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            Abstract
In Gram-negative bacteria, outer membrane transporters import nutrients by coupling to an inner membrane protein complex called the Ton complex. The Ton complex consists of TonB, ExbB, and ExbD, and uses the proton motive force at the inner membrane to transduce energy to the outer membrane via TonB. Here, we structurally characterize the Ton complex from Escherichia coli using X-ray crystallography, electron microscopy, double electron–electron resonance (DEER) spectroscopy, and crosslinking. Our results reveal a stoichiometry consisting of a pentamer of ExbB, a dimer of ExbD, and at least one TonB. Electrophysiology studies show that the Ton subcomplex forms pH-sensitive cation-selective channels and provide insight into the mechanism by which it may harness the proton motive force to produce energy.
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                    Figure 1: The structure of the ExbB oligomer.[image: ]


Figure 2: The structure of the ExbB–ExbDΔperi complex.[image: ]


Figure 3: The oligomeric state of ExbB within the Ton complex.[image: ]


Figure 4: The oligomeric state of ExbD within the Ton complex.[image: ]


Figure 5: Channel properties of the Ton subcomplex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structure determination for the Ton subcomplex (ExbB–ExbDΔperi) using Se-SAD at 5.2 Å resolution.
a, The initial structure of the Ton subcomplex was solved by Se-SAD using anisotropic data extending to 5.2 Å resolution. The data from two crystals were processed with Xia2 and the initial sites found using HKL2MAP v0.3, which found a single solution every ~10,000 tries; resolution limits were also important for finding a solution. b, The sites were then input into AUTOSOL/PHENIX for site refinement and density modification, producing density maps (blue mesh) which clearly showed five-fold symmetry and allowed an initial model of a monomer to be built, consisting almost entirely of α-helices. This model was then used as a search model for molecular replacement to solve the 2.6 Å native structure (data obtained from a single crystal). c, Anomalous different map (orange mesh) showing density for the selenium sites in the 5.2 Å Se-incorporated structure.


Extended Data Figure 2 Representative electron density for the native Ton subcomplex (ExbB–ExbDΔperi) solved to 2.6 Å resolution.
a, Representative electron density map (2Fo−Fc contoured at 1.0σ, grey mesh; 2Fo−Fc omit map (omitting residues 113–124) contoured at 1.0σ, magenta mesh) along residues 113–124 within helix α5. b, Cutaway view of the transmembrane pore of ExbB (grey ribbon) from the native structure at pH 7.0 showing ring-like difference density (green isosurface, Fo−Fc map contoured at 2.5σ) along the conserved residues T148 and T181 (grey and red spheres). c, d, Tilted view (c) and an orthogonal view (d) (relative to a) of the ring-like density. Structures were determined using data obtained from a single crystal in each case.


Extended Data Figure 3 Helical shifts and overall flexibility in the ExbB pentamer.
a, Two pentamers were observed per asymmetric unit within the crystal structure. Shown here is pentamer 1 (green) aligned with pentamer 2 (magenta), illustrating slight shifts in a number of the helices (cylinders) between the two pentamers, with the largest shifts indicated by black arrows. The loops connecting α6 and α7 also show variability between monomers and pentamers. b, The TonB subcomplex (ExbB–ExbDΔperi) showing a B-factor putty representation with values ranging from the most ordered in blue to the most disordered in red.


Extended Data Figure 4 Electron density for the transmembrane helix of ExbD.
a, Omit map (2Fo−Fc, contoured at 1.0σ) along the transmembrane pore of ExbB. The density corresponding to the ExbB pentamer is shown in blue mesh, while the density corresponding to the transmembrane helix of ExbD is shown in green mesh. b, Stereoimage showing the density (2Fo−Fc, contoured at 0.8σ, grey mesh; 2Fo−Fc omit map (omitting the transmembrane helix of ExbD), contoured at 0.8σ, green mesh) for the transmembrane helix of ExbD after building and refinement.


Extended Data Figure 5 Comparison of observed density for crystal structures of ExbB–ExbDΔperi solved at pH 7.0 versus pH 4.5.
The presence of electron density for the transmembrane helix of ExbD (magenta ribbon) was dependent on the pH at which the crystals were grown. At pH 7.0, we observed little density (orange mesh) inside the transmembrane pore of the ExbB (grey ribbon) pentamer (see also Extended Data Fig. 3). However, for the structures solved at pH 4.5, we observed clear density (blue mesh) for the transmembrane helix of ExbD, albeit to varying degrees. Density maps (2Fo−Fc) are contoured at 1.0σ.


Extended Data Figure 6 Packing similarities of the 2D and 3D crystals used for electron microscopy and X-ray crystallography.
a, Averaged projection map from the electron microscopy analysis on 2D crystals. Five images were analysed, and a representative averaged projection map was calculated from 900 sub-images. The averaged map shows two different populations of the pentamer that are similar in size but differ in level intensity owing to opposite orientations of the complex within the crystal; a similar packing arrangement was also observed in our crystal structures. ExbD was not detected in our electron microscopy studies, probably owing to disorder of the globular domain, which is anchored to the membrane by a long unstructured linker15. b, Packing of the complex in the X-ray crystal structure from 3D crystals. The right side indicates an orthogonal view highlighting a single row of molecules from the lattice (black dashed box). c, Fitting the row of molecules from the 3D lattice (X-ray) from b onto the averaged projection map from the 2D crystals (electron microscopy) to highlight the consistency observed in packing.


