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Description automatically generated]Supplementary Figure 1 | Cryo-EM single particle analysis processing scheme for the 96-nm repeat of the axonemal doublet microtubule from bovine sperm. (a) A set of cylindrical masks were used to divide the DMT radially into 13 sub-regions. (b) Each cylindrical mask was further divided into 3 shorter segments (up, middle and down). Consequently, the entire DMT structure was divided into a total of 39 local regions. (c) Due to computational constraints, we used a box size of 512 pixels (666 Å) for 3D reconstruction. As a result, we used 4 different reconstruction boxes (positions 1-4) to cover the 96-nm repeat length. The centers of each box were 24-nm apart.  
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Supplementary Figure 2 | Processing scheme for radial spoke 3 (RS3) in bovine sperm. The reconstruction box “position 2” was used as the starting point to calculate a map around RS3 (see also Supplementary Figure 1). After shifting the center of the box to RS3, iterative local refinements were performed starting with a mask around the RS3 base, followed by the stalk, and finally the head. Maps were then aligned and merged into a composite map using vop maximum in Chimera. Similar processing workflows were applied to RS1 and RS2 in sperm and other cell types. 
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Supplementary Figure 3 | Processing scheme for the RS1-associated barrel in bovine sperm. The reconstruction box “position 4” was used as the starting point to calculate a map around RS1 (see also Supplementary Figure 1). The center of the box was shifted to RS1, followed by a local refinement around the RS1 head. At this point, density corresponding to the barrel was visible. 3D classification without alignment was performed using a custom mask in the shape of the barrel (derived from a previous cryo-ET map EMD-27453 1). Particles belonging to the class with strongest density for the barrel (~19% of particles) were then locally refined.
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Supplementary Figure 4 | Processing scheme for the nexin-dynein regulatory complex (N-DRC) in bovine sperm. The reconstruction box “position 3” was used as the starting point to calculate a map around the N-DRC (see also Supplementary Figure 1). Tubulin signal was subtracted and 3D classification performed using a mask around the N-DRC baseplate. Classes showing clear density were pooled, reverted to original particles, and locally refined. The box was then shifted towards the N-DRC distal lobe, followed by local refinement with a corresponding mask. An identical workflow was used for all cilium types in this study.
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Supplementary Figure 5 | Processing scheme for the intermediate chain/light chain (IC/LC) complexes of IDAf and its adjacent ODA in bovine sperm. The reconstruction box “position 4” was used as the starting point to calculate a map around IDAf (see also Supplementary Figure 1). After centering the box between the IDAf IC/LC complex and its neighboring ODA, tubulin signal was subtracted and independent 3D classifications without alignment were performed using masks around either IDAf or ODA. Good classes were pooled and subjected to local refinements to generate the final maps. An identical workflow was used for all cilium types in this study.
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Supplementary Figure 6 | Processing scheme for the IDAf pre-stroke state in bovine sperm. The reconstruction box “position 2” was used as the starting point to calculate a map around RS3 (see also Supplementary Figure 1). A local refinement was performed around the RS3 base, followed by no-alignment 3D classification using a mask around the IDAfβ motor domain visible below IDAd/g. The class with strongest density (~31% of particles) was selected for subsequent focused refinements of IDAf and neighboring complexes. An identical workflow was used for all cilium types in this study.
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Supplementary Figure 7 | Processing scheme for the ARMH1 subcomplex in bovine sperm. The reconstruction box “position 1” was used as the starting point to calculate a map around the bases of RS1, RS2, and IDAc (see also Supplementary Figure 1). In the initial consensus maps, weak density was visible atop the CFAP58 dimer that was not accounted for in available models. After tubulin signal subtraction, 3D classification was performed using a mask derived from previous cryo-ET map (EMD-27452 1), which allowed recovery of classes enriched for the density. Subtracted particles were then reverted to original particles and local refinements performed, which resulted in a 4.6 Å map that could be used to identify the density as ARMH1 (see also Data S1).
