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Reference: Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1-12, doi:10.1016/j.jsb.2015.11.003 (2016).

Frealign (v9.11): Cryo-EM data processing software.

Reference: Grigorieff, N. (2016). Frealign: An Exploratory Tool for Single-Particle Cryo-EM. Methods Enzymol. 579, 191-226.

cisTEM (refine3d version 1.01, reconstruct3d version 1.02, https://cistem.org): cisTEM is user-friendly software to process cry-EM images of
macromolecular complexes and obtain high-resolution 3D reconstructions from them.

SPIDER (v24.01): Cryo-EM data processing software.

Reference: Shaikh, T.R., Gao, H., Baxter, W.T., Asturias, F.J., Boisset, N., Leith, A., and Frank, J. (2008). SPIDER image processing for single-
particle reconstruction of biological macromolecules from electron micrographs. Nat. Protoc. 3, 1941-1974.

SciPy (v1.8.0): SciPy provides algorithms for optimization, integration, interpolation, eigenvalue problems, algebraic equations, differential
equations, statistics and many other classes of problems.

Reference: Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D., Burovski, E., Peterson, P., Weckesser, W.,
Bright, J., et al. (2020). SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat. Methods 17, 261-272.

BioPython (v1.78, https://biopython.org): Biopython is a set of freely available tools for biological computation written in Python by an
international team of developers.

Reference: Cock, P. J. et al. Biopython: freely available Python tools for computational molecular biology and bioinformatics. Bioinformatics
25, 1422-1423, doi:10.1093/bioinformatics/btp163 (2009).

ResMap (v1.1.4): Local resolution estimation of cryo-EM maps.

Reference: Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local resolution of cryo-EM density maps. Nat. Methods 11, 63-65,
doi:10.1038/nmeth.2727 (2014).

LocScale (v0.1): LocScale performs local amplitude scaling based on a atomic reference structure.

Reference: Jakobi, A.J., Wilmanns, M., and Sachse, C. (2017). Model-based local density sharpening of cryo-EM maps. Elife 6.

IMOD (v4.9.10, https://bio3d.colorado.edu/imod/): IMOD is a set of image processing, modeling and display programs used for tomographic
reconstruction and for 3D reconstruction of EM serial sections and optical sections.

Reference: Mastronarde, D. N. & Held, S. R. Automated tilt series alignment and tomographic reconstruction in IMOD. J. Struct. Biol. 197,
102-113, doi:10.1016/j.jsb.2016.07.011 (2017).

O (v15.0.0): Molecular graphics program, model building.

Reference: Jones, T. A., Zou, J. Y., Cowan, S. W. & Kjeldgaard, M. Improved methods for building protein models in electron density maps and
the location of errors in these models. Acta Crystallogr A 47, 110-119 (1991).

PHENIX (v1.17.1-3660, https://www.phenix-online.org): PHENIX is a software suite for the automated determination of molecular structures
using X-ray crystallography and other methods.

References: Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM and crystallography. Acta Crystallogr D Struct Biol 74, 531-544,
doi:10.1107/S2059798318006551 (2018). Afonine, P. V. phenix.mtriage: a tool for analysis and validation of cryo-EM 3D reconstructions.
Computational Crystallography Newsletter 8, 25 (2017).

MolProbity (v4.5, http://molprobity.biochem.duke.edu): Molecular structure validation.

Reference: Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr.
66, 12-21, doi:10.1107/S0907444909042073 (2010).

PyMOL (v2.4, The PyMOL Molecular Graphics System, Version 2.1 Schrodinger, LLC): Molecular graphics visualization.

POV-Ray (v3.8.0-alpha.unofficial, www.povray.org): The Persistence of Vision Raytracer is a high-quality, Free Software tool for creating
stunning three-dimensional graphics. The source code is available for those wanting to do their own ports.

matplotlib (v3.2.1, https://matplotlib.org): Matplotlib is a comprehensive library for creating static, animated, and interactive visualizations in
Python.

Reference: Hunter, J. D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90-95 (2007).

MAFFT (v7.471, https://mafft.cbrc.jp/alignment/software/): MAFFT is a multiple sequence alignment program for unix-like operating systems.
Reference: Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 30, 3059-3066, doi:10.1093/nar/gkf436 (2002).

ESPript (v3.0, http://espript.ibcp.fr/ESPript/ESPript/): 'Easy Sequencing in PostScript', is a program which renders sequence similarities and
secondary structure information from aligned sequences for analysis and publication purpose.

Reference: Gouet, P., Courcelle, E., Stuart, D. I. & Metoz, F. ESPript: analysis of multiple sequence alignments in PostScript. Bioinformatics 15,
305-308, doi:10.1093/bioinformatics/15.4.305 (1999).

DSSP (v2.2.0): Protein secondary structure assignment.

Reference: Kabsch, W., and Sander, C. (1983). Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and
geometrical features. Biopolymers 22, 2577-2637.

PISA (v2.1.2): Protein Interactions, Surfaces and Assemblies (PISA).
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Reference: Krissinel, E., and Henrick, K. (2007). Inference of macromolecular assemblies from crystalline state. J Mol Biol 372, 774-797.

ConSurf (v2016, https://consurf.tau.ac.il): Positional conservation scores from the multiple sequence alignments.

