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            Abstract
Gram-negative bacteria are surrounded by an inner cytoplasmic membrane and by an outer membrane, which serves as a protective barrier to limit entry of many antibiotics. The distinctive properties of the outer membrane are due to the presence of lipopolysaccharide1. This large glycolipid, which contains numerous sugars, is made in the cytoplasm; a complex of proteins forms a membrane-to-membrane bridge that mediates transport of lipopolysaccharide from the inner membrane to the cell surface1. The inner-membrane components of the protein bridge comprise an ATP-binding cassette transporter that powers transport, but how this transporter ensures unidirectional lipopolysaccharide movement across the bridge to the outer membrane is unknown2. Here we describe two crystal structures of a five-component inner-membrane complex that contains all the proteins required to extract lipopolysaccharide from the membrane and pass it to the protein bridge. Analysis of these structures, combined with biochemical and genetic experiments, identifies the path of lipopolysaccharide entry into the cavity of the transporter and up to the bridge. We also identify a protein gate that must open to allow movement of substrate from the cavity onto the bridge. Lipopolysaccharide entry into the cavity is ATP-independent, but ATP is required for lipopolysaccharide movement past the gate and onto the bridge. Our findings explain how the inner-membrane transport complex controls efficient unidirectional transport of lipopolysaccharide against its concentration gradient.
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                    Fig. 1: Crystal structure of the inner-membrane complex of the LPS transport machine.[image: ]


Fig. 2: LptC promotes the efficient transport of LPS to LptA.[image: ]


Fig. 3: LPS entry into the cavity of the transporter is ATP-independent but extraction out of the membrane and onto the bridge requires ATP.[image: ]


Fig. 4: Unidirectional LPS transport is promoted by a gate in the Î²-jellyroll of LptF.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Purification and reconstitution of wild-type and inactive complexes of V. cholerae and E. cloacae LptB2FGC.
a, To assess the protein quality in purified LptB2FGC complexes, samples were boiled in SDS loading buffer, separated by PAGE using a 4â€“20% gradient polyacrylamide gel, and then stained with Coomassie blue dye. (1) Wild-type, E. cloacae; (2) catalytically inactive LptB(E163Q), E. cloacae; (3) wild-type, V. cholerae; and (4) catalytically inactive LptB(E163Q), V. cholerae. Note that V. cholerae LptF and LptG co-migrate in this gel, but can be separated under other conditions. Protein samples are each representative of ten or more replicates. b, Schematic of a reconstitution of LPS transport in which purified LptB2FGC and LPS have been incorporated into liposomes by the detergent-dilution method. Addition of LptA modified with a photocrosslinkable amino acid (I36pBPA for E. cloacae, V34pBPA for V. cholerae), along with ATP and Mg2+ leads to time-dependent accumulation of LPS in LptA. LPS transport is monitored by exposing the samples to UV light at the time point shown, quenching transport by addition of SDS loading buffer, PAGE to separate LPS-LptA adducts from LPS and, finally, western blotting for LPS. c, Results of the experiment described in b. Blotting for LPS shows time-dependent accumulation of LPS in LptA when the proteoliposomes contain wild-type LptB2FGC complexes, but accumulation of LPS is not observed when EDTA is substituted for Mg2+, or when the complexes contain LptB(E163Q) rather than wild-type LptB. His5 blots were used to assess the amount of LptA(XpBPA)â€“His in each sample. E. coli and E. cloacae LptA(I36pBPA)â€“His6 run as a doublet whereas V. cholerae LptA(I36pBPA)-His6 does not. Blots are representative of data from three biological replicates.


Extended Data Fig. 2 Structures V. cholerae LptB(E163Q)2FGC and E. cloacae LptB2FGC with their electron density maps.
a, Ribbon diagram of V. cholera LptB(E163Q)2FGC (left) and corresponding 2FoÂ âˆ’Â Fc simulated-annealing composite omit map (right) contoured at 1.0Ïƒ. and carved 2.5Â Ã… from the model. b, Ribbon diagram of E. cloacae LptB2FGC (left) and corresponding 2FoÂ âˆ’Â Fc simulated-annealing composite omit map (right) contoured at 1.0Ïƒ. and carved at 2.5Â Ã… from the model. c, Electrostatic surface potential of V. cholerae LptB(E163Q)2FGC depicted with the most basic residues in blue and most acidic residues in red. The approximate edges of the inner membrane are denoted with grey dashed lines. The central panel is in the same orientation as in a. The left panel is a 180Â° rotation around the axis perpendicular to the membrane. In the right panel, the view in the central panel has been rotated 180Â° around an axis parallel to the membrane in the plane of the page, and the periplasmic domains are clipped away to give a view of the central cavity between the transmembrane helices. For reference, a ribbon diagram (analogous to Fig.Â 1c) is shown above the surface diagram.


