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            Abstract
In eukaryotes, accurate chromosome segregation in mitosis and meiosis maintains genome stability and prevents aneuploidy. Kinetochores are large protein complexes that, by assembling onto specialized Cenp-A nucleosomes1,2, function to connect centromeric chromatin to microtubules of the mitotic spindle3,4. Whereas the centromeres of vertebrate chromosomes comprise millions of DNA base pairs and attach to multiple microtubules, the simple point centromeres of budding yeast are connected to individual microtubules5,6. All 16 budding yeast chromosomes assemble complete kinetochores using a single Cenp-A nucleosome (Cenp-ANuc), each of which is perfectly centred on its cognate centromere7,8,9. The inner and outer kinetochore modules are responsible for interacting with centromeric chromatin and microtubules, respectively. Here we describe the cryo-electron microscopy structure of the Saccharomyces cerevisiae inner kinetochore module, the constitutive centromere associated network (CCAN) complex, assembled onto a Cenp-A nucleosome (CCANâ€“Cenp-ANuc). The structure explains the interdependency of the constituent subcomplexes of CCAN and shows how the Y-shaped opening of CCAN accommodates Cenp-ANuc to enable specific CCAN subunits to contact the nucleosomal DNA and histone subunits. Interactions with the unwrapped DNA duplex at the two termini of Cenp-ANuc are mediated predominantly by a DNA-binding groove in the Cenp-Lâ€“Cenp-N subcomplex. Disruption of these interactions impairs assembly of CCAN onto Cenp-ANuc. Our data indicate a mechanism of Cenp-A nucleosome recognition by CCAN and how CCAN acts as a platform for assembly of the outer kinetochore to link centromeres to the mitotic spindle for chromosome segregation.
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                    Fig. 1: Structure of the S. cerevisiae CCAN complex.[image: ]


Fig. 2: Structure of the S. cerevisiae CCANâ€“Cenp-ANuc complex.[image: ]


Fig. 3: Cenp-LN interacts with the unwrapped DNA duplex of Cenp-ANuc.[image: ]


Fig. 4: The Cenp-N DNA-binding groove is required for stable CCANâ€“Cenp-ANuc interactions.[image: ]
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                Data availability

