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            Abstract
Members of the dynein family, consisting of cytoplasmic and axonemal isoforms, are motors that move towards the minus ends of microtubules. Cytoplasmic dynein-1 (dynein-1) plays roles in mitosis and cellular cargo transport1, and is implicated in viral infections2 and neurodegenerative diseases3. Cytoplasmic dynein-2 (dynein-2) performs intraflagellar transport4 and is associated with human skeletal ciliopathies5. Dyneins share a conserved motor domain that couples cycles of ATP hydrolysis with conformational changes to produce movement6,7,8,9. Here we present the crystal structure of the human cytoplasmic dynein-2 motor bound to the ATP-hydrolysis transition state analogue ADP.vanadate10. The structure reveals a closure of the motorâ€™s ring of six AAA+ domains (ATPases associated with various cellular activites: AAA1â€“AAA6). This induces a steric clash with the linker, the key element for the generation of movement, driving it into a conformation that is primed to produce force. Ring closure also changes the interface between the stalk and buttress coiled-coil extensions of the motor domain. This drives helix sliding in the stalk which causes the microtubule binding domain at its tip to release from the microtubule. Our structure answers the key questions of how ATP hydrolysis leads to linker remodelling and microtubule affinity regulation.
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                    Figure 1: Crystal structure of dynein-2:ADP.Vi.[image: ]


Figure 2: ADP.Vi binding to AAA1 nucleotide-binding site induces closure of AAA1/AAA2 interface.[image: ]


Figure 3: Linker bending upon closure of AAA1 nucleotide-binding site.[image: ]


Figure 4: Buttress movement triggers helix sliding in the stalk.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Examples of the electron density quality in dynein-2:ADP.Vi.
2FoÂ âˆ’Â Fc electron density in different parts of dynein-2:ADP.Vi. Amino-acid side-chains are clearly resolved in the linker (a), AAA1 (b), AAA4 (c) and AAA6 (d). Only the main-chain could be traced in the stalk (e) and the buttress (f). The electron density in aâ€“d was map-sharpened. The contour level is 1Ïƒ, except for e which was contoured at 0.75Ïƒ.


Extended Data Figure 2 Structural similarity between individual subdomains of dynein-1 and dynein-2.
Alignment of individual subdomains from dynein-2:ADP.Vi and dynein-1:ADP (PDB accession number 3VKG). a, Alignment of AAA+ large (AAA1L-AAA6L) subdomains and the linker subdomains (Link1â€“2, Link3â€“4). b, Alignment of individual AAA+ small subdomains (AAA1Sâ€“AAA6S) and the C-terminal domain. Dynein-2 subdomains are coloured according to the scheme used in the main text, and shown in the inset cartoons. Dynein-1 subdomains are shown in grey. Calculated root mean squared deviation (r.m.s.d.) values are shown above each alignment and demonstrate that the subdomains of dynein-2 are structurally highly similar to dynein-1. The AAA+ ring subdomains with the largest r.m.s.d. differences are AAA1L and AAA1S. These subdomains are the most strongly conserved part of the dynein structure and the differences are probably due to the ADP.Vi binding. The distortion of AAA1L, by its interaction with the AAA2L inserts, is described in the main text.


Extended Data Figure 3 Closed interfaces between AAA+ domains of the AAA+ ring in dynein-2:ADP.Vi.
a, Gaps in the AAA+ rings of different dynein motor domain crystal structures. In dynein-1:APO (PDB accession number 4AKI) and dynein-1:ADP (PDB accession number 3VKG) there are gaps between AAA1L/AAA2L and AAA5L/AAA6L or AAA4L/AAA5L. In dynein-2:ADP.Vi a smaller gap exists between AAA5L/AAA6L. Gaps are indicated by black arrows. b, Calculated buried surface areas indicate that the interfaces between AAA1/AAA2, AAA2/AAA3, AAA3/AAA4, AAA4/AAA5 and AAA6/AAA1 are tightly closed in dynein-2:ADP.Vi (buried surface areas 1,059â€“1,706Â Ã…2). The AAA5/AAA6 interface is more open (buried surface area 837Â Ã…2). Nucleotides are shown in stick representation. AAAL, AAA+ large subdomain; AAAS, AAA+ small subdomain.


