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            Abstract
Single-particle electron cryo-microscopy (cryo-EM) is a powerful method for solving the three-dimensional structures of biological macromolecules. The technological development of transmission electron microscopes, detectors and automated procedures in combination with user-friendly image processing software and ever-increasing computational power have made cryo-EM a successful and expanding technology over the past decade1. At resolutions better than 4Â Ã…, atomic model building starts to become possible, but the direct visualization of true atomic positions in protein structure determination requires much higher (better than 1.5Â Ã…) resolution, which so far has not been attained by cryo-EM. The direct visualization of atom positions is essential for understanding the mechanisms of protein-catalysed chemical reactions, and for studying how drugs bind to and interfere with the function of proteins2. Here we report a 1.25Â Ã…-resolution structure of apoferritin obtained by cryo-EM with a newly developed electron microscope that provides, to our knowledge, unprecedented structural detail. Our apoferritin structure has almost twice the 3D information content of the current world record reconstruction (at 1.54Â Ã… resolution3). We can visualize individual atoms in a protein, see density for hydrogen atoms and image single-atom chemical modifications. Beyond the nominal improvement in resolution, we also achieve a substantial improvement in the quality of the cryo-EM density map, which is highly relevant for using cryo-EM in structure-based drug design.
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                    Fig. 1: Optical performance of the Krios Mono/BCOR electron microscope.[image: ]


Fig. 2: Performance comparison of cryo-EM systems.[image: ]


Fig. 3: True atomic resolution.[image: ]
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                Data availability

              
              The atomic models have been deposited in the Protein Data Bank (PDB) with the following accession codes: 1.56 Ã… structure (COW) 6Z9F, 1.55 Ã… structure 6Z9E, 1.33 Ã… structure 7A6B, 1.25 Ã… structure 6Z6U, and 1.15 Ã… structure 7A6A. The cryo-EM maps have been deposited in the Electron Microscopy Data Bank as follows: 1.56 Ã… map (COW, EMD-11122), 1.55 Ã… map (EMD-11121), 1.33 Ã… map (EMD-11669), 1.25 Ã… map (EMD-11103) and 1.15 Ã… map (EMD-11668).
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Extended data figures and tables

Extended Data Fig. 1 Cryo-EM structure determination.
a, Image processing pipeline. SeeÂ Methods for details. b, Fourier-shell-correlation plots for independently refined half-maps (Half maps) and full map versus model (Map to model). c, Histogram of local resolution for the final 1.25 Ã… map obtained with relion postprocess using a small soft spherical mask. d, Final map colored by local resolution. e, Defocus distribution for the total set of 10,398 micrographs. f, Linear magnification distortions as estimated by relion_ctf_refine for the present Krios Mono/BCOR data and data from a standard Titan Krios (EMPIAR-10216). g, Relative magnification variation in the present data as determined by relion_ctf_refine. h, Angular distribution for the final map.


Extended Data Fig. 2 Low-dose cryo-EM micrographs of human apoferritin.
Exemplary micrographs (left) acquired with a total dose of ~50e-Ã…2 are shown with their power spectra (PS), equi-phase average (EPA) and the fit of the contrast transfer function (Fit). A total number of 10.398 similar micrographs has been recorded. Numbers indicate the respective defocus in Î¼m and the maximum resolution (in Ã…) in the power spectra as estimated by Gctf22. White arrow heads denote the transition from areas with particles in dense packing to areas devoid of particles indicating a very thin layer of vitrified ice, as required for high-resolution imaging.


Extended Data Fig. 3 Comparing high-resolution features obtained by X-ray crystallography and cryo-EM.
For the comparison, we selected the same tyrosine residue (Tyr32 in human apoferritin, Tyr34 in frog) from our structures obtained at different resolutions with published crystallographic data of apoferritin at the indicated resolution. The same residue is shown at high (red) and low (grey) threshold to better judge the structural details and the map quality. Density that can be attributed to hydrogen atoms can barely be seen in any of the X-ray structures. Even at 1.06 Ã… resolution only weak density for hydrogens can be detected while the cryo-EM reconstruction already reveals some density for hydrogens at 1.35 Ã… resolution. At high thresholds, the separation into clearly distinct atoms can only be seen in the 1.06 Ã… resolution X-ray map but not in lower resolution X-ray data. In case of our cryo-EM reconstructions we can see individual atoms starting at 1.35 Ã… resolution or better. Cryo-EM structures at 1 Ã… resolution are currently not possible because they would require unrealistically high particle number statistics even with the Krios Mono/BCOR microscope (see Fig. 2).


