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            Abstract
Cellular potassium import systems play a fundamental role in osmoregulation, pH homeostasis and membrane potential in all domains of life. In bacteria, the kdp operon encodes a four-subunit potassium pump that maintains intracellular homeostasis, cell shape and turgor under conditions in which potassium is limiting1. This membrane complex, called KdpFABC, has one channel-like subunit (KdpA) belonging to the superfamily of potassium transporters and another pump-like subunit (KdpB) belonging to the superfamily of P-type ATPases. Although there is considerable structural and functional information about members of both superfamilies, the mechanism by which uphill potassium transport through KdpA is coupled with ATP hydrolysis by KdpB remains poorly understood. Here we report the 2.9 Å X-ray structure of the complete Escherichia coli KdpFABC complex with a potassium ion within the selectivity filter of KdpA and a water molecule at a canonical cation site in the transmembrane domain of KdpB. The structure also reveals two structural elements that appear to mediate the coupling between these two subunits. Specifically, a protein-embedded tunnel runs between these potassium and water sites and a helix controlling the cytoplasmic gate of KdpA is linked to the phosphorylation domain of KdpB. On the basis of these observations, we propose a mechanism that repurposes protein channel architecture for active transport across biomembranes.
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                    Figure 1: Overview of the KdpFABC complex.[image: ]


Figure 2: Potassium binding by KdpA.[image: ]


Figure 3: Coupling KdpA and KdpB.[image: ]


Figure 4: Mechanism for KdpFABC.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structure determination.
a, Crystals had plate-like morphology with a substantial level of birefringence. b, Anomalous density maps from Hg (red mesh at 5σ) and seleno-methionine (blue mesh at 3σ) were used to identify positions of cysteine and methionine residues, respectively. This image shows one of the three KdpFABC complexes in the asymmetric unit with the locations of seven Hg atoms and 44 Se atoms superimposed on the ribbon model of the KdpFABC complex (colours as in Fig. 1). Considering all three complexes in the asymmetric unit, we were able to identify a total of 21 Hg sites and 132 Se sites, which were a powerful constraint for building the model before refinement. c, Elution profiles from size-exclusion chromatography using multiple detectors to quantify the size of the complex. Traces are shown for multiple angle laser light scattering (LS), refractive index (RI) and absorption at 280 nm (UV). On the basis of these data, we determined the sizes of the protein-detergent complex (PDC), the KdpFABC complex and the detergent micelle. Given the expected Mr of 160 kD, these data are consistent with a monomeric KdpFABC complex. d, 2mFo−DFc map densities at 1.5σ are superimposed with the refined model at 2.9 Å resolution to demonstrate the quality of the fit. The green chain corresponds to the N terminus of KdpA (upper right corner) and helices from the second M1PM2 repeat. The purple chain corresponds to the transmembrane domain of KdpC (far left) and part of the periplasmic domain (top). A series of bulky aromatic residues towards the periplasmic side of the KdpC helix unambiguously establishes its orientation in the membrane. e, mFo−DFc difference density (purple at 6.5σ) was present in the S3 site of the KdpA selectivity filter. The anomalous signal from K (cyan at 3.8σ) is consistent with the presence of a K+ ion at this site. f, mFo−DFc difference density (purple at 4.5σ) next to the unwound portion of M4 in KdpB was consistent with the presence of a water molecule at this canonical ion binding site in P-type ATPases. No anomalous signal from K was seen at this site. g, Three KdpFABC complexes compose the asymmetric unit and are coloured in shades of red, green and blue. Intermolecular contacts can be seen between the periplasmic domain of KdpC and the cytoplasmic face of KdpA. At the current resolution, the three complexes have identical structures. Although previous results suggest that KdpFABC forms a dimer51,52,53, we did not observe dimer formation either during purification or within our crystal lattice. This result suggests that dimerization may depend on specific conditions, such as the choice of detergent or the presence of a lipid bilayer. h, The three complexes have been coloured according to the temperature factor using a standard colour palette moving from blue (lowest B factor) to red (highest B factor). KdpA appears to be the best ordered and peripheral regions of the N- and A-domains display the most flexibility. i, In addition to the four protein subunits, two detergent molecules (OG) and two lipid molecules (DMPC) were modelled into densities at the periphery of the structure for each complex.


Extended Data Figure 2 Mutations that lower the apparent K+ affinity of KdpFABC.
a, b, Two orthogonal views of KdpA showing the locations of mutations within the selectivity filter that lower the apparent affinity of the pump for K+. The sites of the mutants are indicated by a red sphere at the Cα position; the selectivity filter is coloured yellow and the coupling helix (D3M2) is coloured pink. Although Lys substitutions generally dominate the reported mutations5,6,43,54,55, the selectivity filter has a range of other substitutions that are additionally shown to have an effect. c, d, Additional sites of K+ affinity mutants populate the pore helix in MPM2–4, which presumably support the architecture of the selectivity filter. These are predominantly Lys substitutions, suggesting that the addition of positive charge in this vicinity also plays a role in lowering the affinity5,6.


