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In brief

The centromere is a specialized

chromosome locus that seeds the

kinetochore, a macromolecular complex

that promotes chromosome segregation.

Pesenti, Raisch et al. report the structure

of the constitutive centromere-

associated network (CCAN), a multi-

subunit assembly that surrounds

CENP-A/CenH3, the centromere’s epige-

netic marker. The structure raises funda-

mental new questions on centromere

organization.
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SUMMARY
Centromeres are specialized chromosome loci that seed the kinetochore, a large protein complex that effects
chromosome segregation. A 16-subunit complex, the constitutive centromere associated network (CCAN),
connects between the specialized centromeric chromatin, marked by the histone H3 variant CENP-A, and
the spindle-binding moiety of the kinetochore. Here, we report a cryo-electron microscopy structure of hu-
man CCAN. We highlight unique features such as the pseudo GTPase CENP-M and report how a crucial
CENP-C motif binds the CENP-LN complex. The CCAN structure has implications for the mechanism of spe-
cific recognition of the CENP-A nucleosome. A model consistent with our structure depicts the CENP-C-
bound nucleosome as connected to the CCAN through extended, flexible regions of CENP-C. An alternative
model identifies both CENP-C and CENP-N as specificity determinants but requires CENP-N to bind CENP-A
in a mode distinct from the classical nucleosome octamer.
INTRODUCTION

The distribution of chromosomes from a mother cell to its

daughters is of paramount importance for the stability of intra-

and inter-generational genetic inheritance. Essential for this

process is a specialized protein complex, the ‘‘kinetochore,’’

which mediates the interaction of chromosomes and spindle

microtubules. Kinetochores are complex macromolecular ma-

chines, consisting of approximately 30 core subunits, and are

regulated at multiple levels to ensure errorless chromosome

segregation (McKinley and Cheeseman, 2016; Musacchio and

Desai, 2017).

Kinetochores assemble on a specialized chromosome

segment, the centromere. The histone H3 variant centromeric

protein A (CENP-A) is the hallmark of centromeres (McKinley

and Cheeseman, 2016; Mellone and Fachinetti, 2021; Talbert

and Henikoff, 2020). It seeds kinetochores by recruiting

the 16-subunit constitutive centromere-associated network

(CCAN) complex (Foltz et al., 2006; Izuta et al., 2006; Obuse

et al., 2004; Okada et al., 2006) (Figure 1A). Two CCAN proteins,

CENP-C and CENP-N, have emerged for specific recognition of

CENP-A. CENP-C binds CENP-A nucleosomes through two
Molecular Cell 82, 2113–2131, J
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related motifs, the central region and the CENP-C motif.

CENP-N recognizes the L1 loop of CENP-A (also referred to as

Arg-Gly or RG loop), where the sequences of CENP-A and H3

diverge (Ali-Ahmad et al., 2019; Allu et al., 2019; Ariyoshi et al.,

2021; Carroll et al., 2009, 2010; Chittori et al., 2018; Fang

et al., 2015; Guo et al., 2017; Kato et al., 2013; Pentakota

et al., 2017; Tian et al., 2018; Walstein et al., 2021).

The CCAN is the heart of the inner (centromere-proximal)

kinetochore and plays several crucial functions in kinetochore

assembly and centromere maintenance. First, it provides dock-

ing sites for the Knl1-Mis12-Ndc80 (KMN) network, a protein as-

sembly of the outer (centromere-distal) kinetochore that medi-

ates microtubule attachment and feedback control of the cell

cycle (Musacchio and Desai, 2017). Second, it contributes to

the inheritance of centromeres through cell division, which im-

plies replenishment of CENP-A to compensate for its reduction

during DNA replication (Jansen et al., 2007; Schuh et al.,

2007). A basic organization comprising a CENP-A-based centro-

mere and a CCAN-based inner kinetochore has undergone

considerable evolutionary variation but remains recognizable in

the vast majority of eukaryotes, including humans (Drinnenberg

and Akiyoshi, 2017; Tromer et al., 2019; van Hooff et al., 2017).
une 2, 2022 ª 2022 The Author(s). Published by Elsevier Inc. 2113
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In Saccharomyces cerevisiae and related yeasts, centromeres

are built on a conserved �125-base-pair (bp) segment of DNA.