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Supplementary Figure 8 | Protein identification and assessment report for AK7. AK7 was identified by SITUS-based automated rigid-body fitting of an AlphaFold library of the bovine sperm proteome. Other hits were excluded because they did not fit the density as well as AK7. To find alternatives with similar folds, AK7 was used as a query in FoldSeek to search the entire human AlphaFold database. Top hits from this approach were discarded because they did not match the density as well as AK7 and/or were not detected in the bovine sperm proteome. Supporting evidence: (i) immunofluorescence localizes AK7 along the human sperm flagellum2 and along axonemes of Xenopus multi-ciliated cells3, (ii) AK7 co-immunoprecipitates with the RS3 protein CFAP251 in Tetrahymena4, and (iii) AK7 levels are reduced when the RS3 protein CFAP91 is knocked-out in Tetrahymena5.
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Supplementary Figure 9 | Protein identification and assessment report for AK8. AK8 was identified by manual tracing of helices followed by a DALI search against the AlphaFold database. Of the top hits, AK8 fit the density unambiguously (i.e. two adenylate kinase domains and an RIIa-like domain). Other hits were discarded because they did not match the density well and/or were not detected in the bovine sperm proteome. To confirm assignment using side chain density, a poly-Ala trace was used as input to findMySequence, which confidently identified AK8 (e-value 4.4e-18). Supporting evidence: (i) immunofluorescence localizes AK8 along the mouse sperm flagellum6, (ii) AK8 co-immunoprecipitates with RSPH3B, a known RS1/RS2 head protein, in mouse sperm flagella7, (iii) sperm from IQUB-knockout mice lacking RS1 show reduced levels of AK8 8, (iv) AK8::GFP co-localizes with RSPH4A in ependymal cilia and co-immunoprecipitates with RSPH3B in HEK293T cells9, (v) AK8 levels are reduced in RSP3-knockout strains of Tetrahymena5, and (vi) AK8 cross-links to RSP3 in Tetrahymena axonemes10.
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Supplementary Figure 10 | Protein identification and assessment report for AK9. The C-terminal domain of AK9 was identified by manual tracing of helices in Coot followed by a DALI search against the AlphaFold database. The remaining domains of AK9 matched neighbouring density. Other hits were discarded because they did not match the density well and were not detected in the bovine sperm proteome. To find alternatives with similar folds, the C-terminal domains of AK9 were separately used as inputs to FoldSeek to query the AlphaFold database. No hit matches the density as well as AK9. Supporting evidence: (i) immunofluorescence localizes AK9 along the axoneme in mouse11 and human sperm12, (ii) AK9 is absent in LRRC-deficient human sperm and in LRRC23-/- mouse sperm 7, which also lack the RS3 head13, (iii) AK9 co-immunoprecipitates with the RS3 base protein CFAP251 in Tetrahymena4, (iv) AK9 levels are reduced when the RS3 protein CFAP91 is knocked out in Tetrahymena5, and (v) AK9::GFP localizes along the axoneme in Xenopus epidermal multi-ciliated cells10.
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Supplementary Figure 11 | Protein identification and assessment report for AKAP14. The AlphaFold prediction for AKAP14 matches the density. Proteins with similar folds, identified using FoldSeek, do not match the density well and were absent from the bovine sperm proteome. AlphaFold-Multimer predicts interactions between AKAP14 and the N-terminal kinase domain of STKLD1, consistent with the cryo-EM density. Supporting evidence: AKAP14 is enriched in airway cilia14 and in other ciliated cell types15.
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Supplementary Figure 12 | Protein identification and assessment report for ANKEF1. ANKEF1 was identified by manual tracing of helices in Coot followed by a DALI search against the human AlphaFold database. Other hits were discarded because they did not match the density well and were not detected in the bovine sperm proteome. Structurally similar proteins, identified using FoldSeek, do not match the density as well as ANKEF1. Supporting evidence: (i) ANKEF1 expression is enhanced in ciliated cells in zebrafish16 and human tissues15, and (ii) immunofluorescence localizes ANKEF1 to the axonemes of kinocilia in zebrafish hair cells17.
