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            Abstract
In Gram-negative bacteria, lipopolysaccharide is essential for outer membrane formation and antibiotic resistance. The seven lipopolysaccharide transport (Lpt) proteins Aâ€“G move lipopolysaccharide from the inner to the outer membrane. The ATP-binding cassette transporter LptB2FG, which tightly associates with LptC, extracts lipopolysaccharide out of the inner membrane. The mechanism of the LptB2FGâ€“LptC complex (LptB2FGC) and the role of LptC in lipopolysaccharide transport are poorly understood. Here we characterize the structures of LptB2FG and LptB2FGC in nucleotide-free and vanadate-trapped states, using single-particle cryo-electron microscopy. These structures resolve the bound lipopolysaccharide, reveal transporterâ€“lipopolysaccharide interactions with side-chain details and uncover how the capture and extrusion of lipopolysaccharide are coupled to conformational rearrangements of LptB2FGC. LptC inserts its transmembrane helix between the two transmembrane domains of LptB2FG, which represents a previously unknown regulatory mechanism for ATP-binding cassette transporters. Our results suggest a role for LptC in achieving efficient lipopolysaccharide transport, by coordinating the action of LptB2FG in the inner membrane and Lpt protein interactions in the periplasm.
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                    Fig. 1: Biochemical and cryo-EM studies of the Lpt complexes.


Fig. 2: Interactions of LPS with LptB2FG.


Fig. 3: Structure of the LptB2FGC complex.


Fig. 4: Interactions of LPS with LptB2FGC.


Fig. 5: LptB2FGC in the vanadate-trapped conformation.
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                Data availability

              
              Seven 3D cryo-EM density maps of E.Â coli LptB2FG and LptB2FGC in nanodiscs have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-9118 (nucleotide-free LptB2FG), EMD-9125 (nucleotide-free LptB2FGC, final map), EMD-9128 (nucleotide-free LptB2FGC, map with clear LPS density), EMD-9129 (nucleotide-free LptB2FGC, Î²JRlong map), EMD-9130 (nucleotide-free LptB2FGC, Î²JRshort map), EMD-9124 (vanadate-trapped LptB2FG) and EMD-9126 (vanadate-trapped LptB2FGC). Four atomic coordinates for the atomic models have been deposited in the PDB under accession numbers 6MHU (nucleotide-free LptB2FG), 6MI7 (nucleotide-free LptB2FGC), 6MHZ (vanadate-trapped LptB2FG) and 6MI8 (vanadate-trapped LptB2FGC). Any other relevant data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Purification and functional characterization of LptB2FG and LptB2CFG in DDM and in nanodiscs.
a, Gel-filtration chromatography profile of LptB2FG in DDM. b, Gel-filtration chromatography profile of LptB2FG in nanodiscs. c, Coomassie-blue-stained SDSâ€“PAGE gel of purified LptB2FG in DDM and in nanodiscs. Individual protein components of the complex are labelled. d, Gel-filtration chromatography profile of LptB2FGC in DDM. e, Gel-filtration chromatography profile of LptB2FGC in nanodiscs. f, Coomassie-blue-stained SDSâ€“PAGE gel of purified LptB2FGC in DDM and in nanodiscs. Individual protein components of the complex are labelled. The experiments in aâ€“f were repeated three times independently with similar results. g, ATPase activity of LptB2FG and LptB2FGC in DDM and in nanodiscs. Each point represents meanÂ Â±Â s.d. of three separate measurements. h, Vanadate-concentration-dependent inhibition of the ATPase activity of nanodisc-reconstituted LptB2FG and LptB2FGC. Each point represents meanÂ Â±Â s.d. of three separate measurements. For gel source data, see Supplementary Fig.Â 1.