These centromeres are limited to a single specialized nucleo-

some defined by the presence of Cse4CENP-A and are thus

defined as ‘‘point centromeres’’ (Bloom and Carbon, 1982; Fitz-

gerald-Hayes et al., 1982; Pluta et al., 1995). Most CCAN sub-

units are also identified in these organisms, where they are

collectively referred to as the Ctf19 complex (henceforth

Ctf19CCAN). Recent high-resolution cryo-electron microscopy

structures of the S. cerevisiae’s Ctf19CCAN complex revealed

the reciprocal organization of subunits and a possible mode of

interaction with a Cse4CENP-A nucleosome (Hinshaw and Harri-

son, 2019, 2020; Yan et al., 2019; Zhang et al., 2020).

Contrary to the point centromere of S. cerevisiae, most eukary-

otes have regional centromeres that extend over tens of

thousands to even millions of DNA bases. These more complex

centromeres often feature repetitive DNA sequences, such as

the AT-rich, �171-bp a-satellite DNA repeats of human kineto-

chores (McKinley and Cheeseman, 2016; Musacchio and Desai,

2017; Talbert andHenikoff, 2020). Regional centromere assembly

and inheritance, however, may be largely independent of DNA

sequence. Rather, CENP-A and associated CCAN proteins

promote the propagation of centromeres through the cell-cycle-

regulated recruitment of specialized CENP-A loading machinery

(Gambogi and Black, 2019; Mellone and Fachinetti, 2021).

The conservation of CCAN subunits suggests that regional

centromeres are modular and assembled from the repetition of

a basic point centromere ‘‘unit module’’ similar to Ctf19CCAN.

Reconstitution of a discrete human CCAN complex with purified

components has provided strong support for this idea (McKinley

et al., 2015; Pesenti et al., 2018; Walstein et al., 2021; Weir et al.,

2016). Furthermore, negative-stain electron microscopy pro-

vided a first low-resolution reconstruction of human CCAN,

revealing a structure reminiscent of that in S. cerevisiae and

related yeasts (Hamilton et al., 2019; Kixmoeller et al., 2020; Pe-

senti et al., 2018).

Here, we report cryo-electronmicroscopy (cryo-EM) structures

of human CCAN assemblies comprising 16 subunits, desig-

nated CENP-16, including the N-terminal region of CENP-C resi-

dues 1–544 (CENP-C1–544) and the subcomplexes CENP-O/

CENP-P/CENP-Q/CENP-U/CENP-R (CENP-OPQUR complex),

CENP-N/CENP-L (CENP-LN), CENP-H/CENP-I/CENP-K/CENP-

M (CENP-HIKM), and CENP-T/CENP-W/CENP-S/CENP-X

(CENP-TWSX). We show that the human CCAN structure,

although similar to the yeast Ctf19CCAN structure in its outline, di-

verges from it in crucial aspects that have important implications

for nucleosome binding. Furthermore, we report that previous

structures of the CENP-N N-terminal region bound to an octa-

meric CENP-A nucleosome (Allu et al., 2019; Chittori et al.,
Figure 1. General organization of human CCAN

(A) Scheme of kinetochore organization with CCAN subcomplexes.

(B) Surface model of CENP-16 complex colored to identify distinct sub-modules

(C) Cartoon model of human CCAN with differently colored chains.

(D) Cartoon model of the S. cerevisiaeCtf19CCAN with same coloring scheme as fo

(E) Cartoon models of human CCAN and yeast Ctf19CCAN were superposed thr

compared. Pillar 2 adopts different orientations in human and yeast CCANCtf19: m

Pillar 1 and the base were removed to enhance clarity. See Figure S10 for furthe
2018; Pentakota et al., 2017; Tian et al., 2018) seem incompatible

with the environment of CENP-N in human CCAN. We discuss

various models of centromere organization that might reconcile

these observations.