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Supplementary Figure 13 | Protein identification and assessment report for ARMH1. ARMH1 was identified by manual tracing of helices followed by a DALI search against the AlphaFold database. Other hits were discarded because they did not match the density well and/or were less abundant or not detected in the bovine sperm proteome. Structurally similar proteins, identified using FoldSeek, do not match the density as well as ARMH1 and/or were less abundant or not detected in the bovine sperm proteome. Supporting evidence: ARMH1 expression is enriched in ciliated cells15.
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Supplementary Figure 14 | Protein identification and assessment report for CAMK4. CAMK4 was identified by manual tracing of helices followed by a deepTracerID search against an AlphaFold database of the bovine sperm proteome. To confirm assignment, a poly-Ala trace was used as input to findMySequence, which identified CAMK4 (e-value = 4.5e-15). AlphaFold-Multimer predicts interactions between CAMK4 & PPIL6 and CAMK4 & RSPH1, consistent with cryo-EM density. Supporting evidence: (i) immunofluorescence localizes CAMK4 to the flagellum in both human18 and chicken sperm19, and (ii) biochemical fractionation and immunofluorescence suggest CAMK4 is bound to the axoneme in tilapia sperm20. An alternative CAMK (CAMK2D) is less abundant in the sperm proteome (iBAQ = 5.31).
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Supplementary Figure 15 | Protein identification and assessment report for CATIP. The C-terminal domain of CATIP was identified by manual tracing of helices followed by a deepTracerID search against an AlphaFold database constructed from the bovine sperm proteome. The N-terminal domain of CATIP matched neighbouring density. Other hits were discarded because they did not match the density well. The N-terminal domain of CATIP was independently identified using SITUS to automatically rigid-body fit a library of AlphaFold predictions from the bovine sperm proteome. Other hits were discarded as they did not fit the density well. Structurally similar proteins, identified using FoldSeek, do not match the density as well as CATIP and/or were not detected in the bovine sperm proteome. Supporting evidence: immunofluorescence and immuno-histochemistry localize CATIP to ciliated cells in zebrafish and human tissues21.
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Supplementary Figure 16 | Protein identification and assessment report for TRiC (CCT1-8). The overall size, shape, and arrangement (i.e. two stacked rings of eight subunits each) of the barrel-shaped complex matches the distinct structure of the TRiC chaperone complex. The structure of individual CCT subunits matches the cryo-EM density. Supporting evidence: Immunofluorescence localizes CCT subunits to mouse sperm flagella22,23.
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Supplementary Figure 17 | Assigning subunit order in RS-tethered TRiC. CCT subunit order was assigned based on distinct features of open-state TRiC that are conserved from yeast to mammals24; specifically, that CCT1 is the most outwardly-tilted and that the largest gap in the ring occurs between CCT1 and CCT4. To confirm subunit assignment, we took a model of open-state TRiC (PDB 7YLV 25), then calculated average map values and cross-correlation scores for eight possible rotations, which showed that our assignment was the best-fitting solution.
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Supplementary Figure 18 | Protein identification and assessment report for CFAP206. CFAP206 was identified by automated tracing using ModelAngelo followed by a DALI search against the human AlphaFold database. Other hits were discarded because they did not match the density. Structurally similar proteins, identified using FoldSeek, do not fit the density as well as CFAP206. Supporting evidence: (i) immunofluorescence localizes CFAP206 along axonemes of respiratory epithelia26, (ii) CFAP206::GFP localizes along axonemes of Xenopus epidermal multiciliated cells26, (iii) Tetrahymena knockouts of CFAP206 lack RS2 and IDAc27.
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Supplementary Figure 19 | Protein identification and assessment report for EFCAB5. The N-terminus of EFCAB5 was identified by a DALI search against the AlphaFold database. The rest of EFCAB5 matched adjacent density. Other hits were discarded because they did not fit the density well and were not detected in the bovine sperm proteome. To find alternative possibilities with similar folds, the C-terminal globular domain of EFCAB5 was used to query the AlphaFold database using FoldSeek. None of the other top hits fit the density.