Extended Data Fig. 2 Image processing for the cryo-EM data of nucleotide-free LptB2FG in nanodiscs.
a, Representative cryo-EM image of nucleotide-free LptB2FG in nanodiscs. b, Two-dimensional class averages of cryo-EM particle images. c, Three-dimensional classification and refinement of cryo-EM particle images. After the first round of 3D classification, all particles classified into the two best classes (no. 3 and no. 6) in the final 5 iterations (indicated as â€˜5 cyclesâ€™) were kept for further processing. Three-dimensional classification focusing on the TMD was used to obtain the final cryo-EM map. LPS density is indicated with a green circle. Electron microscopy data collection and 2D classification were performed once.


Extended Data Fig. 3 Single-particle cryo-EM analysis of nucleotide-free LptB2FG in nanodiscs.
a, Local resolution of the final cryo-EM map of nucleotide-free LptB2FG. b, FSC curves: gold-standard FSC curve between the two half maps with indicated resolution at FSCÂ =Â 0.143 (red); FSC curve between the atomic model and the final map with indicated resolution at FSCÂ =Â 0.5 (blue); FSC curve between half map 1 (orange) or half map 2 (green) and the atomic model refined against half map 1. c, Cutaway views of angular distribution of particle images included in the final 3D reconstruction. d, Surface view and sectional view of the cryo-EM map of nucleotide-free LptB2FG filtered to 6Â Ã… resolution to show the lipid nanodisc, overall arrangement of transmembrane helices, Î²-jellyroll domains and LPS (left). Slices through the cryo-EM map at the indicated planes. Arrowhead and arrows indicate the inner core and the phosphorylated glucosamines, respectively. Individual transmembrane helices are numbered in the bottom slice view. This analysis was performed once. e, Front and back TMD interfaces formed by the TM1 and TM5 helices from LptF and LptG, coloured in orange and blue, respectively. LPS is shown as spheres. f, Cryo-EM densities superimposed with the atomic model for individual transmembrane helices in the nucleotide-free LptB2FG. g, Cryo-EM densities superimposed with the atomic model for selected regions of the NBDs (LptB), which demonstrates the clear separation of the Î²-strands and side-chain densities.


Extended Data Fig. 4 Hydrophobic and electrostatic interactions between LPS and LptB2FG.
a, Surface and sectional views of hydrophobic surface representation of nucleotide-free LptB2FG, showing hydrophobic (orange) and hydrophilic (blue) areas. LPS is shown as green sticks. Right, view perpendicular to the membrane plane, with the transmembrane helices and several acyl-chain-interacting side chains shown as ribbons and sticks, respectively. b, Surface and sectional views of electrostatic surface representation of nucleotide-free LptB2FG, showing areas of positive (blue) and negative (red) charge. LPS is shown as green sticks. c, Sectional views from the periplasm at the four different planes indicated in the right panel in a, showing electrostatic and hydrophobic interactions of LPS with LptF and LptG. Cryo-EM density (grey surface) is superimposed with the atomic model. Side chains that interact with 1-PO4, 4â€²-PO4 and the acyl chains of LPS are labelled. d, Side views of the same regions in the 4Â Ã… resolution cryo-EM map (left) and the 2FoÂ âˆ’Â Fc electron density map for the 3.46Â Ã… resolution crystal structure (PDB: 5L75) (right). Electrostatic interactions with the 1-PO4 and 4â€²-PO4 groups stabilize the side chains of R133 and R136 in LptG, and K30 and R33 in LptF.


Extended Data Fig. 5 Image processing for the cryo-EM data of nucleotide-free LptB2FGC in nanodiscs.
Different subsets of particle images were selected from different classification schemes to produce four refined cryo-EM maps: final LptB2FGC map at 4.2Â Ã… resolution, LptB2FGC map with clear LPS density at 4.4Â Ã… resolution, Î²JRlong LptB2FGC map at 4.8Â Ã… resolution and Î²JRshort LptB2FGC map at 5.9Â Ã… resolution. After the first round of 3D classification, all particles that were classified into the two best classes (no. 4 and no. 5) in the final five iterations (indicated as â€˜5 cyclesâ€™) were kept for further processing.


