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            Abstract
Single-particle electron cryomicroscopy (cryo-EM) involves estimating a set of parameters for each particle image and reconstructing a 3D density map; robust algorithms with accurate parameter estimation are essential for high resolution and automation. We introduce a particle-filter algorithm for cryo-EM, which provides high-dimensional parameter estimation through a posterior probability density function (PDF) of the parameters given in the model and the experimental image. The framework uses a set of random support points to represent such a PDF and assigns weighting coefficients not only among the parameters of each particle but also among different particles. We implemented the algorithm in a new program named THUNDER, which features self-adaptive parameter adjustment, tolerance to bad particles, and per-particle defocus refinement. We tested the algorithm by using cryo-EM datasets for the cyclic-nucleotide-gated (CNG) channel, the proteasome, Î²-galactosidase, and an influenza hemagglutinin (HA) trimer, and observed substantial improvement in resolution.
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                    Fig. 1: Illustration of support points in the particle filter and the LFs in the rotation subspace of the CNG dataset.


Fig. 2: Support points in three subspaces.


Fig. 3: Comparison of the resolutions among different processing options for three datasets.


Fig. 4: z-height distribution of proteasome particles in ice.


Fig. 5: Comparison of the 3D reconstructions of the 40Â°-tilted dataset of the influenza HA trimer27.
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                Data availability

              
              The entry codes of the datasets from EMPIAR are EMPIAR-10025, EMPIAR-10061, and EMPIAR-10097. The entry codes of the density maps from the EMDB are EMD-6656, EMD-2984, EMD-6287, and EMD-8731. The entry codes of the structure models from the Protein Data Bank are PDB 1PMA, PDB 3WHE, PDB 5H3O, and PDB 5A1A. The calculated density maps that support the findings of this study are available as Supplementary Data and from the corresponding author upon reasonable request.
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Integrated supplementary information

Supplementary Figure 1 3D classification of the CNG dataset.
a-d) are four classes calculated from 211,826 particles after one round of filtering by 2D classification in our previous work17. The side view (left) and top view (right) are shown. The model with C4 symmetry (PDB entry code: 5h3o) was docked in the maps. The uncovered models, pointed to by orange arrows, indicate the missing part of the subunit in the trans-membrane region of the CNG channel.


Supplementary Figure 2 3D classifications by THUNDER.
a) Density maps calculated from the dirty dataset of the proteasome. b) Density maps calculated from the dirty dataset of the Î²-galactosidase. Four classes were calculated with ellipsoid initial models. No symmetry was applied.


Supplementary Figure 3 FSC curves of CNG reconstructions with various numbers of support points after the scanning phase (the first phase of the iteration).
The tests were performed in the a) rotation subspace and b) x-y translation subspace. The nearly identical FSC curves with various numbers of support points implied that a small amount of support points can give accurate parameter estimation.


Supplementary Figure 4 Support points on different likelihood functions.
a) The support points distributed on a strong single peak of the LF which was calculated from a â€œgoodâ€� particle image. b) The support points distributed on multiple strong peaks of the LF which was calculated from a â€œbadâ€� particle image.


Supplementary Figure 5 Representative side-chain maps of the Î²-galactosidase reconstruction with various options.
Some aromatic rings in Î²-galactosidase showed clearer holes in the center than that in the published map (EMDB entry code: 2984) (Supplementary Fig. 5).


Supplementary Figure 6 Comparison of the resolution and estimated tilting angle by different programs for the 40o-tilted dataset of the influenza HA trimer27.
a) FSC curves corresponding to different method of local defocus determination. Two tests were performed to evaluate the defocus refinement by THUNDER. For the first one, CTFTilt18 was used to obtain the initial defocus estimation, and then THUNDER with defocus refinement was used to reprocess the dataset. The final resolution of the reconstruction was reported at 3.69 Ã… with most side-chains visible (Fig. 5b). The defocus refinement contributed a 0.9 Ã… resolution improvement (see the red dotted and solid lines). Another test was performed with the defocus value (estimated by GCTF26) from the downloaded parameter file (EMPIAR entry code: 10097), and reported 3.81 Ã… resolution before the defocus refinement. This result is better than the published one, but slightly worse than the one above, indicating less defocus accuracy of GCTF than that of the defocus refinement by THUNDER. Unexpectedly, the defocus refinement on the basis of the GCTF results did not obviously improve the resolution. Considering the defocus refinement is just a local refinement, a possible reason is that the initial defocus error of some particles is beyond the working range of the defocus refinement. b) Histogram of tilt angles of micrographs. To further validate the estimated defocus, we made statistics of the tilt angles of micrographs, measured by plane fitting of the per-particle defocus values from the same micrograph. The histograms corresponding to CTFTilt and the defocus refinement of THUNDER are pretty identical and closed to the expected 40o tilt. The one from GCTF (from the downloaded parameter file) has a different angle distribution from the other three, which might imply errors in measured defocus.


