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Materials and Methods 

Molecular modeling and classical simulations

A c11 ring of F. nucleatum was modeled by homology with the c11 ring of Ilyobacter tartaricus 
 ADDIN EN.CITE 
[1]
, using CHARMM 
 ADDIN EN.CITE 
[2]
. The resulting c11 model was embedded in a hydrated phospholipid membrane (Fig. S4, S15) as described previously 3[]
. Several simulation systems were prepared reflecting different occupancies and conformational states of the ion-binding sites. The total number of atoms in each system is ~100,000. Conventional and free-energy molecular dynamics simulations of these models were carried out using NAMD 2.7 4[]
 and the CHARMM27/CMAP energy function 
 ADDIN EN.CITE 
[5,6]
. All simulations were carried out at constant pressure (1 atm) and temperature (298 K), using a Nose-Hoover/Langevin thermo-barostat. The surface area of the membrane was kept constant at ~69 Å2 per lipid, and periodic boundary conditions were used. Electrostatic interactions were computed with the Particle-Mesh-Ewald algorithm, with a real-space cut-off of 12 Å. The same cut-off was used for the van der Waals interactions. The Free-Energy Perturbation method was employed in all ion-selectivity and pKa calculations, as implemented in NAMD 2.7. As is common, we followed a step-wise protocol, using a coupling parameter  reflecting the alchemical transformation between states. In the ion-selectivity calculations, 32 intermediate steps, or windows were employed, while in the pKa calculations, we used 31. Each window included an initial equilibration of 200 ps, followed by a 1 ns run for data collection. All calculations were carried out in the forward and backward directions. Calculations of the pKa also included a correction on account of the membrane polarizability, computed via Poisson theory, using CHARMM 
 ADDIN EN.CITE 
[2]
. To relate the computed free energies to values of the ion selectivity relative to a reference system, we followed a thermodynamic framework described previously 
 ADDIN EN.CITE 
[7]
. 
Quantum mechanical calculations

To determine which of two carboxylate side-chains in the c-ring binding site is most likely to host a H+ in the presence of Na+, we carried out ab initio geometry optimizations and energy calculations for two alternative configurations, shown in Figs. 1A and 1B, as well as for the transition state between them. All calculations were carried out on reduced models of the binding site, depicted in Fig. 2A, using Gaussian09 (Frisch M.J. et al., Gaussian Inc., Wallingford CT, 2009), at the HF/6-31G* level of theory. During the geometry optimizations, only the capping methyl groups and the C(-atoms were fixed in space. The characteristics of each optimized stationary point were assessed by calculating the corresponding Hessian matrix. 

Culture conditions

Fusobacterium nucleatum, subsp. nucleatum ATCC25586 was grown anaerobically overnight at 37°C in Columbia broth (Difco) supplemented with 0.5 g/L cysteine-HCl as a reducing agent and resazurin (0.5 mg/mL) as an oxygen indicator (pH 7.5). Cells were routinely grown in either anaerobic gassed (N2/H2/CO2, 90:5:5) Hungate tubes or in 1 L Schott bottles with oxygen-impermeable butyl rubber stoppers. Schott bottle incubations were carried out in an anaerobic chamber (gas composition N2/H2/CO2, 85:10:5) and the initial inoculum was 10% of the culture volume. All inhibitors were dissolved in 0.1 ml of ethanol (or appropriate control of ethanol). Inhibitors or ethanol were added to 10 ml cultures in Hungate tubes in mid exponential phase (Optical density at 600 nm of around 0.4).
Preparation of inverted membrane vesicles