Extended Data Figure 4 The four nucleotide binding sites of dynein-2:ADP.Vi.
aâ€“c, The AAA1 site contains electron density consistent with an Mg.ADP.Vi molecule. All catalytic amino-acid residues have the correct conformation to support catalysis. d, Photo cleavage11 of washed dynein-2 crystals upon exposure to ultraviolet light (+UV) produces two bands of 300 and 90Â kDa (arrowheads). This suggests crystals contain an ADP.Vi group in AAA1. e, f, The AAA2 site contains density consistent with a Mg.ATP molecule. g, h, The AAA3 and i, j, AAA4 sites contain electron density that is best modelled as ADP. In contrast to AAA1, AAA2â€“AAA4 have lost the catalytic residues necessary for ATP hydrolysis (the Walker B glutamate, the arginine finger, sensor-I and sensor-II motifs). The FoÂ âˆ’Â Fc electron density (a, e, g, i) is contoured at 3Ïƒ. The 2FoÂ âˆ’Â Fc electron density (c) is contoured at 1Ïƒ. W-A, Walker A motif; W-B, Walker B motif; S-I, sensor-I; S-II, sensor-II; RF, arginine finger. Magnesium ions (Mg2+) are shown as green spheres. The vanadium ion of the vanadate molecule (Van) is shown as a pink sphere.


Extended Data Figure 5 Changes in conformation within dynein AAA+ ring.
a, Superimposition of the AAA1L domains of dynein-2:ADP.Vi (blue) and dynein-1:ADP (grey) shows that helices H2 and H3 of AAA1L are displaced when the H2-Î² hairpin insert of AAA2L (red) comes into contact with H2 of AAA1L. b, An alignment of the AAA1L domains of dynein-2:ADP.Vi (blue), dynein-1:APO (PDB accession number 4AKI) (pale yellow) and dynein-1:ADP (PDB accession number 3VKG) (grey) shows that the loop containing the sensor-I residue is highly variable between the structures. In the presence of ADP.Vi the loop makes contacts (purple spheres) with AAA2L. c, d, Superimposition of AAA2-AAA4 domains between dynein-2:ADP.Vi and dynein-1:ADP (c) or dynein-1:APO (d) shows that AAA2â€“AAA4 move as a rigid body.


Extended Data Figure 6 Linker interaction with the AAA+ ring in dynein-2:ADP.Vi, dynein-1:ADP and dynein-1:APO.
aâ€“c, Link3â€“4 interacts with AAA1L in all structures similar. Mainly hydrophobic contacts exist between the linker H11 helix and the H2 helix as well as the S2 Î²-sheet of AAA1L. In addition the long peptide that connects the linker with AAA1 (yellow) mediates contacts between Link3â€“4 and AAA1L. d, Link1â€“2 is stabilized by contacts with AAA2 and AAA3 in dynein-2:ADP.Vi Link1â€“2, e by contacts with the AAA2 H2 insert in dynein-1:ADP and f by contacts with AAA5 in dynein-1:APO. Red spheres represent contacts.


Extended Data Figure 7 Conservation of contact sites between linker and dynein ring.
Multiple alignment of cytoplasmic dynein-1 (Cyt-1), dynein-2 (Cyt-2), axonemal inner arm dyneins (IDA) and outer arm Î³ (ODAg) and Î±Î² (ODAab) dyneins. Dyneins are from human (Hs), Chlamydomonas reinhardtii (Cr), Tetrahymena thermophila (Tt), D. discoideum (Dd), S. cerevisiae (Sc), Drosophila melanogaster (Dm), Emericella nidulans (En) and Candida albicans (Ca). Residues are shaded by conservation, with dark blue being the most conserved. Red asterisks mark hydrophobic contacts that stabilize the bent linker conformation, black asterisks mark the contact site between AAA2L H2 insert (E2028) and the linker (R1413) and green asterisks mark poorly conserved contacts between the linker and the AAA3 H2-S3 insert.


Extended Data Figure 8 Characterization of dynein-2 mutants by negative electron microscopy and microtubule gliding assays.
a, Representative micrographs showing the quality of the raw electron microscopy data. Scale bar, 20Â nm. b, Left, histograms showing distribution of angles between the linker and the stalk in three replicate negative-stain electron microscopy experiments (10Â° bin width); right, representative subclasses used for angle measurement. c, Mean velocities of dynein-2 mutants in microtubule gliding assays. GFPâ€“dynein-2D1091â€“Q4307 (wild type: WT) glides microtubules at 134Â Â±Â 8Â nmÂ sâˆ’1 (N = 99). The microtubule gliding velocities for the other constructs are Î”AAA3L H2â€“S3, 59Â Â±Â 4Â nmÂ sâˆ’1 (N = 79); K1413AÂ +Â E2028A, 49Â Â±Â 2Â nmÂ sâˆ’1 (N = 31); and Î”AAA4L PS-I, 14Â Â±Â 1Â nmÂ sâˆ’1 (N = 121). Microtubule gliding was not observed in case of Î”AAA2L H2Â +Â PS-I. Error bars, s.e.m.