Extended Data Fig. 4 Structural features of our cryo-EM maps at 1.55/1.25 Ã… resolution compared to the thus far reported highest-resolution map at 1.54 Ã… resolution (EMDB-9865).
Three apoferritin residues (His151, Phe51, Arg76) are shown at two different density thresholds in three cryo-EM maps. Row one depicts our present high-resolution map at 1.25 Ã…; resolution and row three shows a structure at 1.55 Ã…; resolution obtained from a smaller subset of the same data. Only 22.000 particles were necessary for this reconstruction to obtain 1.55 Ã… resolution which is a 5.5Ã— lower particle statistics compared to the 1.54 Ã… Jeol CryoARM300 map (second row). The low-threshold density meshes are always shown in grey and H atoms (white sticks) are included in the corresponding atomic models. Only in the Krios Mono/BCOR structure at 1.25 Ã…; resolution density becomes visible to accommodate all hydrogen atoms. At higher thresholds the two structures at 1.54 Ã… and 1.55 Ã… resolution nicely maintain the shapes of the sidechains but only in the structure at 1.25 Ã…; resolution individual atoms become clearly separated from each other indicating true atomic resolution.


Extended Data Fig. 5 Visualization of a single atom chemical modification.
Cysteine 90 of human apoferritin is located at the surface of the macromolecular complex. The solvent-exposed regions are usually determined at lower local-resolution in cryo-EM but in our high-resolution structure it is still sufficient to visualize a single atom oxygen modification (marked by a square on the entire molecule and by the red circle in the close-up).


Extended Data Fig. 6 Relevant map-model building parameters and solvent molecules.
a, As expected for such high-resolution structures, the calculated model validation parameters are in a very good range for all cryo-EM map/models. The results from the three structures at 1.56/1.55/1.54 Ã… resolution can best be compared because they were determined at very similar resolution. When comparing those structures, all validation parameters are in favour of the Krios Mono/BCOR structures. Their atomic models have better geometries and more waters were built into the maps compared to the Jeol 1.54 Ã… map. b, The number of water molecules that we localized in a structure rises with resolution of a map, which is true for X-ray and for cryo-EM. The plot shows the number of water molecules found in the various X-ray structures (red dots) in relation to the cryo-EM maps (Relion-blue, COW-orange and Jeol-magenta). At the 1.5 Ã… level, substantially more water molecules were identified for both Krios Mono/BCOR reconstructions compared to the Jeol map at very similar nominal resolution. We obtained the highest number of waters for the 1.56 Ã… map that was calculated with the COW software. For this model, the number of built waters gets very close to the X-ray data at this resolution. It is noteworthy that the number of waters that were located in the X-ray structures is still generally higher than for the cryo-EM maps for reasons that are currently unknown.


Extended Data Fig. 7 Improving the image acquisition speed over the time of the project.
a, Several changes were made in the data acquisition scheme of the Titan Krios Mono/BCOR microscope. We started with manual data collection and then implemented several different EPU versions to increase the speed. EPU#1 was similar in speed to manual acquisition with one image per hole. EPU#2 required the automation of the C3 aperture and allowed us to take three images per hole. Only with EPU#3 we had a version allowing for automated re-centering of the monochromator which reduced the number of discarded images due to large dose variations. The currently highest speed in data acquisition is EPU#4 for which we reach roughly 100 movies per hour using the recording scheme shown in b) (only available since Dec 2019). Most data of this project was recorded with the EPU#3 scheme. b, To reach an acquisition speed of 100 micrographs/hour we move the stage only once to record data from 9 ice holes on a custom made EM grid (Quantifoil R1.2/1.0). Image/beam shift is applied to reach all 45 acquisition areas. The BCOR is tuned to compensate for image shift induced coma. Using this scheme we would also benefit significantly from a faster camera like the Falcon 4 (Thermo Fischer Scientific). Just by replacing the camera this would allow us to reach an almost 5 times higher recording speed of 500 micrographs per hour (F4 in a).


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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Video 1
This video shows ten amino acids of apoferritin at atomic resolution with the cryo-EM density at two different thresholds. (Software: Cinema4D-R14).
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