Extended Data Figure 3 Comparison of selectivity filters from a K+ channel and SKT transporters.
a, KcsA is an archetypal K+ channel and the 2.0 Å resolution structure (1K4C)17 shows four K+ sites within the selectivity filter at sites designated S1–S4. These sites are presumed to be alternatively occupied by K+ and water molecules, but differences have been masked by crystallographic averaging. Additional, partially hydrated K+ ions are seen in cytoplasmic and periplasmic vestibules at either end of the filter. b, TrkH is more closely related to KdpA and displays the gating loop at the cytoplasmic end of the selectivity filter (pink). The crystal structure (3PJZ)11 shows a single K+ ion in the S3 position and the filter is considerably more disordered towards its periplasmic end, perhaps accounting for the lack of further ions. c, KdpA has intermediate order in the selectivity filter. A K+ ion occupies the S3 site and the side chain of Arg116, which was substituted for Gln in our construct, appears to occupy the S1 site. Like TrkH, a gating loop is evident from the kinked helix (pink) in the third M1PM2 repeat. d, The cage of oxygen atoms that coordinate the K+ ions in the selectivity filter of KcsA. The strict fourfold symmetry of this channel produces a very regular geometry. e, The analogous oxygen atoms in the TrkH structure show considerably more distortion of this cage and complete absence of coordination at the S1 sites. f, The coordination cage for KdpA has intermediate order with reasonable evidence for sites at S2–S4.


Extended Data Figure 4 Comparison of KdpB and SERCA1a.
a, In the P domain of KdpB (blue), there is no evidence for phosphorylation of the catalytic Asp307, which is in a binding network with Lys499, Asp522 and Thr309. The location of the nucleotide binding pocket is illustrated by some of the conserved residues (Glu348, Phe377 and Thr429) expected to interact with ATP in the N domain (red). b, Overlay of the N domains of KdpB (red) and SERCA1a (cyan, 1T5T)56 with bound nucleotide (ADP-AlF4). This overlay illustrates how, if the nucleotide were bound to the corresponding site in KdpB, the phosphate groups would clash with the conserved catalytic loop (DKTGTLT in green). The TGES162 loop of KdpB is coloured pink. Taken together, the Asp307 binding network and the positional decoupling of the A domain from the rest of the structure indicate that KdpB is in an E1 state in which Asp307 remains unphosphorylated and the N domain nucleotide binding site is empty15,56,57,58. c, The binding site for Ca(II) (green sphere)15 in the transmembrane domain of SERCA1a (1T5T) consists of main chain carbonyls from the unwound M4 helix near the canonical Pro308 as well as side chain densities from the neighbouring M6 helix (Asn796 and Asp800). The second Ca2+ ion in the Ca(I) site is not shown, but involves additional ligands from the M5 helix. d, The water site (red sphere) in the transmembrane domain of KdpB involves residues homologous to SERCA1a in a very similar configuration: namely, the main chain carbonyls on M4 near Pro264 and the side chain of Asn624. The side chains of Asp583 and Lys586 from M5 are also nearby, which align with Asn768 and Glu771 in SERCA1a that bind Ca(I).


Extended Data Figure 5 Serine phosphorylation of KdpFABC.
a, Evidence for the phosphoserine comes from an extra density seen both in the 2mFo−DFc map (grey at 1.2σ) and the mFo−DFc difference density (purple at 4σ) from a refined model that lacks the phosphate group. b, To confirm the presence of the phosphoserine, ESI–LC–MS/MS was performed on KdpB isolated by SDS–PAGE from a crystal. Peptides harbouring phosphorylated and unphosphorylated Ser162 were separated by FPLC and their relative abundance is represented by these elution profiles for peptides with m/z = 1,010.26 (unphosphorylated) or m/z = 1,030.25 (phosphorylated) (z = 4). The sequence of these peptides, in which the cysteine was modified by iodoacetamide, is shown above, as determined by MS2. c, The cytoplasmic domains of KdpB adopt a unique position in our structure compared to other P-type ATPases owing to a salt bridge between the phosphorylated Ser162 in the A domain (yellow) and residues Lys357 and Arg363 of the N domain (red). This interaction is likely to prevent N domain movements, and the close proximity of the P domain to the N domain prevents nucleotide binding, suggesting that the current structure represents an autoinhibited state. d, The level of Ser162 phosphorylation inversely correlated with the ATPase activity of KdpFABC. The absolute level of phosphoenzyme was not determined owing to a lack of a fully dephosphorylated or fully phosphorylated enzyme preparation for calibration of the mass spectrometer detection system; nevertheless, the inverse correlation between the relative levels of Ser162 phosphorylation and ATPase activity supports the inhibitory nature of this modification. Although this serine phosphorylation was observed in samples isolated directly from the bacteria, its physiological relevance is uncertain, especially given that Lys357 and Arg363 are poorly conserved amongst KdpFABC systems (Extended Data Fig. 9). Footnotes for this table: 1apparent percentage of phosphopeptide from mass spectrometry does not reflect lower detection efficiency of the phosphopeptide; 2ATPase assay was determined in the presence of 50 mM KCl; 3200 units of protein phosphatase from bacteriophage lambda (LPP) were incubated with 20 μg KdpFABC under the conditions indicated.


