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            Abstract
The lipid bilayer has so far eluded visualization by conventional crystallographic methods, severely limiting our understanding of phospholipid– and protein–phospholipid interactions. Here we describe electron density maps for crystals of Ca2+-ATPase in four different states obtained by X-ray solvent contrast modulation. These maps resolve the entire first layer of phospholipids surrounding the transmembrane helices, although less than half of them are hydrogen-bonded to protein residues. Phospholipids follow the movements of associated residues, causing local distortions and changes in thickness of the bilayer. Unexpectedly, the entire protein tilts during the reaction cycle, governed primarily by a belt of Trp residues, to minimize energy costs accompanying the large perpendicular movements of the transmembrane helices. A class of Arg residues extend their side chains through the cytoplasm to exploit phospholipids as anchors for conformational switching. Thus, phospholipid–Arg/Lys and phospholipid–Trp interactions have distinct functional roles in the dynamics of ion pumps and, presumably, membrane proteins in general.
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                    Figure 1: Solvent exchange probability and its use in solvent contrast modulation.[image: ]


Figure 2: Phospholipid molecules in the crystals of Ca2+-ATPase as visualized by solvent contrast modulation.[image: ]


Figure 3: Arrangements of the first layer phospholipids that surround Ca2+-ATPase.[image: ]


Figure 4: Changes in anchoring residues during the reaction cycle.[image: ]


Figure 5: Changes in orientation of the entire Ca2+-ATPase molecule during the reaction cycle.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Determination of the structure of the lipid bilayer by solvent contrast modulation.
a, The procedure for obtaining the electron density map of a lipid bilayer in crystals of a membrane protein by solvent contrast modulation. The structure of the lipid bilayer is expected to be constant irrespective of the solvent density that can be changed using a contrast medium such as iohexol. The electron density map of the solvent is obtained directly from that of solvent exchange probability. b, Chemical structure of iohexol19(IUPAC name: 5-[N-(2,3-dihydroxypropyl)acetamido]-2,4,6-triiodo-N,N′-bis(2,3-dihydroxypropyl)isophthalamide). This compound can be dissolved in water to >80% (w/v) and can increase the electron density of the solvent by 0.10 e− per Å3. c, d, Space-fill models of iohexol according to the chemical formula (c) and after energy minimization (d). e, An X-ray diffraction pattern from an E2(TG) crystal of Ca2+-ATPase soaked in a buffer containing 60% (w/v) iohexol, recorded with an R-Axis V imaging plate detector. Camera length was 600 mm with a He path of 450 mm. The (0, 0, 4) reflection has a Bragg spacing of 146.5 Å. f, A diagram showing the relationship between the observed diffraction intensity and the structure factor from protein plus bilayer and that of solvent. The intensity of each reflection should vary as a quadratic function of solvent electron density [image: ], in which ξ is the concentration of the contrast modulation medium (equation (2)). The diagram shows three different concentrations (ξ = 10, 20, 30%). Solid lines show a diagram for a positive Δθiso (Δθiso+) and dotted lines for a negative Δθiso (Δθiso−). θsolvent represents the phase part of Fsolvent. Refer to equation (2) for the meanings of other symbols. g, Contribution of the lipid bilayer to the structure factor at 0% (black line) and 45% (purple line). Electron density of protein matches with the solvent around 45% iohexol, making the contribution of lipid bilayer more visible. The effect of iohexol is appreciable at Bragg spacing of 10 Å or larger. h, Modification scheme of Pex for phase improvement. Pex is set to 0 for any points within the van der Waals radius from a protein atom and set to 1 for any point in the solvent. Pex is left unmodified for those at dp (distance from the protein surface) < 5.2 Å or those at dm (distance from the bilayer centre) > 40 Å. The inset shows a plot of Pex as a function of the distance from the protein surface when dp was set to 7 Å, showing that Pex = 1 for the points at >5.2 Å away from the surface.


