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            Abstract
The gastric proton pumpâ€”the H+, K+-ATPaseâ€”is a P-type ATPase responsible for acidifying the gastric juice down to pH 1. This corresponds to a million-fold proton gradient across the membrane of the parietal cell, the steepest known cation gradient of any mammalian tissue. The H+, K+-ATPase is an important target for drugs that treat gastric acid-related diseases. Here we present crystal structures of the H+, K+-ATPase in complex with two blockers, vonoprazan and SCH28080, in the luminal-open state, at 2.8â€‰Ã… resolution. The drugs have partially overlapping but clearly distinct binding modes in the middle of a conduit running from the gastric lumen to the cation-binding site. The crystal structures suggest that the tight configuration at the cation-binding site lowers the pK
				a value of Glu820 sufficiently to enable the release of a proton even into the pH 1 environment of the stomach.
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                    Fig. 1: Crystal structure of gastric H+, K+-ATPase in complex with vonoprazan.


Fig. 2: P-CAB-binding site.


Fig. 3: A gating latch.


Fig. 4: Cation-binding site in the luminal-open E2P state.


Fig. 5: A model for the proton extrusion into the acidic solution by the gastric H+, K+-ATPase.
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Extended data figures and tables

Extended Data Fig. 1 Crystallization of gastric H+, K+-ATPase.

									a, Purification of H+, K+-ATPase expressed in HEK293 cells. Lane 1: solubilized membrane fraction, lane 2: pass through of Flag resin, lane 3: wash fraction, lane 4: elution by Flag peptide, lane 5: TEV protease- and endoglycosidase-treated sample, lane 6: pass-through fraction of Ni-NTA and amylose resin, lane 7: concentrated peak fractions by size-exclusion chromatography. b, The elution profile of affinity-purified H+, K+-ATPase by Superose6 Increase 10/300. Black, red and green arrowheads indicate elution volume of aggregation, Î±â€“Î²-complex of H+, K+-ATPase and cleaved EGFP, respectively. Purification was well reproduced, and representative results are shown in the figure. c, d, Crystals of H+, K+-ATPase in the presence of vonoprazan (c) or SCH28080 and Rb+ (d). Scale bars, 100 Î¼m. e, X-ray diffraction of the vonoprazan-bound crystal. Enlarged image shows diffraction spots of up to 2.3â€‰Ã… in the direction of the c* axis, although the crystal shows anisotropic diffractions. Most crystals showed diffraction spots of up to 2.8â€‰Ã… in similar crystallization conditions and a few crystals showed diffraction spots better than 2.3â€‰Ã…, as shown in the figure. f, Crystal packing. An asymmetric unit (molecule in the lower left, depicted as in Fig.Â 1d) contains one Î±â€“Î²-complex of H+, K+-ATPase (Î±-subunit, light blue; Î²-subunit, wheat; vonoprazan, magenta), packed with P3121 symmetry. A unit cell and approximate location of the membrane planes are provided as grey and yellow boxes, respectively.


Extended Data Fig. 2 Crystal structure of gastric H+, K+-ATPase bound to SCH28080.

									a, Overall structure of the luminal-open E2P state of H+, K+-ATPase complexed with SCH28080 ((SCH)E2BeF) in the ribbon representations, as in Fig.Â 1a. Bound SCH28080 and three Rb+ ions are shown as green and purple spheres, respectively. Inset, chemical structure of SCH28080. b, Magenta mesh shows anomalous peaks from Rb+ contoured at the 5Ïƒ level, indicating that three Rb+ ions (blue, yellow and red boxes) are bound to the H+, K+-ATPase (SCH)E2BeF (shown as colour ribbons). Blue, interface between the nucleotide domain and the actuator domain of the symmetry-related neighbouring molecules (grey ribbon). Yellow, K+-binding site at the phosphorylation domain, which is homologous to SERCA and Na+, K+-ATPase. Red, anomalous peak found at the transmembrane cation-binding site. c, The molecular surface of (SCH)E2BeF structure, viewed from the luminal side of the membrane. Bound SCH28080 (green sticks) blocks the conduit connecting to the cation-binding site. d, Structure as in c, but with bound SCH28080 is removed, showing that Rb+ bound to the cation-binding site (purple) is exposed to the luminal solution. eâ€“g, The CÎ± traces of the indicated atomic models are superimposed on the H+, K+-ATPase (Von)E2BeF (blue, with bound vonoprazan shown as spheres).