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Supplementary Figure 20 | Protein identification and assessment report for EFCAB10. EFCAB10 is the ortholog of the recently identified C. reinhardtii protein RSP26 that binds to the same location of RS1/2 28. The AlphaFold prediction of EFCAB10 fits the density well. Structurally similar proteins, identified using FoldSeek, do not fit the density as well as EFCAB10. Supporting evidence: EFCAB10 expression is enriched in ciliated cells15.
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Supplementary Figure 21 | Protein identification and assessment report for LRP2BP. LRP2BP was identified by a DALI search against the AlphaFold database using a backbone traced automatically with ModelAngelo and adjusted in Coot. Other hits were discarded because they did not fit the density as well as LRP2BP. Structurally similar proteins, identified using FoldSeek, do not fit density as well as LRP2BP. To confirm assignment using side chain density, a poly-Ala trace was used as input to findMySequence, which confidently identified LRP2BP (e-value 1.9e-29).
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Supplementary Figure 22 | Protein identification and assessment report for LRRC23. The AlphaFold prediction for LRRC23 matches the cryo-EM density well. To find alternatives with similar folds, LRRC23 was input as query to FoldSeek searching the AlphaFold database. Top hits were discarded because they did not match the density as well as LRRC23 and/or were less abundant/not detected in the bovine sperm proteome. AlphaFold-Multimer predicts interactions between AK9 adenylate kinase domains and LRRC23, consistent with the experimental cryo-EM density. Supporting evidence: (i) immunogold labelling localizes LRRC23 to the radial spokes in mouse sperm flagella29, and (ii) LRRC23 truncation leads to loss of the RS3 head in mouse sperm13.
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Supplementary Figure 23 | Protein identification and assessment report for LRRC51. The AlphaFold prediction for LRRC51 fits the density unambiguously. To find alternative possibilities with similar folds, LRRC51 was input as a query to FoldSeek searching the AlphaFold database. Other hits were discarded because they did not match the density well and/or were less abundant/not detected in the bovine sperm proteome. To confirm assignment using side chain density, a poly-Ala trace was used as input to findMySequence, which confidently identified LRRC51 (e-value 3e-17). Supporting evidence: LRRC51 expression is enhanced in ciliated cells15.
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Supplementary Figure 24 | Protein identification and assessment report for LRRC74A. AlphaFold prediction for LRRC74A matches the density. FoldSeek-identified alternatives did not match the density as well as LRRC74A (in particular the C-terminal globular domain) and/or were less abundant or not detected in the bovine sperm proteome. AlphaFold-Multimer predicts that LRRC74A forms a ternary complex with DRC11 and ANKEF1, consistent with the cryo-EM density.
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Supplementary Figure 25 | Protein identification and assessment report for LRRD1. The AlphaFold prediction for LRRD1 matches the density unambiguously. To find alternative possibilities with similar folds, LRRD1 was input as query to FoldSeek searching the AlphaFold database. Top hits were discarded because they did not match the density as well as LRRD1 and/or were not detected in the bovine sperm proteome. AlphaFold predicts interactions between the C-terminal DEATH domain of LRRD1 and the N-terminal domain of CATIP, consistent with the cryo-EM density.
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Supplementary Figure 26 | Protein identification and assessment report for MDH1A/1B. MDH1B was assigned by manual tracing of helices followed by a DALI search against the AlphaFold database, which identified its N-terminal domain. The C-terminal dehydrogenase domain matched neighbouring density. Other hits were discarded because they did not match the density well and/or were less abundant/not detected in the bovine sperm proteome. Malate dehydrogenases are known to exist as dimers. The density beside MDH1B matches the dehydrogenase domain unambiguously, and the lack of a glutaredoxin-like domain suggests it is MDH1A and not a second copy of MDH1B. AlphaFold predicts interactions between MDH1A and MDH1B consistent with the experimental structure.