Extended Data Fig. 6 Single-particle cryo-EM analysis of nucleotide-free LptB2FGC in nanodiscs.
a, Representative cryo-EM image of nucleotide-free LptB2FGC in nanodiscs. b, Two-dimensional class averages of cryo-EM particle images. c, Local resolution of the final cryo-EM map of nucleotide-free LptB2FGC. d, FSC curves: gold-standard FSC curve between the two half maps with indicated resolution at FSCÂ =Â 0.143 (red); FSC curve between the atomic model and the final map with indicated resolution at FSCÂ =Â 0.5 (blue); FSC between half map 1 (orange) or half map 2 (green) and the atomic model refined against half map 1. e, Cutaway views of angular distribution of particles included in the final 3D reconstruction. f, Cryo-EM densities superimposed with the atomic model for individual transmembrane helices in the nucleotide-free LptB2FGC. g, Cryo-EM density superimposed with the atomic model for a lipid molecule (POPG in green) and surrounding TMLptC, TM5LptF and TM6LptF. This density was modelled as a POPG molecule, because POPG was used for nanodisc reconstitution and is also abundant in the inner membrane of E.Â coli. Electron microscopy data collection and 2D classification were performed once.


Extended Data Fig. 7 Analysis of the cryo-EM structure of nucleotide-free LptB2FGC.
a, Local resolution of the LptB2FGC map with clear LPS density. b, Gold-standard FSC curves between the two half maps for the three cryo-EM structures of nucleotide-free LptB2FGC. c, Sectional views of the final LptB2FGC map (4.2Â Ã… resolution), the LptB2FGC map with clear LPS density (4.4Â Ã… resolution) and the final LptB2FG map (4.0Â Ã… resolution), all low-pass-filtered to 6.0Â Ã… resolution to compare the density of the phosphorylated glucosamines of the bound LPS. d, Sectional side view (left) and top-down views at two different levels (right) of the LptB2FGC map with clear LPS density (grey), superimposed with the atomic model. LPS density is coloured in green. The four LPS-interacting residues are labelled. e, Sectional front views of the atomic models of LptB2FGC and LptB2FG that were aligned using the two LptB subunits as in g. LPS molecules are shown as green sticks. The two dashed lines indicate the heights at the level of the oxygen atom (red asterisk) in the ether bond that connects the two glucosamines. The distance between the positions of this oxygen atom in the LptB2FGC and LptB2FG structures is 6Â Ã…. f, Functional analysis of R33 of LptF in the bacterial strain NR1113, which is depleted of lptF and lptG. All of the complementation assays were repeated three times independently with similar results, and one representative result is shown. g, Three perpendicular views of the superimposed atomic models of LptB2FG (grey) and LptB2FGC (coloured as in Fig.Â 3a). Two structures are aligned using the two LptB subunits. h, Views from the periplasm of the LPS-binding pocket in the structures of LptB2FGC (top) and LptB2FG (bottom), shown as ribbon diagram (left) and electrostatic surface (right). The residues that mediate electrostatic interactions with LPS in either LptB2FG or LptB2FGC are labelled.


Extended Data Fig. 8 Image processing for the cryo-EM data of nanodisc-embedded LptB2FG and LptB2FGC with vanadate.
a, Representative cryo-EM image of vanadate-trapped LptB2FG in nanodiscs. b, Two-dimensional class averages of cryo-EM particle images of vanadate-trapped LptB2FG in nanodiscs. c, Two-dimensional class averages of cryo-EM particle images of vanadate-trapped LptB2FGC in nanodiscs. d, Image processing workflow of vanadate-trapped LptB2FG. e, Image processing workflow of vanadate-trapped LptB2FGC. After the first round of 3D classification, all particles that were classified into the best classes in the final five iterations (indicated as â€˜5 cyclesâ€™) were kept for further processing. Electron microscopy data collection and 2D classification were performed once.