Extended Data Fig. 3 TM2 helix and the hydrophobic cluster.

									aâ€“d, Interface between the actuator and phosphorylation domains, and the cytoplasmic portion of the TM2 in the luminal-open E2P state of H+, K+-ATPase (Von)E2BeF (a, c) and the luminal-closed E2P transition state of SERCA E2-AlF (PDB code: 2ZBG)18 (b, d) are shown. These two atomic models are superimposed according to the TM7â€“TM10 structure. Broken box on the whole molecular structure (upper left) indicates the region shown in aâ€“d, viewed from left (a, b) or front (c, d) of the molecule. Actuator domain (green), TM1â€“TM2 (blue), and TM3â€“TM4 (cyan) bundles are highlighted. Residues that contribute to the hydrophobic interactions19 (orange dotted circles) are indicated as spheres with analogous colouring of their respective structural components. Phe170 in H+, K+-ATPase is homologous to Tyr122 in SERCA. Because of the different coordination geometry between phosphate analogues (BeF3
									âˆ’, light blue; AlF4
									âˆ’, pink) and the TGES motif (indicated as dark colour in each model) at the interface between the actuator and phosphorylation domains (see Fig.Â 1e for closed view), the azimuthal position of the actuator domain differs between the two structures (by approximately 30Â°, as indicated by the orange arrow in b). As a consequence, the cytoplasmic portion of TM2 shows different conformations between the Î±-helical structure in the luminal-open E2P (a, c) and unwound loop structure in the luminal-closed E2-P forms (b, d). The CÎ± positions of Ile119 and Met334 in H+, K+-ATPase (a gating latch) and their homologous residues in SERCA (Ile71 and Val300) are shown in red (see Fig.Â 3). e, Schematic of luminal gate closure in H+, K+-ATPase. In the luminal-open E2P state (left), Ile119 (TM1) and Met334 (TM4) act as a latch to keep the TM1â€“TM2 bundle in the upright cytoplasmic-side position (indicated by dotted lines and arrows). Binding of counter-transporting K+ to the cation-binding site induces luminal gate closure (right), which is accompanied by the lateral movement of the TM3â€“TM4 bundle (Fig.Â 1c) and downward-sliding movement of the TM1â€“TM2 bundle (indicated by red arrows in the left panel). The sliding movement of TM1â€“TM2 results in the unwinding of the cytoplasmic portion of TM2 and the rotation of the actuator domain relative to the phosphorylation domain. Finally, bound phosphate at the reaction centre of the phosphorylation domain is hydrolysed owing to the displacement of the TGES loop. Because of the missing interaction between Ile199 and Met334 in their alanine-substituted mutants (Fig.Â 3c), the TM1â€“TM2 bundle may slip; therefore, the luminal gate closes spontaneously regardless of K+-binding to the cation-binding site. As a consequence, spontaneous dephosphorylation is induced, producing the K+-independent ATPase activity.