All steps were carried out at 4°C. Typically, 8 to 10 g of mid-exponential phase cells were washed in buffer (50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 2 mM MgCl2, pH 7.5) and resuspended in 20 ml of membrane buffer (50 mM MOPS, 2 mM MgCl2, 1 mM dithiothreitol (DTT), Roche protease inhibitor cocktail and 2 mg DNAse, pH 7.5). Cells were disrupted by three passages through a pre-cooled French pressure cell (20,000 p.s.i.). Unbroken cell material was removed via centrifugation at 8’000 × g for 10 min, and the membranes were collected by ultracentrifugation at 150’000 × g for 45 min. Membranes were washed twice in membrane buffer and resuspended in membrane buffer to a final concentration of 20-30 mg/ml.
Solubilization and purification of the F1Fo-ATPase from F. nucleatum
Inverted membrane vesicles were resuspended in solubilization buffer (50 mM MOPS, 2 mM MgCl2, 1 mM DTT, 2% (-dodecyl-maltoside (DDM), 1% glycerol, Roche protease inhibitor cocktail, pH 7.5) to a final concentration of 5 mg of protein/ml and incubated at 4°C for 1h with constant stirring. The insoluble material was removed by ultracentrifugation at 150’000 × g for 45 min and the solubilized supernatant was filtered (0.45 µm) and loaded onto a 5 ml anion exchange column (HiTrapTM Q HP, GE Healthcare) that had been equilibrated in buffer A (20 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, 1 mM MgCl2, 10% glycerol, 0.05% DDM, pH 8.0). Bound proteins were eluted by a linear gradient of NaCl (from 0 to 1 M with a flow rate of 0.5 ml/min) in the same buffer and 1 ml fractions were collected.  The F. nucleatum F1Fo-ATP synthase-containing fractions (at around 500 mM NaCl) determined by ATPase activity, were pooled and concentrated using Amicon centrifugal filter units (NMWL, 100’000). The concentrated sample (0.5 ml) was applied to a Superose 6 10/300 (GE Healthcare) equilibrated in size exclusion buffer (20 mM Tris-HCl, 1 mM MgCl2, 100 mM NaCl, 0.05% DDM, pH 8.0) and the ATP synthase-containing fractions were determined by ATPase activity. For F. nucleatum F1Fo-ATP synthase characterization purposes, the ATPase active fractions pooled from the anion exchange purification were applied to a PD-10 desalting column and resuspended in buffer A free of NaCl (50-100 µM). Proteins were analyzed by 12.5% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the Lämmli buffer system 8[]
. Protein bands were visualized by silver staining 9[]
 or Coomassie staining 10[]
. The identification of the F1Fo-ATP synthase subunits was further confirmed by matrix-assisted laser desorption/ionization tandem time-of-flight mass spectrometry (MALDI TOF/TOF MS) on a 4’800 MALDI TOF/TOF analyzer (AB Sciex, MA, USA) as previously described 11


[ ADDIN EN.CITE ]
. Protein concentrations were quantified by the Bradford method following manufacturer instructions (Biorad, Albany, New Zealand) and using bovine serum albumin as the standard.

ATP hydrolysis and ATP synthesis activity measurements

ATP hydrolysis activity from inverted membranes and purified protein was measured using the spectrophotometric ATP-regenerating assay at 37°C, as described before 12[]
. The reaction was initiated by the addition of 2.5 mM Na2-ATP, and the rate of NADH oxidation was followed continuously at 340 nm with a Cary 50 (Varian Inc.) spectrophotometer. The pH profile of the ATP synthase was characterized in inverted membranes in a three buffer mix composed of 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)-MOPS-Tris buffer. When sodium-free assays were required, Tris-ATP was used in place of Na2-ATP. When the ATP-regenerating assay could not be used, ATP hydrolysis was measured via the release of Pi 13[]
. The assay solution contained 50 mM MOPS (pH 7.5), 2 mM MgCl2, and 5 mM Na2-ATP. The amount of non specific Pi released during the assay was corrected for and one unit of ATPase activity was defined as the amount of enzyme that liberated one µmol of Pi or ADP per min at 37°C.


ATP-driven proton translocation was determined at 37°C by the quenching of acridine orange (AO), as described previously 14