              
              Electron microscopy maps have been deposited with the Electron Microscopy Data Bank with accession codes EMD-4580 (CCAN), EMD-4579 (CCAN-Cenp-ANuc), EMD-4581 (mask1) and EMD-4971 (mask2). Protein coordinates have been deposited with the PDB with accession codes 6QLE (CCAN), 6QLD (CCAN-Cenp-ANuc) and 6QLF (mask1). The XL-MS raw files, the associated output and databases have been deposited through the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD013769. Other data are available upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Reconstituted S. cerevisiae CCANâ€“Cenp-ANuc complexes.
a, Size-exclusion chromatogram profiles (Agilent Bio SEC-5 column) for (i) CCAN, (ii) CCANâ€“Cenp-A nucleosome (with Widom 601) complex, (iii) Cenp-A nucleosome (with Widom 601), (iv) H3 nucleosome (with Widom 601) and (v) H3N-Cenp-ANuc (with Widom 601). b, Comparative size-exclusion chromatogram profiles (Agilent Bio SEC-5 column) for CCANâ€“Cenp-ANuc with the Cenp-A nucleosome wrapped with either the (i) 147-bp Widom 601 positioning sequence (CCANâ€“Cenp-ANuc (Widom 601) as in a) or (ii) a 153-bp S. cerevisiae centromeric Cen3 sequence (CCANâ€“Cenp-ANuc (Cen3)). Both complexes eluted at the same volume. CCAN and the H3 nucleosome do not form a complex (iii). c, Coomassie-blue-stained SDSâ€“PAGE of the 14-subunit CCAN complex. d, Coomassie-blue-stained SDSâ€“PAGE gel of Cenp-ANuc (Widom 601). Lane E32, ethidium bromide-stained gel of fraction 32. e, CCANâ€“Cenp-ANuc (Widom 601) complex. Lane E13, ethidium-bromide-stained gel of fraction 13. Size-exclusion chromatograms are shown in a. f, SDSâ€“PAGE gel of CCAN and H3 nucleosome (Widom 601) SEC run shown in b. gâ€“j, Coomassie-blue-stained SDSâ€“PAGE gels of various Cenp-H, I and K segments co-expressed with Cenp-TW and purified with a double Strep tag on the tagged Cenp-I subunit (*). j, The HFDs of Cenp-TW (Cenp-THFDW) interact with the Cenp-HIKHead. These results confirm the assignments of the Cenp-H, K and I subunits in our cryo-EM maps. k, Schematic of the organization of CCANâ€“Cenp-ANuc subunits and subcomplexes and connections to the outer kinetochore Mis12 and Ndc80 complexes. Lines indicate subcomplex connections. The two pathways connecting Cenp-ANuc to the Ndc80 complex and microtubules are indicated as P1 and P2 (thick lines to Ndc80). Subunits of the essential P1 pathway are labelled black and indicated with blue shading, whereas subunits of the non-essential P2 pathway are labelled white and indicated with yellow shading. The P2 pathway becomes essential when the P1 pathway is defective through defects in Dsn1 phosphorylation9. The experiments shown in aâ€“j were performed independently in triplicate with similar results. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 2 Cryo-EM data of the S. cerevisiae CCANâ€“Cenp-ANuc complex.
a, A typical cryo-electron micrograph of CCANâ€“Cenp-ANuc, representative of 9,002 micrographs. b, Galleries of 2D classes of CCAN, representative of 100 2D classes. c, Galleries of 2D classes of CCANâ€“Cenp-ANuc, representative of 150 2D classes. The 2D class averages for the C2-symmetric (CCAN)2â€“Cenp-ANuc complex viewed in the plane of the C2-symmetry axisÂ are outlined in red. Only a few views were observed, precluding a 3D reconstruction. Cryo-EM grids partially destabilize CCANâ€“Cenp-ANuc interactions, resulting in a very low abundance of (CCAN)2â€“Cenp-ANuc particles (aboutÂ 0.03% of total). The two-fold symmetry axes of the (CCAN)2â€“Cenp-ANuc complex are shown as dashed arrows. Experiments for data in b and c were performed independently 12 times with similar results. d, FSC curves shown for the cryo-EM reconstructions of CCANâ€“Cenp-ANuc complexes: apo-CCAN, mask1 (Cenp-OPQU+, Cenp-LN), mask2 (Cenp-HIK, Cenp-LN, sub-Cenp-OP), CCANâ€“Cenp-ANuc. Mask1 and mask2 used for MBR are defined in h and i and Methods. e, Angular distribution plot of CCANâ€“Cenp-ANuc particles. f, Local resolution map of CCAN. g, Local resolution map of CCANâ€“Cenp-ANuc. h, Local resolution map of mask1 (Cenp-OPQU+, Cenp-LN). i, Local resolution map of mask2 (Cenp-HIK, Cenp-LN, sub-Cenp-OP).


Extended Data Fig. 3 Workflow of 3D classification of the CCANâ€“Cenp-ANuc cryo-EM dataset.
a, After initial 2D classification, about 1.4 million particles were sorted by 3D classification into apo-CCAN (52%) and the CCANâ€“Cenp-ANuc complex (48%). For apo-CCAN, 4% existed as dimers (black box) and 19% showed an ordered head-group (Cenp-HIKHead) for the Cenp-HIKâ€“TW subcomplex (blue box). A mask was applied to the CCANâ€“Cenp-ANuc cryo-EM map to exclude the structurally variable Cenp-HIKHead domain for reconstruction of the 4.15Â Ã… structure. b, Details of the four masks used for MBR. c, A small 3D class of CCANâ€“Cenp-ANuc, revealing density attached to Cenp-HIKHead contacting the DNA gyre of Cenp-ANuc was assigned as Cenp-THFDW.