Extended Data Fig. 3 Alignments of E. coli, E. cloacae, and V. cholerae LptB, LptF, LptG, LptC and LptA.
a, Sequences of Lpt proteins from E. coli K12, E. cloacae subsp. cloacae (ATCC 13047) and V. cholerae C6706. Per cent identity of the E. cloacae and V. cholerae sequences to the E. coli sequence are listed after each alignment. Note that public databases (including Uniprot and NCBI) contain a misannotated LptF sequence for E. cloacae subsp. cloacae (ATCC 13047), with bases GTGATAATCATAAGATATCTG missing from the beginning of LptF; LptF homologues from other E. cloacae strains do not appear to contain this error. Alignments were made using ClustalO and then coloured in MView (https://www.ebi.ac.uk/Tools/msa/clustalo/).


Extended Data Fig. 4 LptC(Î”TM) stably associates with LptB2FG, and facilitates LPS release to LptA as well as full-length LptC without altering the ATPase activity of LptB2FG.
a, In vivo photocrosslinking experiment from Fig.Â 2b, shown with the corresponding anti-LptC western blot. b, In vivo photocrosslinking experiments (Fig.Â 2) showed that a pBPA substitution at position R223 of LptF could form LptFâ€“LptC adducts after exposure to UV. In this experiment, proteoliposomes containing LptF, LptB2F(R223pBPA)G were incubated with soluble Î”TM-LptC(Î”TM) at 1Ã—, 2Ã—, 5Ã— or 10Ã— molar excess of LptC and exposed to UV light to test whether LptC(Î”TM) associated with the LptB2F(R223pBPA)G complexes. Western blots for LptC (left) and LptF (right) were used to assess the amount of LptCâ€“LptF adduct formed (top panels) as well as the amounts of LptC and LptF in each sample (bottom panel). The LptF and LptC blots were performed on the same set of samples. The intensity of the LptCâ€“LptF adduct band does not increase with LptC(Î”TM) beyond 2Ã— to 5Ã— molar excess. This result suggests that at those concentrations of LptC(Î”TM), the binding site for LptC(Î”TM) at LptF(R223pBPA) is saturated. The intensity of the LptF band (bottom right panel) does not decrease further because residues R223pBPA can also form intramolecular crosslinks to other parts of the LptF Î²-jellyroll, and these may be favoured over intermolecular crosslinks to LptC(Î”TM). c, d, Fig.Â 2c, dÂ shown with 5Ã— and 10Ã— molar excess of LptC(Î”TM). Blots shown in a, b and c are representative of data from three biological replicates.


Extended Data Fig. 5 Comparison of previously published LptB2FG structures to the structure of V. cholerae LptB2FGC.
a, Top-down views of the P. aeruginosa LptB2FG structure (left, PDB ID 5X5Y)20, K. pneumoniae LptB2FG structure (centre, PDB ID 5l75)19 and our V. cholera LptB2FGC structure (right). b, Alignments of P. aeruginosa LptB2FG (left, dark blue) and K. pneumoniae LptB2FG (right, dark blue) with V. cholerae LptB2FGC (LptC, pink; LptF, green; LptG, teal; and LptB, grey).


Extended Data Fig. 6 LPS enters the cavity of LptB2FGC via LptG TM1, LptF TM5 and the LptC transmembrane helix in a nucleotide-independent manner.
a, Western blots from Fig.Â 3b are shown alongside blots from additional in vivo photocrosslinking experiments comparing LPS crosslinking in wild-type and LptB(E163Q) backgrounds. b, In vitro reconstitution (as in Extended Data Fig.Â 1b) of LptB2FGC, LptB2FGC(M19pBPA), LptB2FGC(G21pBPA) and LptB2FGC(F78pBPA) shows that the variants with amber codons incorporated in the LptC transmembrane helix release LPS to LptA(I36pBPA) as well as wildÂ type. c, In vitro photocrosslinking of LptB2FGC pBPA variants reconstituted into proteoliposomes with LPS, as in Fig.Â 3d, comparing complexes containing LptB(E163Q) to those containing wild-type LptB, and the effects of AMPPNP relative to ATP. dâ€“f, Additional crosslinking experiments with pBPA incorporated at other positions in the transmembrane helix of LptC, LptF TM1 and TM5, and LptG TM1 and TM5. g, h, Ribbon diagrams of E. cloacae LptB2FGC, with views of the two potential gates in the LptFGC transmembrane helices; LptG (teal), LptC (pink), and LptF (green). Residues of interest are shown as sticks. Blots for LptG(S30pBPA) are shown in Extended Data Fig.Â 7b. Blots shown in aâ€“f are representative of data from three biological replicates.