[ ADDIN EN.CITE ]
 with some modifications; the 2 ml reaction mix contained 5 mM potassium phosphate buffer (pH 6), 5 mM MgCl2, 5 µM AO, 100 mM KCl, and membrane vesicles containing 300 mg of protein. The reaction was initiated with sodium-ATP (1.25 mM final concentration) and fluorescence was measured with excitation and emission wavelengths of 492 and 528 nm, respectively (slit width 5 nm). The reaction was reversed by the addition of 30 µM CCCP.
ATP synthesis in inverted membrane vesicles was determined via the standard luciferin-luciferase system, monitoring the light emitted with a chemiluminometer (FB 12 luminometer; Berthold) at 37°C, as described before 12[]
. The ATP synthesis reactions were carried out at 37°C in a 400-μl volume containing 10 μl of inverted membrane vesicles (K+in = 5 mM), 10 mM Tricine-KOH (pH 8.0), 2 mM MgCl2, 5 mM KH2PO4, 2.5 mM ADP, and 200 mM KCl. The synthesis reaction was initiated via the addition of 2 μM valinomycin to induce a potassium diffusion potential of approximately 100 mV as calculated using the Nernst equation: 61 × log10 ([K+]out/[K+]in). To load inverted membrane vesicles with Na+, vesicles were incubated in 50 mM MOPS (pH 7.5) buffer containing 100 mM NaCl overnight at 4°C. To create a chemical gradient of sodium ions of 100 mV (61 × log10 ([Na+]out/[Na+]in), Na+(100 mM)-loaded vesicles were diluted 40-fold into 10 mM Tricine-KOH (pH 8.0), 2 mM MgCl2, 5 mM KH2PO4, and 2.5 mM ADP. To additionally impose a Δψ (100 mV) in the presence of a chemical gradient of sodium ions, 200 mM KCl and valinomycin were included in the dilution buffer. Samples (25 μl) were withdrawn every 5 to 10 s, and the reaction was stopped by diluting the sample with 400 μl of stop mix containing 50 mM MOPS supplemented with 1% TCA and 2 mM EDTA. The luciferase reaction was initiated by adding 40 μl of luciferin-luciferase mix to 40 μl of sample.
Production and purification of the F. nucleatum c-ring

The c-ring from F. nucleatum was produced in a heterologous expression system using the ATP synthase lacking E. coli strain DK8 ((atp) 15[]
. Plasmid pITtr5His containing the whole atp operon from Ilyobacter tartaricus with a His6-tag at the N-terminus of the (-subunit of the enzyme 16


[ ADDIN EN.CITE ]
 was modified by replacing the atpE gene from I. tartaricus with the codon-optimized atpE gene from F. nucleatum. Cloning was performed using primer containing restriction sites for SacI (forward primer: 5`-CTTTAAGAAGGAGATGAGCTCATGGATCT-3`) and ClaI (reverse primer: 5`-CGATAAGGCTTCCTCCATCGATTTAGCCC-3`) for the insertion of the atpE gene into the plasmid to create a hybrid ATP synthase. E. coli cells were grown in 2 L Terrific Broth (TB) medium 17[]
 at 37°C under continuous shaking at 120 rpm in 5 L Erlenmeyer flasks with baffles until mid-logarithmic phase (OD600= 0.6). Expression of the ATP synthase was induced by the addition of 0.5 mM isopropyl -D-1-thiogalactopyranoside. After 4 h of continuous shaking at 37°C the cells were harvested by centrifugation (5’000 g, 30 min, 4°C) and resuspended in 10 ml of 50 mM potassium phosphate buffer (KPB, pH 8.0) per liter culture. Cells were broken using a microfludizer (Microfluidics Corporation, Massachusetts, USA) at 4°C and 1200 bar. Unbroken cells were removed by centrifugation (30’000 g, 30 min, 4°C) and membranes were isolated from the supernatant by ultracentrifugation (200’000 g, 1 h, 4°C). The hybrid ATP synthase was solubilized with 1% (w/v) (-dodecyl-maltoside (DDM, Glycon, Luckenwalde, Germany) at 4°C for 1 h and purified via affinity chromatography using Ni-NTA sepharose (GE Healthcare, Solingen, Germany). The column was equilibrated with 10 column volumes (CV) of buffer (50 mM KPB pH 7.0, 300 mM NaCl, 10% glycerol, 2 mM MgCl2, 0.05% DDM, 5 mM imidazole) and washed with a stepwise increase of the imidazole concentration. The hybrid ATP synthase was eluted with 400 mM imdazol in 3 CV. Finally, the purified hybrid ATP synthase was either directly used or stored over night at 4°C and then used for the subsequent purification of the c-ring. The isolation of the c-ring from F. nucleatum was carried out as reported previously 18