Extended Data Figure 2 Refinement statistics.
a, Squares of structure factors of acentric reflections, |F(−3, 1, l)|2, plotted against solvent electron density. Curves are least squares fits to the experimental data according to equation (2). b, Structure factors of centric reflections, F(−2, 0, l), plotted against solvent electron density. Lines show least squares fits to the experimental data according to equation (3). Error bars in a and b represent [image: ] and [image: ], respectively. c, Rlsq as defined in equation (5) before and after refining [image: ] and scale. d, e, R-factors (as defined in equation (7)) for the diffraction data (200 to 20 Å (d) and 20 to 3.2 Å (e) Bragg spacings) from E1⋅AlF4−⋅ADP⋅2Ca2+ crystals of Ca2+-ATPase. The atomic model used was derived from the crystals soaked in 45% (w/v) iohexol. The number associated with each plot refers to iohexol concentration. f, Rcullis as defined in equation (9), showing a large decrease from the flat model (that is, no lipid bilayer; blue) by modelling the bilayer (red) at Bragg spacing of 25 Å or larger. g, Figure of merit (FOM as defined in equation (8)) for the phases derived from the flat (blue) or refined (red) model All the data in a–g were derived from the E1⋅AlF4−⋅ADP⋅2Ca2+ crystals. h, Phase differences between the flat and the refined models, showing that the phase errors in the flat model may be substantial. Here no weighting scheme according to the amplitude is applied. i, Crystallographic R-factors before (open circles) and after (filled circles) introducing 30 DOPC molecules into the atomic model of Ca2+-ATPase in E2(TG). Incorporation of phospholipid molecules into the atomic models improved the R-factor for the resolution range between 200 to 20 Å from 0.608 to 0.393 for E2(TG), from 0.472 to 0.384 for E1⋅2Ca2+, from 0.622 to 0.383 for E1⋅AlF4−⋅ADP⋅2Ca2+, from 0.590 to 0.377 for the E2⋅AlF4−(TG) crystal of C2 symmetry and from 0.662 to 0.410 for the same crystal of P21212 symmetry. Here the CNS mask refers to that used in CNS version 1.2 (ref. 24), in which the value is 0 for any point within the solvent radius (1.4 Å) from the protein van der Waals surface or 1 otherwise. The ‘soft mask’ refers to a smoothed mask by applying Wang’s method for solvent flattening40(flattening radius of 5 Å).


Extended Data Figure 3 Solvent exchange probability maps for the transmembrane regions of Ca2+-ATPase crystals.
a–d, E1⋅2Ca2+ (a), E1·AlF4−·ADP⋅2Ca2+ (b), E2⋅AlF4−(TG) (c) and E2(TG) (d). Grey mesh represents Pex of 0.3, blue mesh, 0.6 and purple, 0.9, calculated at 4.5 Å resolution. Cyan spheres (I and II, also circled) represent bound Ca2+ and small red spheres crystal water. Cylinders represent α-helices (M1–M10). Trp, Tyr, Lys and Arg residues in the transmembrane region and thapsigargin (TG) are shown in sticks. Stereo pictures, viewed parallel to the membrane. Note that the map shows that iohexol comes very close to the Ca2+-binding sites in E1·2Ca2+ (a), consistent with the observations that site II Ca2+ is exchangeable with Ca2+ in the cytoplasm46, and from the lumenal side, water molecules can reach just below site I Ca2+ (ref. 47).


Extended Data Figure 4 Outer layer phospholipids and putative detergent islands.
a, A map showing the distance of density peak from the bilayer centre in the E1⋅2Ca2+ crystal. Viewed perpendicular to the bilayer. The boxes (solid line for the cytoplasmic leaflet; dotted lines for the luminal leaflet) specify the area shown in b. b, c, Contrast modulation electron density maps for the bilayer region in the E1⋅2Ca2+ (b) and E2(TG) (c) crystals, viewed parallel to the bilayer. Calculated at 4.5 Å resolution for a slab of 5 Å thick (cyan, 0.38 e− per Å3; blue, 0.44 e− per Å3). Partial atomic models of phospholipid (up to the carbonyl group; in ball and stick) are superimposed. Purple numbers identify the first-layer phospholipids in the cytoplasmic leaflet, orange identifies those in the lumenal leaflet and green numbers indicate outer-layer phospholipids. Asterisks represent putative detergent islands (peak-to-peak distance <24 Å). The detergent used here, octaethyleneglycol mono-n-dodecylether (C12E8), is shown with sticks at the right end in b.