Extended Data Fig. 4 Cryo-EM density maps of apo-CCAN.
a, Portion of cryo-EM map for the coiled coils of Cenp-H and Cenp-K. A selection of highly conserved intersubunit residues defined in b and c are labelled. These residues are well defined in the cryo-EM density, consistent with the structure. b, c, Multiple sequence alignment of the coiled-coil regions of Cenp-H (b) and Cenp-K (c). dâ€“f, Portions of cryo-EM maps for Cenp-LN (d), Cenp-I (e) and Nkp1â€“Nkp2 (f). The chain assignments and polarity of Cenp-H, Cenp-I and Cenp-K of our structure agree with the cryo-EM structure of yeast Ctf3 (PDB: 6OUA)61.


Extended Data Fig. 5 Cryo-EM densities of CCAN and CCANâ€“Cenp-ANuc complexes.
a, Cryo-EM reconstruction of CCANâ€“Cenp-ANuc from uncrosslinked sample at 8.6Â Ã… resolution. b, Cryo-EM map of dimeric CCAN (also Extended Data Fig. 3a, black box). Subunits are colour-coded as in Fig. 1. The 3.5Â Ã… monomeric free CCAN coordinates were rigid-body-docked into the cryo-EM map. c, Cartoon representation of the S. cerevisiae MIND complex15 (right), showing a notable similarity to the coiled coils of Cenp-QUâ€“Nkp1â€“Nkp2 of CENP-OPQU+ (left). d, View of the 4.7Â Ã… resolution cryo-EM map of free Cenp-HIK with fitted coordinates from CCAN. e, In the context of CCAN, Cenp-HIKHead rotates to accommodate Cenp-ANuc. The two conformations of Cenp-HIK from the apo-CCAN and CCANâ€“Cenp-ANuc complexes were superimposed onto their rigid portion of Cenp-HIK (C-terminal region of Cenp-I is shown for apo-CCAN) to indicate the conformational variability of Cenp-HIKHead between the two states. Subunits of Cenp-HIKHead of CCANâ€“Cenp-ANuc are coloured lighter. f, Cryo-EM density of Cenp-ANuc showing the Cenp-C motif of Cenp-C.


Extended Data Fig. 6 XL-MS analysis of the CCAN and CCANâ€“Cenp-ANuc complexes.
a, b, Circular plots displaying all the identified crosslinks for CCAN (a) and CCANâ€“Cenp-ANuc (b). Inter- and intra-subunit crosslinks are indicated in red and blue, respectively c, d, Histogram plots showing the CÎ±â€“CÎ± distance distribution of the crosslinks that could be mapped onto the CCAN (c) and CCANâ€“Cenp-ANuc structures (d). Ninety-five per cent of the mapped crosslinks satisfy the crosslinker-imposed distance restraint of 30Â Ã… indicated with a dashed red line. e, f, Crosslinks mapped onto the CCAN (e) and CCANâ€“Cenp-ANuc complex (f). Inter and intra-subunit crosslinks are indicated in red and blue, respectively. Crosslinks exceeding the crosslinker-imposed distance restraint of 30Â Ã… are indicated in yellow. g, Residues on CCAN shown by XL-MS that crosslink with Cenp-C are indicated on the CCAN structure. Red spheres, crosslinks in the CCANâ€“Cenp-ANuc complex; yellow spheres, additional crosslinks unique to apo-CCAN. The experiments shown in a and b were performed independently in triplicate with similar results.


Extended Data Fig. 7 The S. cerevisiae Cenp-ANuc nucleosome is unwrapped.
aâ€“c, The positivelyÂ charged electrostatic potential of the DNA-binding groove of Cenp-LN subcomplex is conserved in S. cerevisiae, S. pombe and H. sapiens. S. pombe and H. sapiens are represented by modelled structures. d, Cenp-N interacts with S. cerevisiae Cenp-ANuc in the context of CCAN differently from the interaction of free human Cenp-N with Cenp-ANuc. The Cenp-N subunit of the human Cenp-Nâ€“Cenp-A nucleosome structure (PDB: 6C0W29) was superimposed onto Cenp-N of the S. cerevisiae CCANâ€“Cenp-ANuc structure. In this mode of Cenp-Nâ€“Cenp-ANuc interactions, Cenp-ANuc would clash with Cenp-OPQU+ and Cenp-N of CCAN. e, f, Structures of S. cerevisiae H3Nuc (PDB: 1ID324) (e) and Cenp-ANuc (f, this work). g, Sequence alignment of the N-terminal regions of S. cerevisiae H3 and Cenp-A (Cse4) histones. For the chimeric H3Nâ€“Cenp-ANuc, residues 1â€“50 of S. cerevisiae H3 were substituted for residues 1â€“140 of S. cerevisiae Cenp-A. A similar approach was used for vertebrate Cenp-ANuc (ref. 23).