Supplementary Figure 7 The defocus refinement at different resolution range.
a) 3D reconstruction of the Thermoplasma acidophilum 20S proteasome calculated by THUDNER, and b) corresponding FSC curves before and after the defocus refinement. c, d and e) the histogram of the defocus statistics before and after the defocus refinement for the proteasome CCD dataset, CNG dataset and the high-resolution proteasome dataset from EMPIAR, respectively. To test the performance of the defocus refinement of THUNDER on low-quality and low-resolution dataset, we collected a dataset of proteasome on a Tecnai F20 200kV microscope with Gatan US4000 CCD camera. This dataset contains 42 untilted micrographs and 44 tilted micrographs (20o tilted). The initial defocus was measured by CTFFind3 for untilted micrographs and CTFTilt for tilted micrographs (the per-particle defocus was estimated according to the measured tilting angle and tilting axis from CTFTilt). Because the per-particle defocus values measured directly from the entire micrograph might be very coarse, it was expected to see more significant improvement after defocus refinement. The final reconstruction at 8.1 Ã… resolution were calculated from 21404 particles. Comparing the FSC curves before and after defocus refinement, there is just a small improvement after defocus refinement. A further test was then designed by adding ~â€‰500 Ã… defocus shift to the refined defocus of each particle and then examining whether the defocus refinement by THUNDER could recover them. c) The histograms of defocus distribution. The black curve is the distribution of the initial defocus, and blue curve is that after a shift of ~â€‰500 Ã…, and the red curve is that after the defocus refinement. The vertical dashed lines indicate the mean of defocus distributions. It can be seen that the defocus is partially recovered after defocus refinement. We also did the same tests for d) the CNG and e) the high-resolution proteasome dataset from EMPIAR. It is seen that the defocus can be recovered nearly perfectly. These results indicate that the defocus refinement by THUNDER can also work for the data collected by a CCD camera. But the performance of defocus refinement is limited by the low sensitivity of 3D reconstruction to the defocus errors at ~â€‰9 Ã… resolution level.


Supplementary Figure 8 3D reconstruction of three datasets.
The a) CNG density map, b) proteasome density map and c) Î²-galactosidase density map are shown. The left images are the whole density maps with the resolution value labeled on the bottom. The right are the representative secondary structures segmented from the maps deposited in EMDB (top) and from the maps on the far left solved by THUNDER (bottom).


Supplementary Figure 9 Resolution comparisons of 3D reconstructions calculated by different programs.
a) FSC curves of the clean dataset of the proteasome. b) FSC curves of the dirty dataset of the proteasome. Three options of THUNDER, the grading and the defocus refinement enabled (red solid lines), only the grading enabled (red dashed lines), and both the grading and the defocus refinement disabled (red dotted lines), were tested, and the corresponding results were compared with RELION 2.1 (blue dotted lines) and cryoSPARC 0.6.5 (turquoise dotted lines). The clean dataset has less bad particles then the dirty one. Therefore, the resolutions with and without the particle grading are much closed, and also similar to the results from RELION and cryoSPARC. The dirty dataset should contain more bad particles, as expected, the improvement by the particle grading is more obvious than that with the clean dataset. Meantime, the improvements relative to THUNDER and cryoSPARC are also larger than that with the clean dataset, which further demonstrate the advantage of the bad particle tolerance. For the image processing, the default settings of three programs were used, and D7 symmetry was applied during 3D reconstructions. THUNDER used an ellipsoid map as initial model, and RELION used a cylinder with the similar size of the proteasome as initial model. For cryoSPARC, all particles in each dataset were first classified to one 3D class to generate one initial model, and then â€œHomogenous Refinementâ€� were performed with this initial model.


Supplementary Figure 10 Scalability of the parallel computing of THUNDER.
Three dirty datasets were used to measure the computing time of a) 3D refinement and b) 3D classification of the CNG dataset, c) 3D refinement and d) 3D classification of the proteasome dataset, e) 3D refinement and f) 3D classification of the Î²-galactosidase dataset. Each job was submitted to 8, 16, 32 and 64 computing nodes, respectively. The computing time versus the number of computing nodes shows nearly ideal linear trend (red curves). Each computing node has two E5â€“2680v3 CPU and 128GB DDR4 RAM. The current version of THUNDER needs to load the entire dataset into RAM to reduce the pressure on the storage I/O, which requires that the sum of the available RAM spaces from all computing nodes is larger than the size of the dataset. Due this limitation, the Î²-galactosidase job on 8 computing nodes failed, and hence was not tested. The data loading strategy will be changed in the next version of THUNDER to avoid this problem.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“10, Supplementary Table 1 and Supplementary Notes 1 and 2


Reporting Summary

Supplementary Protocol
Beginnerâ€™s guide of THUNDER


Supplementary Data
Final cropped maps using the dirty datasets for CNG, proteasome and Î²galactosidase, and the HA trimer (EMPIAR-10097). The readme file shows the detailed information of the maps


Supplementary Software
THUNDER CPU and GPU versions
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