Extended Data Figure 5 Identification of phospholipid molecules in the crystals of Ca2+-ATPase.
a–d, E1⋅2Ca2+ (a), E1⋅AlF4−⋅ADP⋅2Ca2+ (b), E2(TG) (c) and E2⋅AlF4−(TG) (C2 symmetry) (d). Atomic models for the head groups appear in sticks with orange balls for phosphorous atoms. Purple labels identify the first-layer phospholipids in the cytoplasmic leaflet, orange labels those in the luminal leaflet and green labels outer-layer lipids. Lipid molecules shared by adjacent Ca2+-ATPase molecules bear two labels. The boxes (solid line for the cytoplasmic leaflet; dotted line for the luminal leaflet) in a and c specify the areas shown in Extended Data Fig. 4b, c. Asterisks represent putative detergent islands (peak-to-peak distance <24 Å). The cylinders represent transmembrane helices (M1–M10). The side chains of Trp, Tyr, Lys and Arg are shown as green sticks. Thin grey lines identify unit cell boundaries. The purple and green boxes in d (solid line for the cytoplasmic leaflet; dotted lines for the luminal leaflet) specify the area shown in Extended Data Fig. 7a, b, respectively. Viewed perpendicular to the bilayer plane. Note that all the phospholipid molecules in the E2(TG) crystal (20 in the cytoplasmic leaflet and 15 in the luminal one) are modelled, but only two are surrounded by phospholipids alone.


Extended Data Figure 6 Effects of crystal packing on the disposition of the first-layer phospholipids.
a–f, Contrast modulation electron density maps for the first layer phospholipids in the E2⋅AlF4−(TG) crystals of Ca2+-ATPase with a C2 (a, c and e) or a P21212 (b, d and f) symmetry. Calculated at 4.5 Å resolution (cyan, 0.38 e−1 per Å3; blue, 0.46 e−1 per Å3). a, b, The cytoplasmic leaflet, viewed perpendicular to the bilayer from the cytoplasm. c, d, Viewed parallel to the bilayer. e, f, The lumenal leaflet viewed perpendicular to the bilayer from the lumenal side. 20 and 17 (C2), and 20 and 16 (P21212) phospholipid molecules are identified in the cytoplasmic and lumenal leaflets, respectively. Partial atomic models of phospholipid (up to the carbonyl group; in ball and stick) are superimposed. The cylinders represent α-helices. Trp, Tyr, Lys and Arg side chains appear in lime sticks and TG in violet sticks. Ca2+-ATPase in the P21212 crystal is aligned to that in the C2 crystal with the M1–M10 helices, resulting in tilting of 11.3° with respect to the ab plane of the C2 crystal.


Extended Data Figure 7 Effects of crystal packing on the disposition of outer-layer phospholipids.
a–d, Contrast modulation electron density maps for the bilayer region distant from the protein surface in the E2⋅AlF42−(TG) crystals of C2 (a, b) and P21212 (c, d) symmetries. Calculated at 4.5 Å resolution (cyan mesh, 0.38 e− per Å3). Viewed in two orthogonal directions parallel to the membrane. The slab is 15 Å thick and specified in Extended Data Fig. 5d. Here the xy plane coincides with the ab plane of the crystal, and the orientation of Ca2+-ATPase is different between the two crystal forms. Purple dotted lines in c and d show the positions of the bilayer centre, which is tilted by 11.3° to the ab plane. The root mean square deviation between the protein Cα atoms in the two crystal forms is 0.81 Å. TG is shown with violet sticks.