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Supplementary Figure 27 | Protein identification and assessment report for MORN5. The AlphaFold prediction for MORN5 matches the density. No structurally similar protein, identified using FoldSeek, matches the density as well as MORN5. Additional domains present in the other top hits cannot be accounted for by neighbouring densities in RS3. AlphaFold predicts interactions between the C-terminal domain of MORN5 and STYXL1, consistent with the experimental cryo-EM density.
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Supplementary Figure 28 | Protein identification and assessment report for PKAC/PKAR. PKAR was identified by SITUS-based automated rigid-body fitting of an AlphaFold library of the bovine sperm proteome. Hits other than PKA regulatory subunits were discarded because they did not match the density as well. Note that we cannot determine the specific PKA regulatory subunit at the resolution of our maps. Density bound to PKAR matches the AlphaFold prediction for PKAC, and the density for the complex matches the AlphaFold prediction for the PKAR/PKAC dimer. Supporting evidence: (i) super-resolution microscopy localizes PKAR and PKAC to the axoneme in mouse sperm30,31, (ii) immunofluorescence studies32,33 show flagellar localization for PKA in sperm, and (iii) PKA co-purifies with axonemes from respiratory cilia14. Similar biochemical evidence supporting PKA being axoneme-associated is reviewed in 34.
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Supplementary Figure 29 | Protein identification and assessment report for RGS22. RGS22 was identified by manual tracing of helices followed by a DALI search against the AlphaFold database. Structurally similar proteins, identified using FoldSeek, do not match the density well and were absent from the bovine sperm proteome. AlphaFold-Multimer predicts interactions between RGS22 and AK8, consistent with the experimental cryo-EM density.
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Supplementary Figure 30 | Protein identification and assessment report for STKLD1. The C-terminal ARM domain of STKLD1 was identified by manual tracing of helices followed by a DALI search against the AlphaFold database. The N-terminal kinase domain of STKLD1 matched the neighbouring density. Other hits were discarded because they did not match the density well and/or were less abundant/not detected in the bovine sperm proteome. AlphaFold-Multimer predicts interactions between the C-terminal ARMC domain of STKLD1 and the N-terminal domain of EFCAB5, consistent with the cryo-EM density.
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Supplementary Figure 31 | Protein identification and assessment report for STKLD1. STYXL1 was identified by SITUS-based automated rigid-body fitting of an AlphaFold library of the bovine sperm proteome. Other hits were discarded because they did not match the density well. Proteins with similar folds to STYXL1, identified using FoldSeek, do not match the density as well as STYXL1 and/or were not detected in the bovine sperm proteome. AlphaFold-Multimer predicts interactions between STYXL1 and CFAP61, consistent with the cryo-EM density.
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Supplementary Figure 32 | Protein identification and assessment report for TEX47. TEX47 is the ortholog of C. reinhardtii protein MOT7 that binds to the same location of the T/TH complex35. The AlphaFold prediction for TEX47 is a good match to the cryo-EM density. To find alternative possibilities with similar folds, TEX47 was input as query to FoldSeek searching the whole human AlphaFold database. Other hits were discarded because they did not match the density as well as TEX47 and/or were not detected in the bovine sperm proteome. Supporting evidence: the related Leishmania LAX28 protein is associated with the T/TH protein CFAP4436.
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Supplementary Figure 33 | Protein identification and assessment report for WDR64. The AlphaFold prediction for WDR64 matches the cryo-EM density, i.e. two β-propellers and an EF-hand-like domain. An orthologous protein, CFAP337, binds to the same location in Tetrahymena axonemes37. Structurally similar proteins, including WDR49, were discarded because they did not match the density as well as WDR64 and/or were less abundant/not detected in the bovine sperm proteome.