Extended Data Figure 6 Sequence alignment of KdpA with other SKT transporters TrkH and KtrB.
This structure-based alignment was done by the promals3d server50 using PDB depositions 4J7C for KtrB12 and 3PJZ for TrkH11. Sequence conservation is shown by colour with red being most conserved and green least conserved. Secondary structure based on KdpA is shown with the colouring scheme used in Fig. 1c. The four M1PM2 motifs are denoted D1–D4, with S indicating the selectivity filter. The red star indicates the Q116R mutation and red triangles indicate residues implicated in coupling with KdpB, namely Glu370 and Arg493, which reside at the cytoplasmic side of the selectivity filter (Fig. 2c), and Arg400, which forms a salt bridge with the P domain (Fig. 3b). This figure and Extended Data Figs 7, 8, 9 were made with ALINE59.


Extended Data Figure 7 Sequence alignment of KdpB with other P-type ATPases.
This structure-based alignment was done by the promals3d server using PDB depositions 1SU4 for the calcium pump (SERCA)15, 5KSD for the plasma membrane proton pump (AHA2)60, 4BYG for the copper pump (CopA)61 and 4HYT for the Na,K-ATPase62. Sequence conservation is shown by the colour scheme with red being most conserved and green least conserved. Secondary structure elements correspond to KdpB with the same colour scheme as in Fig. 1. The red stars indicate the catalytic Asp307 and other residues involved in the hydrogen bonding network shown in Extended Data Fig. 4a (Thr309, Lys399 and Asp522). The red diamonds indicate residues at the water site along M4 and M6 shown in Extended Data Fig. 4d (Pro264 and Asn624). Red triangles indicate residues implicated in coupling with KdpA, namely Asp583 and Lys586 (Extended Data Fig. 4d) in the transmembrane domain as well as Asp300 and Asp302, which interact with cytoplasmic loops from KdpA (Fig. 3b). The red circles indicate phosphorylated Ser162 and Lys357/Arg363 from the N domain, which form salt bridges to the phosphate (Extended Data Fig. 5c).


Extended Data Figure 8 Sequence alignment of KdpA from a diverse group of bacteria.
Selection of the sequences was done with the divblast server49 and alignment using clustal omega48. Secondary structure corresponds to that observed for KdpA (Fig. 1). Pink stars indicate residues reported in ref. 5 and pink diamonds indicate residues reported in ref. 6 to increase the apparent Kd for K+ to 0.3 mM or higher. Red triangles indicate residues implicated in coupling with KdpB, namely Glu370 and Arg493 at the cytoplasmic end of the selectivity filter (Fig. 2c) and Arg400, which forms a salt bridge to the P domain of KdpB (Fig. 3b). Blue triangles indicate residues forming hydrogen bonds to the periplasmic domain of KdpC.


Extended Data Figure 9 Sequence alignment of KdpB from a diverse group of bacteria.
Selection of sequences was done with the divblast server49 and alignment using clustal omega48. Secondary structure corresponds to that observed for KdpB (Fig. 1). Red stars indicate residues that interact with the catalytic Asp307 in our structure. Red triangles indicate residues that interact with cytoplasmic loops from KdpA (Asp300 and Asp302). Red circles indicate Ser162, which is phosphorylated in our structure, and the residues in the N domain that engage this phosphate in a salt bridge (Lys357 and Arg363).


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table
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Potassium pump
Potassium homeostasis is fundamental for regulating osmotic pressure, pH and membrane potential. K+ import into the cells of many bacteria occurs through several mechanisms, though at low concentrations they employ KdpFABC, a transport protein complex that couples the functionality of a pump-like subunit with a channel-like subunit. Here David Stokes and colleagues report the crystal structure of KdpFABC and show how this complex acts as a potassium pump, coupling ATP hydrolysis to the transport of K+ into the cytosol. A tunnel connects the KdpA and KdpB subunits, coupling the ion-binding site to the hydrolysis of ATP. This work offers new insights into the regulation of transporter and channel gating.
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