Extended Data Figure 9 The MTBD in dynein-2 ADP.Vi is in the low microtubule affinity conformation.
a, b, Alignment of dynein-2 ADP.Vi MTBD (pale yellow) with dynein-1 MTBDs (grey) in the low microtubule affinity conformation (PDB accession numbers 3ERR and 3WUQ respectively), and c with a dynein-1 MTBD in the high microtubule affinity conformation (PDB accession number 3J1T). The stalk CC1 and the MTBD H1 undergo conformational changes depending on the microtubule affinity of the MTBD. In dynein-2:ADP.Vi the arrangement of these structural elements suggests the MTBD is in the low microtubule affinity conformation. Stalk CC1 and MTBD H1 are coloured blue in low-affinity structures and red in high-affinity structures.


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table
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: Closure of AAA1/AAA2 interface upon ADP.Vi binding to AAA1 active site
The video starts with an open AAA1 nucleotide binding site as in dynein-1:ADP (PDB ID: 3VKG). The morph into the dynein-2:ADP.Vi crystal structure illustrates how AAA2 PS-I and H2 inserts (red) come into contact with AAA1 H2 helix and close the gap between AAA1L (blue) and AAA2L (cyan) subdomains. ADP.Vi bound to AAA1 is shown in stick representation. (MOV 3073 kb)


The remodeling of the linker during the powerstroke priming
The video starts with the post-powerstroke conformation of the linker in dynein-1:ADP (PDB ID: 3VKG). Linker subdomains 1 and 2 (Link1-2 â€“ pink), the hinge helix (H10 â€“ purple) as well as linker subdomains 3 and 4 (Link3-4 â€“ salmon) adopt a straight conformation. The movie shows a transition to the pre-powerstroke conformation of the linker observed in the dynein-2:ADP.Vi crystal structure. The mobile Link1-2 undergoes a rigid-body movement with respect to the static Link3-4. The hinge helix bends to accommodate the movement. (MOV 2086 kb)


Clash of AAA4 PS-I insert with Link1-2 after AAA1 site closure
The video starts with the dynein-1:ADP structure (PDB ID: 3VKG) where the linker is in the straight post-powerstroke conformation (Link1-2 â€“ pink, hinge helix H10 â€“ purple, Link3-4 â€“ salmon) and morphs into the dynein-2:ADP.Vi structure where the linker is in the bent pre-powerstroke conformation. The closure of the AAA1 nucleotide binding site located at the interface between AAA1 (blue) and AAA2 (cyan) causes a rigid-body movement of AAA2-AAA4 (cyan-green-yellow). The AAA2-AAA4 movement leads to a clash between the AAA4L PS-I insert and Link1-2. The clash is relieved by Link1-2 switching into the pre-powerstroke conformation. (MOV 3417 kb)


The rotation of AAA6L/AAA5S is linked to conformational changes in the stalk/buttress interface
The video starts with the AAA5-AAA6-AAA1 section of the AAA+ ring in the post-powerstroke state as observed in the dynein-1:ADP structure (PDB ID: 3VKG). The central Î²-sheet of AAA6L (red) points towards AAA1L (pale blue) and both helices of the stalk (yellow) supercoil each other. This view morphs into the pre-powerstroke state as observed in the dynein-2:ADP.Vi structure. AAA6L (red) and AAA5S (orange) rotate as a unit so that the central Î²-sheet of AAA6L now points towards the AAA+ ring center. The buttress, which extends from AAA5S (orange), slides along the stalk (yellow). The movement of the buttress is correlated with the appearance of a kink in the stalk CC2 helix and a sliding movement of the stalk CC2 relative to the stalk CC1. For clarity other AAA+ domains are shown in pale colours (AAA5L â€“ pale orange, AAA6S â€“ pale red). (MOV 3158 kb)


Conformational changes within the dynein AAA+ ring upon ADP.Vi binding to AAA1
The video starts with dynein-1:ADP AAA+ ring and morphs into the AAA+ ring as observed in dynein-2:ADP.Vi. The linker has been removed for clarity. The ADP.Vi induced closure of the AAA1 site, located at the interface between AAA1 (blue) and AAA2 (cyan), leads to a rigid-body movement of AAA2-AAA4 (cyan-green-yellow). This movement pushes against the AAA5L/AAA4S (orange/yellow) unit which in turn causes the AAA6L/AAA5S (red/orange) unit to rotate. The rotation of AAA6L/AAA5S is linked to the sliding of the coiled-coil helices in the stalk (yellow). (MOV 3201 kb)


Conformational changes within the dynein AAA+ ring are coupled to linker movement 
The video displays the same conformational changes as described in Supplementary Movie 5 and in addition shows the remodeling of the linker (Link1-2 â€“ pink, hinge helix H10 â€“ purple, Link3-4 â€“ salmon). AAA1 site closure upon ADP.Vi binding leads to a rigid-body movement of AAA2-AAA4 (cyan-green-yellow) that causes a clash between the AAA4L PS-I insert (yelllow) and Link1-2 (pink). The clash is relieved by Link1-2 switching from the post-powerstroke into the pre-powerstroke conformation. (MOV 2617 kb)
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