RESULTS

An overview of CCAN
We generated CENP-16 from stable individual subcomplexes

in preparation for cryo-EM data collection (Figures S1 and

S2). Two datasets, including one of pure CENP-16 (dataset I)

and one of CENP-14 (lacking CENP-SX) with 145-bp DNA

and CENP-A:H4 (dataset II), were processed independently

(FiguresS3andS4; seealsoTableS1andSTARMethods).Weob-

tained reconstructions for bothdatasets, but only dataset I yielded

a resolution range (3.7 Å in the center with lower resolution

in peripheral regions) compatible with reliable model building

(Figures S3–S5).

Molecular models of CCAN subunits were either available from

previous structural work (CENP-M, CENP-N), or were generated

by homology modeling based on structures of yeast CCAN (Hin-

shaw and Harrison, 2019, 2020; Yan et al., 2019; Zhang et al.,

2020), and in later phases by AlphaFold2 in the variants Colab-

Fold and AlphaFold-Multimer (Evans et al., 2021; Jumper et al.,

2021; Mirdita et al., 2021). Structure-based alignments of yeast

and human CCANCtf19 subunits are in Figures S6–S9. Models

were fitted in the density using a combination of manual and

automated fitting (see STAR Methods). The final model of

CENP-16 has a molecular mass of �450 kDa and consists of

�25,000 atoms, encompassing 14 of the 16 subunits. CENP-S

and CENP-X (CENP-SX), which require CENP-TW for incorpora-

tion into CENP-16 (Figures S1E and S1F), were not modeled as

we could not identify a density for these subunits, suggesting

they are disordered or absent from the particles.

CENP-16 can be rationalized as consisting of two ‘‘pillars’’ con-

nectedbya ‘‘vault’’ anda ‘‘base’’ (Figure1B).Pillars1and2consist

of CENP-OPQUR and CENP-HIKM, respectively. The vault con-

sistsofCENP-LN.ThebaseconsistsofCENP-TW,whoseposition

ismore clearly defined in the lower-resolutionmap fromdataset II,

possibly a stabilizing effect from presence of DNA and/or CENP-

A:H4 in the sample (neither of which, however, had clearly recog-

nizable density). Despite their overall similarity (Figures 1C and

1D), human and yeast CCANCtf19 differ significantly due to two

distinct and large rigid-body rotations (Figures S10A–S10E) (Ve-

evers and Hayward, 2019). The first rotation describes the degree

of opening of the vault, whose curvature is higher in the human

complex (deep, closed vault) relative to yeast (shallow, open vault)

(Figures S10C–S10D). The second rotation is roughly parallel to

theaxisof the longCENP-HKcoiled-coil anddescribes the relative
discussed in the text.

r human subunits, as applicable (Hinshaw and Harrison, 2019; Yan et al., 2019).

ough CENP-NChl4, and the resulting orientation of pillar 2 (CENP-HIKM) was

ore divergent in yeast and more parallel to pillar 1 (CENP-OPQUR) in humans.

r details on structural differences of human CCAN and yeast Ctf19CCAN.
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orientation of CENP-L and pillar 2 (Figure S10E). It causes the

angle between pillar 1 and pillar 2 to be much wider in the yeast

structure than in the human structure (Figure 1E and

FiguresS10FandS10G). These structural differences have impor-

tant implications, as discussed below.

Map resolution is highest where the vault interactswith pillars 1

and 2 and decreases in more peripheral regions (Figures S3 and

S4). Nevertheless, there is significant density, especially in maps

from dataset II, for the complex of the CENP-I N-terminal domain

with the CENP-HK C-terminal domain, which together form a

‘‘HIK head domain’’ connected to the rest of pillar 2 by a short

hinge (Figure 1C). The HIK head domain associates with the his-

tone-fold domains (HFDs) of CENP-T and CENP-W (the ‘‘base’’).