Extended Data Fig. 7 In vivo photocrosslinking experiments show that LPS passes through the Î²-jellyroll domains of LptF and LptC, but not LptG.
a, Blots from Fig.Â 3c are shown for reference. b, In vivo photocrosslinking experiments performed analogously to those in Fig.Â 3b, c. The UV-photocrosslinkable amino acid pBPA was substituted at positions in the periplasmic Î²-jellyroll domains of LptC, LptF and LptG. Positions in the interior of the LptF and LptC can crosslink to LPS, whereas those facing outside the Î²-jellyroll do not. No crosslinks to LPS were observed at ten positions in the LptG Î²-jellyroll; by contrast, LptG(S30pBPA), in TM1 and facing the cavity of the transmembrane domain, can crosslink LPS. c, Ribbon diagram of the structure of the V. cholerae complex, showing the Î²-jellyroll domains of LptC, LptF, and LptG. SideÂ chains of residues that crosslink LPS are shown in red, whereas residues that do not crosslink LPS are shown in blue. Blots shown in a and b are representative of data from three biological replicates.


Extended Data Fig. 8 Comparison of the V. cholerae and E. cloacae structures reveals two states of the gate in LptF.
a, An overlay of the V. cholerae (LptG, teal; LptF, green; and LptC, magenta) and E. cloacae (LptG, grey; LptF, orange; and LptC, pink) structures shows two conformations of the loop between the third and fourth Î²-strands of the LptF periplasmic domain. b, Magnified view of this loop and an adjacent loop from LptC in the V. cholerae structure. LptF residues 179â€“183 and LptC residues 71â€“74 are depicted as sticks on top of the cartoon. c, Magnified view of the same region in E. cloacae. The 2FoÂ âˆ’Â Fc omit maps in b and c are contoured at 1.0Ïƒ and carved 2.5Â Ã… from the protein.


Extended Data Fig. 9 Complementation and purification of LptF cysteine mutants.
a, Table of results from assays that tested the ability of plasmids encoding E. coli LptF variants to complement a Î”lptF strain. b, To assess whether the LptF double-cysteine mutant was being expressed and translated properly, we measured LptFâ€“Flag levels by anti-Flag western blot in whole-cell lysates from merodiploid E. coli strains containing either pBAD18-LptF-Flag or pBAD18-LptF(S157C/I234C)-Flag. c, Disc diffusion assays were carried out to assess the outer-membrane permeability (relative to wildÂ type) of E. coli strains expressing only plasmid-encoded LptF variants. Values denote the diameter (in mm) of regions with no growth, and values in parentheses denote regions of inhibited growth. Discs were 6Â mm in diameter. d, Disc diffusion assays were performed as in c, except that experiments were performed in merodiploid strains with wild-type chromosomal copies of lptFG. Alleles are listed as follows: plasmid-encoded lptFG alleles, a solidus and then the chromosome-encoded lptFG alleles. e, Coomassie-stained samples of purified LptB2FGC used in the LPS release assay: (1) LptFâ€“Flag; (2) LptF(S157C)â€“Flag; (3) LptF(I234C)â€“Flag; and (4) LptF(S157C/I234C)â€“Flag. LptC contained a C-terminal thrombin-cleavable His7 tag used for nickel-affinity chromatography, which was cleaved before reconstitution into liposomes. f, The ATPase activity of E. coli LptB2FGC reconstituted into liposomes was assessed by measuring the rate of phosphate release over time. Data are meanÂ Â±Â s.d. of results from three technical replicates, each of two biological replicates, except two replicates that were performed with one LptB(E163Q)2FGC sample. Data in b and e are representative of data from three biological replicates. Data in c and d are meanÂ Â±Â s.d. calculated from three independent experiments.


Extended Data Fig. 10 Examples of small molecules bound in the crystal structures of V. cholerae and E. cloacae LptB2FGC, and unmodelled electron density in the V. cholerae LptB(E163Q)2FGC structure.
a, Two views of the one molecule of novobiocin bound at the interface between two non-crystallographically symmetric copies of E. cloacae LptB, with 2FoÂ âˆ’Â Fc simulated-annealing composite omit map contoured at 1.5Ïƒ and carved at 2.0Â Ã…. b, Electron density for several ordered detergent molecules is present in the structure of V. cholerae LptB2FGC; here, a DDM molecule is shown bound to LptG with an FoÂ âˆ’Â Fc Polder map contoured at 2.5Ïƒ. c, Ordered PEG400 at the interface of V. cholerae LptB and LptG, with the 2FoÂ âˆ’Â Fc map contoured at 1.0Ïƒ and carved at 2.0Â Ã…. d, View of the lumen between the transmembrane helices of LptC (purple), LptF (green) and LptG (teal), looking towards the inner membrane from the periplasm. The 2FoÂ âˆ’Â Fc map is contoured at 1.0Ïƒ (blue mesh) and the FoÂ âˆ’Â Fc map is contoured at 3.0Ïƒ (green and red meshes). e, View of the same region from within the membrane, with LptF helices in the foreground clipped away; the perspective is approximated by the teal arrow at the top right of d.
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