Extended Data Fig. 9 Single-particle cryo-EM analysis of nanodisc-embedded LptB2FG and LptB2FGC with vanadate.
a, Local resolution of the cryo-EM map of vanadate-trapped LptB2FG. b, FSC curves: gold-standard FSC curve between the two half maps with indicated resolution at FSCÂ =Â 0.143 (red); FSC curve between the atomic model and the final map with indicated resolution at FSCÂ =Â 0.5 (blue); FSC between half map 1 (orange) or half map 2 (green) and the atomic model refined against half map 1. c, Cutaway views of angular distribution of particles included in the final 3D reconstructions of vanadate-trapped LptB2FG (top) and LptB2FGC (bottom). d, As in a, except for vanadate-trapped LptB2FGC. e, As in b, except for vanadate-trapped LptB2FGC. f, Representative 2D class averages (top) and slices of 3D reconstructions (bottom) of nucleotide-free (left) and vanadate-trapped (right) LptB2FG. LPS density is indicated with a green arrow. These two slices are the same as the bottom slice in Extended Data Fig.Â 3d and the bottom slice in h. g, Cryo-EM densities with the atomic models for individual transmembrane helices in the vanadate-trapped LptB2FG. h, Cryo-EM map of vanadate-trapped LptB2FG filtered to 6Â Ã… resolution to show the overall arrangement of the transmembrane helices and LptB subunits. Slices through the 3D map at the indicated planes show the positions of individual transmembrane helices and the collapse of the inner cavity (left). Overlays of the TMDs of LptF or LptG in the nucleotide-free (grey) and vanadate-trapped (blue and orange) LptB2FG show only small differences within each TMD (right). Red arrow indicates the bending of TM1LptF upon nucleotide binding. i, Cryo-EM densities for the ADPâ€“vanadate complexes trapped at the two ATP-binding sites between the LptB subunits in LptB2FGC and LptB2FG. The Walker A and signature motifs are coloured in grey and red, respectively. j, Proposed model for LptB2FGC-driven LPS extraction. The Lpt proteins are coloured as in Fig.Â 3a. Three Î²-jellyroll domains, the TMLptC and the LptC linker are labelled. LPS is depicted as a cartoon model of lipid A with the inner core. The TMLptC and LptC linker are shown as dashed lines in steps 3 to 5 to indicate their increased mobility. The ATP molecule, before or after hydrolysis, is indicated as a red diamond sandwiched between the two LptB subunits. Additional cycles of LPS extraction are between steps 4 and 5. See â€˜Discussionâ€™ in the main text for description of proposed LPS-extraction cycle. The analyses in f and h were performed once.


Extended Data Table 1 Statistics of the cryo-EM structures presented in this studyFull size table





Supplementary information
Supplementary Figure 1
This file contains the uncropped scans with size marker indications for the Coomassie blue-stained SDS-PAGE gels.


Reporting Summary

Supplementary Video 1 | LPS density with the atomic model
The animation shows a 360Â° view of the atomic model of LPS superimposed with the EM density from the cryo-EM map of nucleotide-free LptB2FG. Density is present for all six acyl chains, phosphorylated glucosamines, and the inner core.


Supplementary Video 2 | Conformational rearrangement of the amino acids that mediate electrostatic interactions with LPS
The amination shows a morph between the cryo-EM structures of nucleotide-free LptB2FGC and LptB2FG, viewed from the periplasm at the LPS-binding pocket. LPS and TMC are omitted. The periplasmic end of TM1G containing Lys40 and Lys41 is disordered in the structure of LptB2FGC and not shown. Side chains are shown only for the LPS-interacting residues.


Supplementary Video 3 | Conformational changes of LptB2FG from nucleotide-free to vanadate-trapped state
The animation shows a morph of the structures of the TMDs and NBDs in LptB2FG before and after trapping with vanadate, viewed from the periplasm. LptB subunits are colored green and yellow, LptF is colored orange, and LptG is colored blue. The animation begins with nucleotide-free LptB2FG and progresses to the vanadate-trapped conformation.
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