Supplementary Table 1 | Cryo-EM and cryo-ET data collection and processing statistics. Reconstructions for the 96-nm DMT repeat from bovine sperm, bovine oviductal cilia, human oviductal cilia, and porcine brain ventricle cilia were obtained by single-particle analysis (SPA), while the reconstruction for porcine oviductal cilia was obtained by subtomogram averaging (STA). For SPA reconstructions, accession codes for composite maps are provided here; those for local refinements are provided in Supplementary Table 2. 
	
	Bovine sperm
(EMD-50664 and PDB 9FQR)
	Bovine oviduct
(EMD-45783)
	Human oviduct
(EMD-45785)
	Porcine oviduct 
(EMD-45677 to -45680)
	Porcine brain ventricle
(EMD-45784)

	Data collection and processing

	Method
	SPA
	SPA
	SPA
	STA
	SPA

	Facility*
	NeCEN & UU-EMC
	 CWRU
	HC2EM
	HC2EM
	 CWRU

	Microscope(s)
	Titan Krios (NeCEN)
Talos Arctica (UU-EMC)
	Titan Krios
	Titan Krios
	Titan Krios
	Titan Krios

	Accelerating voltage (kV)
	300 (Krios)
200 (Arctica)
	300
	300
	300
	300

	Energy filter
	BioQuantum
	BioQuantum
	BioQuantum
	BioQuantum
	BioQuantum

	Detector
	K3 (Krios)
K2 (Arctica)
	K3
	K3
	K3
	K3

	Nominal magnification
	81 000 (Krios)
130 000 (Arctica)
	64,000
	81,000
	53,000
	64,000

	Electron exposure (e-/Å2)
	50
	34
	50
	114 (over a range of ±54° in 3° steps, with 10 frames/tilt)
	34

	Defocus range (µm)
	-0.5 to -2.5
	-0.5 to -2.0
	-0.8 to -2.0
	-2.0 to -4.0
	-0.5 to -2.0

	Pixel size (Å)
	1.06 (Krios)
1.041 (Arctica)
	1.34
	1.06
	1.68
	1.34

	Symmetry
	C1
	C1
	C1
	C1
	C1

	Initial movie stacks (#)
	19,070 (Krios)
26,361 (Arctica)
	4,716
	21,348
	137 (tilt series)
	7,051

	Initial 8-nm particles (#)
	2,585,140
	1,115,389
	1,627,650
	128,356
	1,256,289

	Final 96-nm particles (#)
	203,560
	81,594
	125,346
	7,126
	97,261

	Resolution range (Å)
	See Supplementary Table 2
	9.2-10.2 (at bin2)
	See Sup Table 2

	FSC threshold
	0.143
	0.143
	0.143
	0.143
	0.143



*Abbreviations: NeCEN, Netherlands Center for Electron Nanoscopy. UU-EMC, Utrecht University EM Centre (UU-EMC). CWRU, Case Western Reserve University. HC2EM, Harvard Cryo-Electron Microscopy Center for Structural Biology.

Supplementary Table 2 | Resolution ranges and EMDB IDs for locally refined regions of the 96-nm repeat analyzed by single particle analysis. Resolution was estimated in cryoSPARC using the FSC = 0.143 criterion.
	
	Resolution range (Å) and EMDB IDs

	Region
	Bovine sperm
	Bovine oviduct
	Human oviduct
	Porcine brain ventricle

	DMT (tubulin)
	3.1-3.5
	3.1-3.6
	3-3.5
	3.2-3.8

	RS1
	3.9-5.1
EMD-50866 (RS1 base)
EMD-50867 (RS1 stalk)
EMD-50868 (RS1 head)
	6.6-9.0
EMD-45692 (RS1 base + stalk)
EMD-45693 (RS1 stalk + head)
	6.7-11.0
EMD- 45720 (RS1 base + stalk)
EMD- 45721 (RS1 stalk + head)
	7.3-9.0
EMD-45708 (RS1 base + stalk)
EMD-45709 (RS1 stalk + head)

	TRiC
	7.4
EMD-50875
	-
	-
	-

	RS2
	3.8-4.5
EMD-50869 (RS2 base)
EMD-50870 (RS2 stalk)
EMD-50871 (RS2 head)
	8.0-9.2
EMD-45694 (RS2 base + stalk)
EMD-45695 (RS2 stalk + head)
	7.5-13.0
EMD- 45722 (RS2 base + stalk)
EMD- 45723 (RS2 stalk + head)
	7.1-8.8
EMD-45710 (RS2 base + stalk)
EMD-45711 (RS2 stalk + head)

	RS3
	4.1-4.9
EMD-50872 (RS3 base)
EMD-50873 (RS3 stalk)
EMD-50874 (RS3 head)
	5.9-10.0
EMD-45696 (RS3 base + stalk)
EMD-45697 (RS3 stalk + head)
	6.6-11.0
EMD- 45724 (RS3 base + stalk)
EMD- 45725 (RS3 stalk + head)
	6.7-9.7
EMD- 45712 (RS3 base + stalk)
EMD- 45713 (RS3 stalk + head)

	RS2-RS3 bridge
	7.0
EMD-50876
	-
	-
	-

	N-DRC
	3.5-4.7
EMD-50877 (baseplate)
EMD-50878 (distal lobe)
	3.9-9.3
EMD-45687 (baseplate)
EMD-45686 (distal lobe)
	3.8-6.8
EMD-45715 (baseplate)
EMD-45714 (distal lobe)
	3.8-9.3
EMD-45703 (baseplate)
EMD-45702 (distal lobe)