Extended Data Fig. 8 SDSâ€“PAGE of CCANÎ”Cenp-Câ€“Cenp-ANuc complexes.
Corresponding size-exclusion chromatograms are shown in Fig. 4b and Extended Data Fig. 9a. a, b, Mutating the Cenp-N DNA-binding groove did not impair CCANÎ”Cenp-C assembly. c, Wild-type CCANÎ”Cenp-C forms a complex with Cenp-ANuc. d, Mutating the Cenp-N DNA-binding groove disrupts CCANÎ”Cenp-Câ€“Cenp-ANuc interactions. e,Â Mutating the L1 loop of Cenp-A did not destabilize CCANÎ”Cenp-Câ€“Cenp-ANuc interactions. f, Deletion of the N terminus of Cenp-A (1â€“129) (Î”NCenp-ANuc) did not impair CCANÎ”Cenp-Câ€“Cenp-ANuc interactions. h, Both CCANÎ”Cenp-C and CCANÎ”Cenp-Câ€“Cenp-NMut bound poorly to H3Nâ€“Cenp-ANuc. The experiments shown were performed independently in triplicate with similar results. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 9 Testing of CCANÎ”Cenp-C binding to Cenp-ANuc.
a, Comparative SEC profiles (Agilent Bio SEC-5 column) for wild-type CCANÎ”Cenp-C and the Cenp-NMut of CCANÎ”Cenp-C to Cenp-ANuc and its modifications (Cenp-ANuc-L1Nuc, Î”NCenp-ANuc and H3N-Cenp-ANuc) and H3Nuc. Mutating the L1 loop (Cenp-AL1-Nuc) of Cenp-A or deletion of the N-terminal 129 residues (Î”NCenp-ANuc) did not destabilize CCANÎ”Cenp-Câ€“Cenp-ANuc interactions. By contrast, CCAN with the Cenp-NMut bound less well and both CCAN and CCANâ€“Cenp-NMut hardly bound to H3Nâ€“Cenp-ANuc. (CCANÎ”C, CCANÎ”Cenp-C). Associated SDSâ€“PAGE is shown in Extended Data Figs. 8, 9b). b, Coomassie-blue-stained SDSâ€“PAGE showed that CCANÎ”Cenp-C did not associate with H3Nuc. c,Â Micrococcal nuclease digestion of Cenp-ANuc, H3Nuc and H3Nâ€“Cenp-ANuc. Widom 601 DNA is shown as a control. The H3Nuc and H3Nâ€“Cenp-ANuc protect a similar and longer length of DNA compared with Cenp-ANuc. d, Model of CBF360 bound to CCANâ€“Cenp-ANuc, indicating that CBF3 would not associate with a fully assembled kinetochore, consistent with proteomic data62. The experiments shown in aâ€“c were performed independently in triplicate with similar results. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 10 S. cerevisiae CCANâ€“Cenp-ANuc comprises two CCAN complexes in solution.
aâ€“c, The predicted mass of (CCAN)2â€“Cenp-ANuc is 1.31 MDa, (CCAN)1â€“Cenp-ANuc is 0.77 MDa and that of a CCAN dimer 1.09 MDa (Extended Data Table 2). Representative SECâ€“MALS data for crosslinked S. cerevisiae CCANâ€“Cenp-ANuc complex (a), run independently in triplicate with similar results, average molecular mass is 1.23 MDa ((CCAN)2â€“Cenp-ANuc); uncrosslinked S. cerevisiae CCANâ€“Cenp-ANuc complex (b), run independently in triplicate with similar results, with average masses of 1.38 MDa ((CCAN)2â€“Cenp-ANuc) and 526 kDa (CCAN); and S. cerevisiae CCAN alone (c), run independently in duplicate with similar results, with average masses of 839 kDa for the leading edge (green) and 650 kDa for the trailing edge (magenta), suggesting a non-resolved monomerâ€“dimer equilibrium. d, e, Velocity analytical ultracentrifugation of crosslinked (d) and uncrosslinked (e) S. cerevisiae CCANâ€“Cenp-ANuc complexes with residuals to the fits shown in f and g. f, g, Fit of a c(s) distribution