Extended Data Figure 7 DEER traces and analysis.
Ton subcomplex (ExbBC25–ExbD, ExbBC25S–ExbDN78C, and ExbBC25S–ExbDE113C) in 0.08% C10E5 (a) and in 0.03% DDM (b), and the fully assembled Ton complex (TonBC18A–ExbBC25–ExbD and TonBC18A–ExbBC25S–ExbDN78C) in 0.05% DDM (c). Upper panels, experimental Q-band DEER primary data V(t)/V(0) (coloured lines, cyan ExbD113MTSL; violet ExbD78MTSL; red and orange, ExbB25MTSL) and simulated background functions (dotted line). Middle panels, DEER traces after background correction (coloured lines) and fit with DeerAnalysis2015 (dotted lines) with Tikhonov regularization parameters from 10 to 100 adjusted via L-curve analysis and data validation. Lower panels, obtained distance distributions. For the pentameric ExbB sample (50% labelling efficiency), a modulation depth >0.45 was obtained, indicating the presence of a multi-spin system. For the sample solubilized in DDM, longer DEER traces were obtained (4 μs) to better characterize the long distance peak of 5–6 nm in ExbB25MTSL. Additionally, for all panels, another DEER trace was measured after decreasing the microwave power of the 12-ns pump pulse to 25% (orange line) to suppress ghost peaks arising from the presence of more than two spins in the system. The resulting distance distribution (orange) was found to be very similar to that obtained with 100% microwave power (red), showing that no ghost peak artefacts were present. The lower modulation depth observed for the ExbD samples labelled at position 113 with respect to those labelled at position 78 (both labelling efficiency >80%) may be due to the presence of distances <1.5 nm (predicted by the simulations), which are outside of the sensitivity range of the technique, or to destabilization of the ExbD dimer induced by the label. The bottom of c shows a comparison of the Ton subcomplex in DDM (dashed lines from b) to the fully assembled Ton complex (solid lines). All panels show data from single experiments.


Extended Data Figure 8 Densitometry of the purified fully assembled Ton complex.
a, SDS–PAGE gel of the Ton complex (+TonB) and the Ton subcomplex (−TonB) at increasing concentrations. b, Bar graph showing the comparison of the ExbB–ExbD ratio within the Ton complex (+TonB) and the Ton subcomplex (−TonB) indicating that association of TonB with the Ton subcomplex does not change the stoichiometric ratio of the components. While we see a slight difference in the ExbB–ExbD ratio values in the presence or absence of TonB, the observed difference is too small to suggest an altered stoichiometry between ExbB and ExbD. Three representative lanes for each sample are shown in a; however, five lanes were used for all calculations. Densitometry analysis was performed with ImageJ and mean values and standard errors calculated using Microsoft Excel. For purifications of the Ton complex (+TonB), five purification experiments were performed and one representative is shown. For purifications of the Ton subcomplex (−TonB), ~50 purifications were performed and one representative is shown.


Extended Data Figure 9 Circular dichroism analysis of secondary structure and thermal stability of the Ton subcomplex.
Far-UV circular dichroism spectrum (185–260 nm) of the Ton subcomplex (ExbB–ExbD) with the calculated percentage of secondary structure shown. Contents of regular and distorted α-helical structures, 47 and 21%, respectively, were combined during the calculation of secondary structure contributions. Inset, comparison of the thermal stability of the Ton subcomplex (blue) versus ExbB alone (red) measured through the temperature dependence of the circular dichroism signal amplitude at 222 nm. Both panels show data from a single experiment.


Extended Data Figure 10 Sequence conservation of ExbB orthologues mapped onto the crystal structure.
a, Clustal W alignment of ExbB sequences from: E.coli K12 (P0ABU7), Neisseria meningitidis (P64100), Neisseria gonorrhoeae (Q5F711), Haemophilus ducreyi (O51808), Vibrio harveyi (D0XEN5), Yersinia pestis (D1TTA4), Methanothermobacter thermautotrophicus (O27101), Pseudomonas aeruginosa (G3XCW0), ExbB1 of Vibrio cholerae (O52043) and ExbB2 of Vibrio cholerae (AAC69454). b, Conservation mapped onto the ExbB structure with Chimera. The most conserved residues are in blue and found in α6 (TM2) and α7 (TM3) of the ExbB structure. An extensive alignment that also includes sequences from the Tol and Mot systems shows similar results22. c, Cutaway molecular surface of ExbB pentamer with the most conserved residues mapped onto the surface.





Supplementary information
Supplementary Tables
This file contains Supplementary Tables 1-2. Table 1 contains a summary of data collection and refinement statistics for the Ton subcomplex crystal structures; Table 2 shows how zero-current potential (Vrev) was determined from volt-ampere characteristics measured in asymmetric salt conditions. Relative cation/anion permeability was calculated using the Goldman-Hodgkin-Katz equation. (XLSX 12 kb)


Overall structure of the Ton subcomplex
This video gives a structural insight into the role of the Ton complex in energy transduction. (MOV 29929 kb)
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        Editorial Summary
Ton complex structure and function
The Ton complex is an inner membrane system in Gram-negative bacteria that, acting with outer membrane transporters, harnesses the proton motive force across the bacterial inner membrane to transduce energy to the outer membrane This tour-de-force study reports the first structural characterization of the Ton complex, composed of three transmembrane protein components, ExbB, ExbD and TonB. Using a combination of X-ray crystallography, electron microscopy and DEER spectroscopy, Susan Buchanan and colleagues provide unprecedented mechanistic insight into the function and stoichiometry of the Ton complex. Such insights are extensive to the homologous Tol and Mol complexes, which harness the proton motive force to generate mechanical energy.
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