	IDAab
	3.9-6.7
EMD-50879
	6.7
	
	6.8

	IDAc
	4.0-5.3
EMD-50880
	7.9
EMD-45683
	6.8
	7.8
EMD-45699

	IDAe
	4.3-5.3
EMD-50881
	5.5-8.8
EMD-45684
	7.0
	6.6-8.6
EMD-45700

	IDAdg
	4.4-6.2
	6.4-7.3
	7.8
	8.0

	IDAf IC/LC
	8-9
EMD-50882 (IC/LC)
	8.8
EMD-45685
	9.3
EMD-45790
	9.3

	IDAf motors
	4.6-5.9
EMD-50883 (part 1)
EMD-50884 (part 2)
	7.6-7.8
EMD-45690 (part 1)
EMD-45691 (part 2)
	6.9-7.8
EMD-45718 (part 1)
EMD-45719 (part 2)
	8.1-8.7
EMD-45706 (part 1)
EMD-45707 (part 2)

	ODA-DC
	4.2
EMD-50885
	3.6
EMD-45689
	3.5
EMD-45717
	3.9
EMD-45705

	ODA
	7.1
EMD-50886
	8.7
EMD-45688
	8.0
EMD-45716
	8.7
EMD-45688




Supplementary Table 3 | Summary of mass spectrometry instrumentation used to acquire the proteomics datasets analyzed in this study. References are provided for previously reported datasets that were reanalyzed here. The total number of proteins identified in each dataset is also reported. 
	Cilia Type
	Sperm
	Oviduct
	Brain ventricle
	Respiratory tract

	Species
	Bull
	Pig
	Mouse
	Human
	Bull
	Human
	Pig
	Bull
	Human

	Reference
	Leung et al 2023 38
	Leung et al 2021 39
	Zhou et al 2023 40
	Zhou et al 2023 40
	This study
	This study
	This study
	Gui et al 2021 41
	Gui et al 2022 42

	Instrument
	Orbitrap Lumos
	Q Exactive HF-X
	Q Exactive HF
	Q Exactive HF
	Orbitrap Eclipse
	Orbitrap Velos Pro
	Orbitrap Eclipse
	Orbitrap Velos Pro
	Orbitrap Velos Pro

	Number of proteins identified
	4402
	2069
	4303
	1954
	849
	1713
	4000
	650
	745



Supplementary Table 4 | Proteomics data for various mammalian motile cilia. Proteomics data for bovine oviduct cilia, human oviduct cilia and porcine brain ventricle cilia were newly collected for this study. Previously published proteomics data for bovine respiratory cilia41, human respiratory cilia42, bovine sperm38, mouse sperm40, porcine sperm39 and human sperm40 were re-analyzed in this study and are also presented.



Supplementary Table 5 | Refinement and validation statistics for atomic models reported in this study. Due to the size of the model, the 96-nm repeat was split into two halves that were refined independently. Statistics represent the average of these refinements. Motor domains of ODAs and IDAs other than IDAa and IDAf were rigid-body fit into the maps and not refined as these regions are of lower resolution; hence, they are not included in the refinement statistics.
	
	96-nm DMT repeat from bovine sperm (PDB 9FQR)
	48-nm DMT repeat from bovine oviductal cilia
(PDB 9CPB)
	48-nm DMT repeat from porcine brain ventricle cilia 
(PDB 9CPC)

	Resolution limit set in refinement (Å)
	5
	3.5
	3.7

	Correlation coefficient (CCmask)
	0.65
	0.70
	0.65

	Model composition
	
	
	

	Non-H atoms
	4,326,255
	1,132,899
	1,114,870

	Protein residues
	539,967
	142,674
	140,471

	Ligands
	GDP: 362
GTP: 359
	GDP: 130
GTP: 134
	GDP: 133
GTP: 136

	B-factors (Å2)
	
	
	

	Protein
	98.63
	89.83
	77.42

	Ligand
	47.7
	90.82
	92.13

	RMS deviations
	
	
	

