPI). For each construct, ten different cells were imaged. The experiment was replicated three times. Scale bar, 10â€‰Âµm. c, SDSâ€“PAGE of 15â€“20 TcBâ€“TcC crystals. The gel represents one out of four crystals that were screened, yielding the same result. Protein bands marked with an arrow were digested with trypsin before high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. HPLC-MS analysis clearly identified this band as the ADP-ribosyltransferase domain, showing that this domain is located in our crystals but cleaved off from the rest of the protein. d, Electronspray ionization (ESI)-MS measurements of TcBâ€“TcC showed that the ADP-ribosyltransferase domain is trapped inside the TcBâ€“TcC cocoon, as the measured molecular weight of the sample corresponds to the full-length complex, including the ADP-ribosyltransferase domain.


Extended Data Figure 8 Mechanism of action of Tc toxin complexes in insect hosts.
a, P. luminescens secretes Tc toxin complexes that attack insect midgut cells. We propose that this can happen from the haemocoel, that is, the basolateral membrane, or the midgut lumen, that is, the apical membrane. The C-terminal hypervariable region of TccC3 or TccC5, which are both ADP-ribosyltransferases, is trapped in a closed cocoon, formed by the large Î²-sheet structures of TcdB2â€“TccC3 or TcdB2â€“TccC5, respectively. It is probably unfolded inside the hostile environment of the cocoon and autoproteolytically cleaved by the intrinsic aspartate protease activity of TcC. b, With the assembly of the holotoxin, that is, complex formation between TcBâ€“TcC and TcA, the closed gate inside the connecting Î²-propeller opens owing to an induced fit mechanism, resulting in a long continuous channel. The ADP-ribosyltransferase penetrates into the channel of TcA. However, the channel is blocked until TcA permeates the membrane. c, The PTC3 holotoxin complex binds with its receptor-binding domains to receptors on the surface of host cells. d, This triggers its endocytosis on the basolateral membrane. e, High pH values in the midgut lumen or low pH values in endosomes open the electrostatic lock formed by the neuraminidase-like domain of TcA, which results in an opening of the shell. The linker between the shell and channel of TcA, which acts as an entropic spring, is released and drives the syringe-like injection of the TcA translocation channel into the membrane. f, The ADP-ribosyltransferase is translocated through the TcA pore into the host cytoplasm. g, The ADP-ribosyltransferase corresponding to the C-terminal hypervariable region of TccC3 modifies G-actin such that it cannot bind to Î²-thymosin-4 anymore. The ADP-ribosyltransferase corresponding to the C-terminal hypervariable region of TccC5 fixes RhoA in its active state. Both modifications result in uncontrolled actin polymerization, collapse of the cytoskeleton and ultimately to cell death.


Extended Data Figure 9 Representative model-based and experimentally phased electron density maps of TcdA1 and TcdB2â€“TccC3.
Visualization of the experimentally phased 4â€‰Ã… and 2.35â€‰Ã… resolution electron density maps (purple) of the TcB-binding and Î±-helical pore-forming domain of TcdA1 (top left) and the Î²-sheet-rich cocoon region of TcdB2â€“TccC3 (top right) contoured at 1.5Ïƒ, respectively. The 2Fobsâˆ’Fcalc Fourier maps (blue) of TcdA1 at 3.5â€‰Ã… resolution (bottom left) show the interaction interface between two protomers, whereas the Fourier maps of TcdB2â€“TccC3 at 2.5â€‰Ã… resolution (bottom right) represent distinct amino acid side chains in the Î²-sheet cocoon contoured at 1.5Ïƒ, respectively.


Extended Data Table 1 TcA interfaces and incidence and distribution of TcA domains in Tc toxin complexesFull size table
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Architecture of Tc toxins
First, the video shows the crystal structure of a TcA protomer in its prepore state with the different domains coloured and labelled according to Figure 1 and subsequently its pentameric assembly. Then, the crystal structure of TcB-TcC is shown (Figure 4). Subsequently, the video shows a rigid body fit of both crystal structures (TcA-pentamer, TcB/TcC) into the cryo-EM structure of the holotoxin complex PTC3. The video focuses then on the central channel, depicting the fitted Î±-helices and the electrostatic lock (Figure 2). In the end, the molecular model of the holotoxin is shown (Figure 4). (MP4 29128 kb)


TcA membrane insertion driven by an entropic-spring injection mechanism
The side view of a morph between the prepore and the pore model of the TcA protomer and pentamer. The different domains are coloured according to the colour code used in Figure 1. A grey bar indicates the membrane bilayer. (MP4 4637 kb)


Binding of TcB-TcC to TcA opens a molecular gate
This video shows cryo-EM structures of the TcB-TcC and TcA complex and their assembly. It then zooms in and shows that the ÃŸ-propeller gate is open, so that the TcB-TcC cocoon opens towards the lumen of the TcA translocation pore. Finally the interface between the TcA-binding domain and the TcB-binding domain is shown. (MOV 13018 kb)
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        Editorial Summary
Tc bacterial virulence factor
The human plague pathogen Yersinia pestis, the insect pathogen Photorhabdus luminescens and other bacteria target host cells through the action of a range of virulence factors including the large tripartite ABC-type toxin complex (Tc) that acts through a syringe-like mechanism to deliver toxin to the target cell. However, little is known about the force that drives this mechanism. Here Stefan Raunser and colleagues report the first high-resolution structures of the P. luminescens TcA subunit and also of the entire 1.7 megadalton Tc complex. Key features identified include receptor-binding sites and a neuraminidase-like region important for host specificity, a pH-induced 'entropic spring' that drives injection of the TcA channel into the membrane, and a translocation channel that continuously holds an unfolded toxin poised for insertion into the target cell membrane.
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