Extended Data Fig. 4 P-CAB-binding site.
Inverse plot of 1/v versus 1/[K+] for the wild-type enzyme in the presence of different concentrations of P-CABs (vonoprazan: 0, 5, 10 and 20â€‰nM (a); SCH28080: 0, 200, 500 and 1,000â€‰nM (b), blue, green, yellow and red circles correspond to the respective P-CAB concentrations), showing typical K+-competitive inhibition of H+, K+-ATPase activity. Data represent mean Â± s.e.m. of triplicated points at each of the indicated K+ concentrations; representative results from more than three independent measurements are shown. Their chemical structures are provided in each inset. c, d, The 2F
									o âˆ’ F
									c electron density maps (contoured at 2Ïƒ) of the vonoprazan- (c) and SCH28080-binding site (d), viewed from approximately parallel to the membrane plane. In d, bound SCH28080 is depicted as wheat colour for clarity. e, f, Cross sections of the P-CAB-binding sites perpendicular to the membrane plane. The sectional surface is shown in light blue, and molecular surface is shown as light grey (carbon), with other colours corresponding to different elements (red, oxygen; blue, nitrogen; yellow, sulfur). Transparent spheres for each of the P-CABs represent their van der Waals radius, showing tight binding in their binding pocket. g. Structural comparison of the transmembrane region of vonoprazan-bound (magenta), SCH28080-bound (green) H+, K+-ATPase and ouabain-bound Na+, K+-ATPase (wheat), viewed from luminal side. Bound ouabain and Mg2+ ion in the Na+, K+-ATPase structure are shown for clarity. h, Ouabain and Mg2+ ion are superimposed on the vonoprazan-bound H+, K+-ATPase structure (ribbons). Seven amino acids of the H+, K+-ATPase, for which mutation provides high-affinity ouabain binding, are indicated (grey sticks), and their corresponding amino acids for Na+, K+-ATPase are indicated in parentheses. i, Bound SCH28080 is superimposed on the structure shown in h. SeeÂ Supplementary Information for details.


Extended Data Fig. 5 
									F
									o âˆ’ F
									c maps for P-CABs.
The F
									o âˆ’ F
									c density for vonoprazan (a) and SCH28080 (b) contoured at 5Ïƒ (blue mesh) is shown in stereo view. The amino acids involved in the binding are indicated as sticks.


Extended Data Fig. 6 Cation-binding site in the Rb+-bound, luminal-open E2P state.

									a, b, Close-up of the cation-binding site in H+, K+-ATPase (SCH)E2BeF viewed approximately perpendicular to the membrane from the cytoplasmic side (a) and parallel to the membrane from the TM4 side (b). Residues located within 3.5â€‰Ã… between neighbouring atoms are connected by dotted lines. Bound Rb+ (purple sphere) and water molecules (red) are also indicated. c, d, Comparison of the cation-binding site between and Rb+-bound (SCH)E2BeF (colour ribbons) and (Von)E2BeF (wheat), showing the inclination of Glu820 side chain towards Rb+ accompanied by Rb+ binding (arrow). Only polar residues in the observed area are shown for clarity. e, f, K+-occluded (K+)2E2-MgF state of Na+, K+-ATPase (light grey, PDB code: 2ZXE) is superimposed on the Rb+-bound (SCH)E2BeF state of H+, K+-ATPase (colour ribbons). Pink spheres highlighted with red circles (site I and II) indicate bound K+ in the Na+, K+-ATPase structure. Atomic models are aligned based on the TM7â€“TM10 part of the proteins. Arrows indicate displacement of the TM4 luminal portion from the luminal-open to the luminal-closed form. TM5 is removed from the structures shown in d and f for clarity.


Extended Data Fig. 7 Hydrogen bond networks.
A transmembrane cation-binding site of H+, K+-ATPase (Von)E2BeF is shown, viewed from the TM6 side. Only polar residues are shown, and the distances between each residue are provided. Spheres indicate positions responsible for the Na+-binding site (Iâ€“III) in the Na+, K+-ATPase E1P-ADP state43. The proximity of Asp942 and Arg946 to one another indicates that these residues form a salt bridge.


Extended Data Table 1 Data collection and refinement statisticsFull size table


Extended Data Table 2 ATPase activity of evaluated mutantsFull size table


Extended Data Table 3 ATPase activity of mutantsFull size table
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Video 1: Crystal structure of H+,K+-ATPase bound to vonoprazan (Von)E2BeF
The atomic model of H+,K+-ATPase (Von)E2BeF as shown in Fig. 1a


Video 2: Cation-binding site in (Von)E2BeF
A transmembrane cation-binding site of H+,K+-ATPase (Von)E2BeF viewed parallel to the membrane normal with the cytoplasmic-side up. Polar side-chains likely to be involved in the cation transport are indicated with the distances between them


Video 3: Cation-binding site in Rb+-bound (SCH)E2BeF
A transmembrane cation-binding site of H+,K+-ATPase (SCH)E2BeF viewed parallel to the membrane normal with the cytoplasmic-side up. Bound Rb+ (purple sphere) and polar side-chains likely to be involved in the cation transport are indicated with the distances between them
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