model for the crosslinked complex (f), the major species sediments at 15.8S (Sw,20Â =Â 26.1S) with a minor species at 12.1S (Sw,20Â =Â 20.0S) that corresponds to calculated masses of 1.34 MDa ((CCAN)2â€“Cenp-ANuc) and 896 kDa (possibly (CCAN)1â€“Cenp-ANuc), respectively, with a fitted value of 1.761 for the frictional ratio. g, Fit for uncrosslinked samples, the major species is resolved into two species that sediment at 14.3S (Sw,20Â =Â 22.6S) and 15.7S (Sw,20Â =Â 24.9S) with a minor species at 12.3S (Sw,20Â =Â 19.4 S), which gave masses of 1.32 MDa ((CCAN)2â€“Cenp-ANuc) and 1.15 MDa ((CCAN)2) for the major species and 716 kDa ((CCAN)1â€“Cenp-ANuc) for the minor species. The experiments shown in dâ€“g were performed independently in triplicate with similar results. h, Examples of two 2D class averages showing the (CCAN)2â€“Cenp-ANuc particles viewed in the plane of the C2 symmetry axis (red outline) (data from Extended Data Fig. 2c) and the 2D reprojections of a modelled (CCAN)2â€“Cenp-ANuc based on the CCANâ€“Cenp-ANuc cryo-EM reconstruction (yellow outline) (shown in i). There is a close correspondence in shape and dimensions between the calculated reprojections and the observed 2D classes. The two-fold symmetry axes of the (CCAN)2â€“Cenp-ANuc complex are shown as dashed arrows. i, j, Two alternative models for how CCAN assembled onto a Cenp-A nucleosome would interact with the outer kinetochoreâ€“microtubule interface (Supplementary VideoÂ 2). i, In scenario (1), CCAN interacts with the outer kinetochore from the same side as the DNA-binding surface. Microtubules attached to the outer kinetochore would hoist CCAN from below the over-lying nucleosome and out-stretched DNA. j, In scenario (2), the microtubule-outer kinetochore interface contacts CCAN from the opposite side to the CCAN DNA-binding surface. Outer-kinetochore (outer-KT): KMN network and microtubule-attachment complexes, Dam1â€“DASH (budding yeast) and Ska proteins of vertebrates. The combined dimension of (CCAN)2â€“Cenp-ANuc (32Â nm) matches that of the hub at the centre of the yeast kinetochore63.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table


Extended Data Table 2 Table of CCAN subunitsFull size table





Supplementary information
Supplementary Figure 1
Original source images for all data obtained by electrophoretic separation: Coomassie blue stained and ethidium bromide stained SDS PAGE and western blots and ethidium bromide stained agarose gel


Reporting Summary

Supplementary Table 1
Cross-linking mass spectrometry data for apo CCAN. Listed are cross-linked lysine residues


Supplementary Table 2
Cross-linking mass spectrometry data for CCANâ€“Cenp-ANuc. Listed are cross-linked lysine residues


Video 1
Cryo-EM density map for CCANâ€“Cenp-ANuc is shown, first without density for Cenp-HIKHead. Next, density map for CCANâ€“Cenp-ANuc with Cenp-HIKHead is shown


Video 2
Model for dimeric CCAN assembled onto Cenp-ANuc. The two scenarios for how CCANâ€“Cenp-ANuc might attach to the outer kinetochore are indicated (Extended Data Fig. 10i, j)
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