	Bond length (Å)
	0.008
	0.010
	0.007

	Bond angles (°)
	1.19
	1.327
	1.142

	Validation
	
	
	

	MolProbity score
	2.12
	2.11
	2.09

	Clashscore
	9.7
	11.94
	11.72

	Poor rotamers (%)
	0.07
	0.06
	0.67

	Ramachandran plot
	
	
	

	Favored (%)
	94.57
	90.88
	91.50

	Allowed (%)
	5.3
	8.71
	7.92

	Disallowed (%)
	0.14
	0.40
	0.58



Supplementary Table 6 | Newly identified axonemal proteins and their distribution across mammalian motile cilium types. Distribution is inferred from proteomics data reported in this study and in previous work, along with expression data from the Human Protein Atlas. This table also reports sequence identifiers of putative orthologs in Chlamydomonas reinhardtii, if any. Colors in this table (blue for proteins present in all motile cilia and pink for sperm-specific proteins) correspond to the colors in Figure 2a.

Supplementary Table 7 | Summary of disease phenotypes associated with disruption of axonemal proteins. Colors in this table correspond to the colors in Figure 2. References cited in this table: TUBB4B 43, CCDC39 44–51, CCDC40 49,50,52–55, CFAP58 56,57, CCDC146 58,59, AK8 7,60, CAMK4 61–63, CFAP206 26,64, CYB5D1 65, DNAJB13 66–69, IQUB 8,70, LRRC34 71, NME5 60,72,73, ROPN1L 74, RSPH1 49,50,75–78, RSPH3 50,79,80, RSPH6A 81–83, RSPH9 50,84–87, AKAP14 88, AK7 2,60,89–92, AK9 11,12,93, CATIP 21,94, CFAP91 95–98, CFAP251 99–101, LRRC23 13,29,102,103, PRKACA 104–106, PRKAR1A/1B 107,108, STKLD1 109, STYXL1 23, ANKEF1 110, DRC1 111–115, DRC2 116–120, DRC3 121,122, DRC4 123–126, DRC5 127,128, DRC7 129, DRC9 130,131, DRC10 132, DNAH8 133–135, DNAH17 136–140, DNAI1 141,142, DNAI2 143–145, CCDC63 146, ODAD1 147,148, ODAD2 149–151, ODAD3 152–155, ODAD4 156,157, ODAD5 158,159, CFAP57 160,161, DNAH2 162–165, DNAH10 166–169, DNAI3 170,171, DNAI4 165, DYNLL1 172, DYNLT2B 173, CCDC39 174–178, CFAP44 174–177, DNAH1 177,179–187, DNAH3 188, DNAH6 189–191, DNAH7 192–194, DNAH12 195–197, DNALI1 198–203, CETN1 204,205, TTC29 206,207, ZMYND12 208.

Supplementary Table 8 | Expression clusters of core and sperm-specific axonemal proteins during spermatogenesis. Data were retrieved from 209, a single-cell RNA-sequencing study that analyzed gene expression in three distinct mouse cell types (spermatogonia, spermatocytes, and round spermatids), each representing a unique stage of spermatogenesis. The genes were subsequently clustered into six classes, numbered 1-6, based on their relative RNA-sequencing signal within each cell type. Classes with lower numbers (e.g. 1 and 2) include genes predominantly expressed in spermatogonia (and therefore early in spermatogenesis) whereas classes with higher numbers (e.g. 5 and 6) include genes most highly expressed in round spermatids, signifying their activation later in spermatogenesis.


Supplementary Video 1 | Molecular composition and organization of radial spoke 3 (RS3) in bovine sperm. Proteins are shown one at a time for clarity. Note that the order of appearance is not meant to imply order of assembly.

Supplementary Video 2 | Conformational changes of inner dynein arm f (IDAf) associated with the transition from post-stroke to pre-stroke state. Video shows morphs between models of the post-stroke state PDB 8J07210 and the pre-stroke state (this study).

Supplementary Video 3 | Conformational changes of outer dynein arms (ODAs) associated with the transition from post-stroke to pre-stroke state. Video shows morphs between models of the post-stroke state (PDB 8J07210) and the pre-stroke state (this study).
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