Reference: Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., and Ben-Tal, N. (2016). ConSurf 2016: an improved
methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res 44, W344-350.

CODE AVAILABILITY

The software programs used to generate and analyze the data of this study are publicly available. Custom-written C shell and Python scripts
used to run the programs and analyze data are available from the corresponding authors on reasonable request.

DATA AVAILABILITY

The cryo-EM maps generated in this study have been deposited in the Electron Microscopy Data Bank under accession codes EMD-26603 (local reconstruction)
[https://www.emdataresource.org/EMD-26603] and EMD-26602 (N = 38.5 helical reconstruction) [https://www.emdataresource.org/EMD-26602]. The refined
atomic coordinates generated in this study have been deposited in the Protein Data Bank under accession codes PDB-ID 7UML (local reconstruction) [https://
www.rcsb.org/structure/7UML] and PDB-ID 7UMK (N = 38.5 helical reconstruction) [https://www.rcsb.org/structure/7UMK]. The previously published VSV
structures used in this study are available in the Protein Data Bank under accession codes PDB-IDs 2GIC [https://www.rcsb.org/structure/2GIC], 5UK4 [https://
www.rcsb.org/structure/5UK4], and 1LG7 [https://www.rcsb.org/structure/1LG7]). The VSV protein sequences used in this study to prepare the sequence
alignments (shown in Supplementary Data 1–3) are available in the UniProt67 database under the following accession codes. The accession codes for the N protein
sequences are: VSV_Indiana (P03523) [https://www.uniprot.org/uniprotkb/P03523/entry], vesicular stomatitis virus (Indiana strain); Morreton_virus (A0A0D3R1D1)
https://www.uniprot.org/uniprotkb/A0A0D3R1D1/entry], Morreton vesiculovirus; Maraba_virus (F8SPF5) [https://www.uniprot.org/uniprotkb/F8SPF5/entry],
Maraba virus; Cocal_virus (B3FRL0) [https://www.uniprot.org/uniprotkb/B3FRL0/entry], Cocal virus; Alagoas_virus (B3FRL5) [https://www.uniprot.org/uniprotkb/
B3FRL5/entry], vesicular stomatitis Alagoas virus; Carajas_virus (A0A0D3R1M8) [https://www.uniprot.org/uniprotkb/A0A0D3R1M8/entry], Carajas virus;
VSV_New_Jersey (P16379) [https://www.uniprot.org/uniprotkb/P16379/entry], vesicular stomatitis New Jersey virus; Chandipura_virus (P11211) [https://
www.uniprot.org/uniprotkb/P11211/entry], Chandipura virus; Piry_virus (A0A1I9L1X2) [https://www.uniprot.org/uniprotkb/A0A1I9L1X2/entry], Piry virus;
Isfahan_virus (P16379) [https://www.uniprot.org/uniprotkb/P16379/entry], Isfahan virus; Rabies_virus (P06025) [https://www.uniprot.org/uniprotkb/P06025/
entry], Rabies virus; Mokola_Virus (P0C570) [https://www.uniprot.org/uniprotkb/P0C570/entry], Mokola virus. The accession codes for the M protein sequences
are: VSV_Indiana (P03523) [https://www.uniprot.org/uniprotkb/P03523/entry], vesicular stomatitis virus (Indiana strain); Morreton_virus (A0A0D3R1D1) [https://
www.uniprot.org/uniprotkb/A0A0D3R1D1/entry], Morreton vesiculovirus; Maraba_virus (F8SPF5) [https://www.uniprot.org/uniprotkb/F8SPF5/entry], Maraba
virus; Cocal_virus (B3FRL0) [https://www.uniprot.org/uniprotkb/B3FRL0/entry], Cocal virus; Alagoas_virus (B3FRL5) [https://www.uniprot.org/uniprotkb/B3FRL5/
entry], vesicular stomatitis Alagoas virus; Carajas_virus (A0A0D3R1M8) [https://www.uniprot.org/uniprotkb/A0A0D3R1M8/entry], Carajas virus; VSV_New_Jersey
(P16379) [https://www.uniprot.org/uniprotkb/P16379/entry], vesicular stomatitis New Jersey virus; Chandipura_virus (P11211) [https://www.uniprot.org/
uniprotkb/P11211/entry], Chandipura virus; Piry_virus (A0A1I9L1X2) [https://www.uniprot.org/uniprotkb/A0A1I9L1X2/entry], Piry virus; Isfahan_virus (P16379)
[https://www.uniprot.org/uniprotkb/P16379/entry], Isfahan virus. All data are available from the corresponding authors upon reasonable request.

No explicit sample size calculations were performed to design the cryo-EM studies. The main dataset of the N = 38.5 helical reconstruction in
this study had a sample size of 21530 segment images obtained from 18353 micrographs (movies with 50 frames each). This number
corresponds to a dataset size generally used in the field cryo-EM reconstructions. The local reconstruction is bases on 2985175 images. The
number of particles used for each final map is sufficient to obtain reliable classification and reconstruction results by cryo-EM (Scheres, S. H.
RELION: implementation of a Bayesian approach to cryo-EM structure determination. J. Struct. Biol. 180, 519-530, doi:10.1016/
j.jsb.2012.09.006 (2012)).

Bad particle images were manually excluded after 2D classification. This is the generally adopted practice in the cryo-EM field (Scheres, S. H.




