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            Abstract
Type 4 P-type ATPases (P4-ATPases) are lipid flippases that drive the active transport of phospholipids from exoplasmic or luminal leaflets to cytosolic leaflets of eukaryotic membranes. The molecular architecture of P4-ATPases and the mechanism through which they recognize and transport lipids have remained unknown. Here we describe the cryo-electron microscopy structure of the P4-ATPase Drs2p–Cdc50p, a Saccharomyces cerevisiae lipid flippase that is specific to phosphatidylserine and phosphatidylethanolamine. Drs2p–Cdc50p is autoinhibited by the C-terminal tail of Drs2p, and activated by the lipid phosphatidylinositol-4-phosphate (PtdIns4P or PI4P). We present three structures that represent the complex in an autoinhibited, an intermediate and a fully activated state. The analysis highlights specific features of P4-ATPases and reveals sites of autoinhibition and PI4P-dependent activation. We also observe a putative lipid translocation pathway in this flippase that involves a conserved PISL motif in transmembrane segment 4 and polar residues of transmembrane segments 2 and 5, in particular Lys1018, in the centre of the lipid bilayer.
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                    Fig. 1: Architecture of the Drs2p–Cdc50p complex.[image: ]


Fig. 2: Autoinhibition of Drs2p by its C terminus.[image: ]


Fig. 3: Recognition and binding of PI4P by Drs2p.[image: ]


Fig. 4: Drs2p is activated after the binding of PI4P and release of the autoinhibitory domain.[image: ]


Fig. 5: Proposed autoregulation mechanism.[image: ]
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                Data availability

              
              Cryo-EM maps for the S. cerevisiae Drs2p–Cdc50p in the E2Pinhib, E2Pinter and E2Pactive forms are available on the Electron Microscopy Data Bank under accession numbers EMD-4972 (E2Pinhib; that is, E2–BeF3−), EMD-4973 (E2Pinter; that is, E2–BeF3−–PI4P) and EMD-4974 (E2Pactive; that is, C-terminally truncated E2–BeF3−–PI4P). Coordinates of the atomic structures have been deposited in the PDB under accession numbers 6ROH, 6ROI and 6ROJ.
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Extended data figures and tables

Extended Data Fig. 1 Activity of samples used for structural studies.
a, Post–Albers cycle for the Na+, K+-ATPase. Sodium is transported during the E1 half-cycle, and potassium during the E2 half-cycle. Pi, inorganic phosphate. b, Post–Albers cycle for Drs2p–Cdc50p, indicating the off-cycle regulation (grey). Lipid is transported during the E2 half-cycle. The structures that were determined in this work are marked with red circles. PL, translocated phospholipid. c, Topology of Drs2p–Cdc50p, indicating the cleavages at the termini of Drs2p of the constructs that were used for structural studies (ΔN104: all constructs; ΔC1247: E2Pactive). Cdc50p is pink; for Drs2p the transmembrane domain is tan, the A, P and N domains are yellow, blue and red, respectively, and the autoinhibitory C terminus is green. d, Specific activity of Drs2pΔN104/C1247–Cdc50p and Drs2pΔN104–Cdc50p in LMNG, measured by Baginski assay. Water-soluble phosphatidylserine (C8:0), brain PI4P and BeF3− were added as indicated to final concentrations of 78 µg ml−1, 20 µg ml−1 and 5 mM, respectively. Data are mean ± s.d. of four replicates from two independent purification batches. e, Alignment of Drs2p–Cdc50p (in the E2Pactive form) and SERCA (PDB 3B9B) (superpositioning of the Cα carbons, excluding the N domain). Drs2p–Cdc50p is green; SERCA is orange. f, The phosphorylation site of E2Pactive, showing density for the BeF3− inhibitor, Mg2+ ion and coordinating residues. The characteristic E2P conformation of the dephosphorylation loop, in which the glutamate points away from the phosphorylation site, is shown in stick representation. g, The three Drs2p–Cdc50p structures aligned based on the P domain. Asp560–BeF3− and Glu342 are shown to illustrate the similar conformations. Colours are as in Fig. 1a.


Extended Data Fig. 2 Purification and negative-stain electron microscopy of samples for structural studies.
a, SEC chromatogram and gel of Drs2pΔN104–Cdc50p. The red line on the SDS–PAGE image indicates the pooled fractions. b, SEC chromatogram and gel of Drs2pΔN104/C1247–Cdc50p; gel shows the SEC fractions. Red line as in a. c, Analytical SEC of Drs2pΔN104/C1247–Cdc50p purified from b; this was used for cryo-EM. d, A representative negative-stained micrograph of autoinhibited Drs2pΔ104–Cdc50p in LMNG. e, Representative 2D class averages of the sample in d show well-defined and homogeneous particles with recognizable features of P-type ATPases. f, Enlarged 2D class average, highlighting the recognizable domains of Drs2p–Cdc50p.