Extended Data Figure 8 Evaluation of one-dimensional models for the bilayer.
a, A simple one-dimensional model for the solvent and bilayer parts used in the initial stage (left). Electron density profiles of such models (right). Black lines approximately follow the density profile of DOPC bilayer obtained by small-angle X-ray diffraction32. 80% iohexol (w/v) increases the solvent electron density by 0.1 e− per Å3. b, c, Electron density profiles of four one-dimensional models for the E1⋅AlF4−⋅ADP⋅2Ca2+ crystal before (b) and after (c) refinement. In the initial models (b), the peak-to-peak distance is varied from 30–50 Å or the peak electron density is reduced to 0.40 e− per Å3 for the peak-to-peak distance of 40 Å. d, Effect of the inclination (0° to 16.7° with respect to the ab plane) of the bilayer in the initial one-dimensional model for the E2⋅AlF4−(TG) crystal with a P21212 symmetry. The R-factor for the diffraction data (200 to 12 Å Bragg spacing; equation (7)) after refinement for 0, 50 and 70% of iohexol. At 11.3° of inclination, Trp residues in the cytoplasmic leaflet become aligned with the bilayer plane. Also see Extended Data Fig. 7c, d.


Extended Data Figure 9 All atom molecular dynamics simulations of phospholipids that surround Ca2+-ATPase.
a–d, E1⋅2Ca2+ (a), E1~P⋅ADP⋅2Ca2+ (b), E2~P (c) and E2 (d). Viewed from the cytoplasm (left panels) and the lumen of the sarcoplasmic reticulum (right panels) perpendicular to the membrane. The plus symbol identifies the initial locations of the first-layer phospholipids (phosphorous atoms in the head groups) in the cytoplasmic (left panel with purple numbers) and the lumenal (right panel with orange numbers) leaflets, respectively. The phospholipids marked also with circles indicate that refined atomic models were used and those without indicate that direct modelling was impossible and the initial model was taken from those in other states. Pink and blue dots represent the locations of the phosphorus atoms in the first (pink) and outer (blue) layer of phospholipids during molecular dynamics simulations, plotted for 5 ns (between 95 and 100 ns) at 0.1-ns intervals.


Extended Data Table 1 Numbers and dispositions of phospholipids in the crystals of Ca2+-ATPaseFull size table
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Movements of the calcium pump and the first layer phospholipids during the reaction cycle as deduced from the crystal structures
A view from the M3-M7 side, corresponding to the left panels in Fig. 3. Orange spheres represent the phosphorus atoms of the first layer phospholipids at the front of the ATPase and the grey ones those at the back. (MP4 7707 kb)


Hypothetical movements of the calcium pump and the first layer phospholipids arising from the conventional alignment with the M7-M10 transmembrane helices
A view from the M6-M9 side as in the right panels in Fig. 3. Orange spheres represent the phosphorus atoms of the first layer phospholipids at the front of the ATPase and the grey ones those at the back. Note that phospholipid 13 (slate blue) goes far below and 23 (slate blue) goes high above the membrane plane in E1~P•ADP•2Ca2+. (MP4 7530 kb)


Movements of the calcium pump and the first layer phospholipids during the reaction cycle as deduced from the crystal structures
A view from the M3-M7 side, corresponding to the right panels in Fig. 3. Orange spheres represent the phosphorus atoms of the first layer phospholipids at the front of the ATPase and the grey ones those at the back. Note that phospholipids 13 and 23 stay at almost the same level during the reaction cycle. (MP4 7679 kb)
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        Editorial Summary
Dynamics of a calcium pump
Conventional X-ray crystallography is unable to visualize cellular membrane phospholipids,so atomic models for transmembrane proteins are usually refined by pretending no lipid bilayer exists. Chikashi Toyoshima and colleagues have developed a solvent contrast modulation method to include phospholipid head groups in four atomic models of a calcium pump and reveal for the first time how the lipid bilayer actively participates in the successive conformational switches of the pump. They define a belt of Tryptophan residues, which functions as a 'membrane float' that allows the whole pump axis to dramatically tilt with respect to the membrane bilayer during transport, and a class of arginine and lysine residues, which function as 'membrane anchors' that provide leverage for subunit movements.
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