[ ADDIN EN.CITE ]
. After dialysis against 20 mM Tris/HCl pH 8.0, the c-ring was further separated from remaining contaminants by incubating the sample with 1.5% (w/v) Foscholine-12 (Anatrace, Santa Clara, CA, USA) at 60°C for 12 min followed by a sucrose density step gradient using 5-35% sucrose in 20 mM Tris/HCl pH 8.0, 100 mM NaCl, running at 200’000 g for 20 h at 10°C. The c-ring-containing fractions were pooled and directly loaded on a hydroxyapatite column (Meier et al., J. Bacteriol., 2006). The c-ring was eluted with 1 M KPB pH 7.0 containing 0.5% (-decyl-maltoside (DM, Glycon, Luckenwalde, Germany), desalted in 20 mM Tris/HCl pH 8.0, 0.5% (w/v) DM and concentrated using Amicon centrifugation tubes (Merck Millipore, Darmstadt, Germany) with a molecular weight cut-off of 100’000 to a final concentration of 2 mg/ml (bicinchoninic acid protein assay reagent, Thermo Scientific Pierce, St. Leon Rot). 
NCD-4 labeling experiments

A 60 (l-sample of 0.45 mg/ml F. nucleatum c-ring in 20 mM Tris/HCl pH 8.0 and 1.5% (w/v) octyl-glycoside (OG, Glycon, Luckenwalde, Germany) was adjusted to pH 5.7 by the addition of 2-(N-morpholino)ethanesulfonic acid (MES/HCl) pH 5.0. Subsequently, the reaction was started with 100 (M NCD-4 (Invitrogen, Darmstadt, Germany) solved in 10% (w/v) DDM. The continuous increase of fluorescence ((ex = 342 nm, em = 452 nm) was monitored with an F-4500 Hitachi Fluorescence Spectrophotometer at 35°C. The reaction was stopped by the addition of 15 mM NaCl (final concentration) to the sample using a 1 M NaCl stock solution. 
Crystallization of the F. nucleatum c-ring

Crystallization of the isolated c-ring was performed by vapor diffusion in hanging drops at 18°C. The sample containing 2 mg/ml of c-ring and 2% (w/v) (-decyl-maltoside (Glycon, Luckenwalde, Germany) was mixed with either crystallization buffer 1 (0.1 M NaAc pH 4.5, 28% (v/v) polyethylene glycol (PEG) 300), or buffer 2 (0.1 M CHES pH 9.6 (NaOH), 27.5 % (v/v) PEG 300, 5 mM MgCl2). Crystals grew within one week to a size of ~100×40×40 (m3. After three (buffer 1) or four months (buffer 2) of incubation at 18°C, crystals were fished using a nylon loop (Hampton Research Inc. Aliso Viejo, CA, USA) and flash-frozen in liquid nitrogen.

Data collection, structure determination and refinement

Data to 2.2 Å (pH 5.3) and 2.64 Å (pH 8.7) were collected at the Max-Planck/Novartis beamline X10SA (PXII) of the Swiss Light Source (SLS, Villigen, Switzerland) and the beamline ID23.2 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France, respectively. The collected data were processed using the XDS software package 19[]
 and the pH 5.3 structure was determined by molecular replacement using PHASER 20[]
 with the c11 ring of I. tartaricus (PDB code 1YCE 1
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) as a search model. The pH 8.7 structure was determined using the pH 5.3 structure as a search model, with Na+ as well as the structural water molecule omitted to prevent model bias, and to explicitly determine the occupancy of the binding sites. In both cases, to avoid model bias we applied density modification and solvent flattening with RESOLVE 21[]
. Repeating cycles of model building with COOT 22[]
 and refinement with PHENIX 23[]
 and REFMAC 24[]
 followed. The electron density maps after refining were clearly interpretable and correspond to the c11 ring of F. nucleatum, with 99.7% of the residues within the allowed regions of the Ramachandran plot. Figures were rendered using Pymol 25[]
. The atomic coordinates and structure factors of the F. nucleatum c11 ring at pH 5.3 and pH 8.7 were deposited in the Protein Data Bank, under the accession numbers 3ZK1, and 3ZK2, respectively.
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