Extended Data Fig. 3 Fold of Cdc50p.
a, Cdc50p from E2Pinhib, shown in rainbow colours. Cα carbons of glycosylated asparagine residues are shown as black spheres; Drs2p is shown in grey. b, Position of the disulfide sites in Cdc50p from E2Pinhib. c–e, Glycosylation sites in Cdc50p from E2Pinhib. Map levels are 1.75 r.m.s.d. in c and d. The density for the glycosylation at Asn237 is only apparent at lower map levels (0.75 r.m.s.d.) and has not been modelled. f, Alignment of Cdc50p (magenta cartoon) and a monomer of human seipin57, a lipid-binding protein (blue cartoon, PDB 6DS5), illustrating the similar folds (although some loops of Cdc50p are more extensive). The sequence identity between the two proteins is only 4%. Transmembrane helices of seipin that extend from similar positions to the helices of Cdc50p are not present in the structure, but may extend into the membrane in a similar manner to that observed for Cdc50p. g, The transmembrane helices of the Drs2p–Cdc50p complex viewed from the luminal side. The transmembrane helices of Drs2p are rainbow coloured; Cdc50p transmembrane helices are pink. h, Interaction between the Cdc50p ectodomain (shown as surface) and the luminal TM3–TM4 loop of Drs2p (light green). i, Interaction between the N terminus of Cdc50p and the segment of Drs2p that leads from TM4 to the phosphorylation site. Residues 529–538 are not present in P2-ATPases and are shown in dark blue. j, Segments of Drs2p that were found to interact with Cdc50p mutants that disrupt the formation of the complex are highlighted in green, and the insert in Drs2p between TM4 and the phosphorylation site is blue. The structure shown in h–j is E2Pinhib. Cdc50p is coloured on the basis of the conservation using ConSurf58. k, Part of a sequence alignment of proteins of the CDC50 family from S. cerevisiae (Cdc50p, Lem3p and Crf1p) and human CDC50A and CDC50B. Residues that are important for complex formation are identified. Uniprot identifiers are as follows: Cdc50p, P25656; Lem3p, P42838; Crf1p, P53740; CDC50A, Q9NV96; CDC50B, Q3MIR4. The alignment was performed using Clustal Omega59. For full sequence alignment, see Supplementary Fig. 1.


Extended Data Fig. 4 Characterization of PI4P-binding mutants.
a, Coomassie-blue-stained SDS–PAGE of streptavidin-purified wild-type and mutant Drs2p–Cdc50p. Tobacco etch virus protease (TEV) was used to release the complex from the streptavidin beads. b, ATPase activity of PI4P-binding mutants, using an enzyme-coupled assay. The assay medium contained 1 mM ATP, 0.1 mg ml−1 POPS and 1 mg ml−1 DDM in SSR buffer. The rate of ATP hydrolysis was continuously recorded at 340 nm after subsequent addition of 2 µg ml−1 of the purified complex, 5 µg ml−1 trypsin and 25 µg ml−1 PI4P. c, SEC on a Superdex 200 10/300GL column. The arrow indicates the dead volume (V0). d, Limited proteolysis of streptavidin-purified wild-type and mutant Drs2p–Cdc50p by thrombin (Thr.). Control sample in lane 1 contains full-length (FL) Drs2p–Cdc50p. In the absence of PI4P, wild-type and mutant forms of Drs2p are truncated to sizes that correspond to the loss of the first 104 N-terminal residues (ΔN Drs2p; top band in lanes 2, 4, 6 and 8) and to the loss of both the first 104 N-terminal residues and the last 65 C-terminal residues (ΔN/C Drs2p; second band in lanes 2, 4, 6 and 8). Incubation with PI4P during limited proteolysis (lanes 3, 5, 7 and 9) promotes further C-terminal truncation only for the wild-type Drs2p, indicating that the Drs2p mutants are less sensitive to PI4P. e, Control proteolysis experiment showing that phosphatidylserine does not alter the cleavage of wild-type Drs2p–Cdc50p with thrombin, and thereby demonstrating that the C-terminal mutants Y1235A, Y1235F and H1236A are specifically defective in PI4P binding.


Extended Data Fig. 5 Proposed lipid-translocation pathway and comparison between the three Drs2p–Cdc50p structures.
a, A proposed pathway for the translocation of lipids is revealed after activation by PI4P binding and C-terminal truncation. Electrostatic surfaces were calculated in APBS37,38. See also Fig. 4a. b, Binding of potassium in the Na+, K+-ATPase30 (PDB 3KDP), showing the coordination of the ions by negatively charged and polar residues. TM4 is coloured yellow, the PEGL motif is orange and the bound potassium ions are purple spheres. c, Sites and residues of E2Pactive that correspond to the ion-binding sites of the Na+, K+-ATPase in b. TM4 is yellow, the PISL motif is orange and stabilizing hydrogen bonds are shown. d, Superpositioning of the three Drs2p–Cdc50p structures, based on Cdc50p and TM7–TM10 of Drs2p. E2Pinhib is green, E2Pinter is blue and E2Pactive is yellow. The major conformational changes are in the cytosolic domains, TM1 and TM2. e, Expanded view of d, highlighting the changes in the P domains of the three Drs2p–Cdc50p structures. The TM6–TM7 loop and the H1C-tail are depicted in slightly darker colours and the autoinhibitory domain of E2Pinhib is dark green. Destabilization or removal of the helical segment of the autoinhibitory domain (E2Pinter and E2Pactive) leads to a rigid-body movement of the P domain.


Extended Data Fig. 6 Processing pipeline for cryo-EM data of Drs2p–Cdc50p E2Pinhib.
a, Representative motion-corrected and dose-weighted micrograph (defocus 1.6 µm) of autoinhibited Drs2pΔN104–Cdc50p in LMNG, frozen at a concentration of 0.6 mg ml−1. b, Fourier power spectrum of the micrograph shown in a, as well as the fit from CTFFIND 4.1 through cisTEM, which extends to 3 Å. c, Colour code for the processing software. d, Data-processing workflow, indicating the number of particles that remained after each step at which particles were discarded. The densities resulting from 3D refinement are shown in grey, and relevant masks are light blue. The resolutions listed for 3D refinements are at FSC = 0.143.


Extended Data Fig. 7 Processing pipeline for cryo-EM data of Drs2p–Cdc50p E2Pinter.
a, Representative motion-corrected and dose-weighted micrograph (defocus 1.5 µm) of Drs2pΔN104–Cdc50p with an intact C terminus in LMNG, frozen at a concentration of 0.6 mg ml−1 in the presence of 75 µg ml−1 brain PI4P. b, Fourier power spectrum of micrograph in a, as well as the fit from CTFFIND 4.1 through cisTEM, which extends to 5 Å. c, Colour code for the processing software. d, Data-processing workflow, indicating the number of particles that remained after each step at which particles were discarded. The densities resulting from 3D refinement are shown in grey, and relevant masks are light blue. The resolutions listed for 3D refinements are at FSC = 0.143. The 3.4-Å refinement suggested a mixed state around TM10. To classify the structural heterogeneity that was caused by incomplete binding of PI4P, new ab initio references were generated in cryoSPARC, allowing for high similarity because the conformations were expected to be similar. Two different conformations resulted: the autoinhibited one and a PI4P-bound version. The autoinhibited conformation was identical to E2Pinhib and adding these particles to the E2Pinhib dataset did not improve the reconstruction. The PI4P-bound conformation was further refined in RELION.


Extended Data Fig. 8 Processing pipeline for cryo-EM data of Drs2p–Cdc50p E2Pactive.
a, Representative motion-corrected and dose weighted micrograph (defocus of 1.7 µm) of C-terminally truncated Drs2pΔNC–Cdc50p in LMNG, frozen at a concentration of 0.6 mg ml−1 in the presence of 75 µg ml−1 brain PI4P. b, Fourier power spectrum of the micrograph shown in a, as well as the fit from CTFFIND 4.1 through cisTEM, which extends to 3 Å. c, Colour code for the processing software. d, Data-processing workflow, indicating the number of particles that remained after each step at which particles were discarded. The densities resulting from 3D refinement are shown in grey, and relevant masks are light blue. The resolutions listed for 3D refinements are at FSC = 0.143.


Extended Data Fig. 9 Model validation and representative densities.
a, Cross-validation FSC curves for map-to-model fit produced by Mtriage60. Curves representing the model versus the full map are calculated based on the final model and the full, filtered and sharpened map that it was refined against. For the model versus half-maps, the model (before the final refinement) was refined against half-map 1 (filtered and sharpened as for the full map), and FSC curves were calculated using this refined model against each half-map. b, Representative densities from different areas of the three LocScale maps. Each segment is labelled with the residues that are shown, and demonstrates the quality of the map in specific areas. All densities are shown at a threshold of 1.5 r.m.s.d.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table





Supplementary information
Supplementary Discussion
Additional discussion on the similarity of P4-ATPases to known structures and the architecture of the complex with CDC50p. Supplementary Figure depicting sequence alignments.


Reporting Summary

Video 1
Cryo-EM density map. Final density map (with decreasing contour levels) and final model for E2Pinhib (Drs2p ΔN104/Cdc50p complex in the E2-BeF3- state and in the absence of PI4P). Domain colours same as in Fig. 1a.


Video 2
PI4P-mediated activation of Drs2p:Cdc50p. Release of autoinhibition triggers structural rearrangements in Drs2p leading to the opening of a cleft in the transmembrane domain suitable for the binding of the transport substrate. PI4P binding structures the C-terminus and destabilizes the autoinhibitory domain. Unstructured regions depicted by a dashed line. The movement of the autoinhibitory domain was manually modelled in Coot.
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