These were modeled with AF2 and also with reference to crystal

structures of the Cnn1CENP-T-Wap1CENP-W complex bound to the

S. cerevisiae HIK head (PDB: 6WUC and 6YPC) (Hinshaw and

Harrison, 2020; Zhang et al., 2020) (Figure 1C).
CENP-R, CENP-C, and CENP-M
CENP-R caps the ‘‘northern’’ globular head of pillar 1 (Figures 1C

and 2A). Density is limited to a CENP-R region comprising resi-

dues Phe86-Gln149 (as assigned by AF2), consisting of two a

helices and a short helical connector (Figure 2B). The rest of

the structure is predicted intrinsically disordered. The CENP-R

helices pack against a short pair of helices at the C terminus of

the CENP-QU subcomplex. Their position is roughly equivalent

to that of a helices of Nkp1 and Nkp2 in the related structure of

the S. cerevisiae Ctf19CCAN complex (Hinshaw and Harrison,

2019; Yan et al., 2019) (Figure 1D), possibly suggesting a distant

evolutionary relationship. However, Nkp1 and Nkp2 accompany

the entire length of pillar 1 in Ctf19CCAN, tightly interacting with

Okp1CENP-U and Ame1CENP-Q, whereas CENP-R does not

extend beyond the head of pillar 1. As a result, pillar 1 is thinner

in human CCAN (Figures 1C and 1D).

Most of the 943-residue protein CENP-C is predicted intrinsi-

cally disordered. Previous work rationalized CENP-C as a blue-

print for kinetochore assembly, with an N- to C-terminal succes-

sion of binding motifs aligned along the outer to inner

kinetochore axis (Klare et al., 2015; Walstein et al., 2021). These

begin at the N terminus with an interaction motif for the outer-

kinetochore MIS12 complex (Gascoigne et al., 2011; Screpanti

et al., 2011), followed by motifs for the CCAN subunits CENP-

LN and CENP-HIKM (comprised between residues 259 and

326 and highlighted in green in Figure 2C) (Klare et al., 2015; Pen-

takota et al., 2017), and further down for the CENP-A nucleo-
Figure 2. CENP-C, CENP-M, and CENP-R

(A) Cartoon of human CCAN viewed from above (relative to Figure 1C), with the ‘‘k

upper domain of pillar 2 with CENP-M.

(B) Close-up view of the two helices of CENP-R, with visible residues and conne

(C) Sequence of HsCENP-C within the CCAN-binding region. Two sequences (gre

(Klare et al., 2015). The FIIDE motif interacts with the CENP-LN dimerization dom

(D) Cartoon model of the CENP-LN dimerization domain with bound CENP-C FII

(E) Embedding of CENP-M in a network of interactions between pillar 2 and the

(F) A rotated view showing additional CENP-M interactions.

(G) Sequence of CENP-Mwith conservation in 12 distant CENP-M orthologs and c

residues contacting other CCAN subunits are identified with the color of the inte

(H) Localization of EGFP-CENP-M in HeLa cells during the cell cycle demonstra

displayed cells are also displayed in Figure S11. Scale bars, 5 mm.
some. In humans, two related CENP-A binding motifs are found,

the central region (residues 515–535) and the CENP-C motif

(735–755) (Ariyoshi et al., 2021; Guo et al., 2017; Kato et al.,

2013; Walstein et al., 2021). Finally, CENP-C dimerizes through

its only sizable folded region, the C-terminal cupin domain

(Chik et al., 2019; Cohen et al., 2008; Medina-Pritchard et al.,

2020; Walstein et al., 2021).

CENP-C1–544 is part of CENP-16, but there is no discernible

CENP-C density except for a Phe-Ile-Ile-Asp-Glu (303-FIIDE-

307) fragment. This fragment binds near the CENP-LN dimeriza-

tion domain (Figure 2D) and has previously been shown to pro-

mote CENP-LN recruitment to human kinetochores (Nagpal

et al., 2015; Pentakota et al., 2017). Supported byAF2predictions,

we also tentatively assigned a predicted single a helix at the N ter-

minus of CENP-O to an unaccounted density at the interface of

CENP-HK, CENP-I, and CENP-M (Figure 2E and Figure S5E).

The pseudo GTPase CENP-M, unable to bind and hydrolyze

GTP (Basilico et al., 2014), binds near the CENP-LN dimerization

domains at the vault’s apex (Figure 1C). Using conserved inter-

faces, CENP-M also wedges against CENP-I and CENP-HK,

generating a robust network of interactions that bury collectively

more than 3,300 Å2 (Figures 2E–2G and Figure S10F). As

CENP-M resides at kinetochores throughout the cell cycle (Fig-

ure 2H and Figure S11), its stabilizing function may be constitu-

tive and unregulated. In summary, pillar 2 is considerably better

connected to the CENP-LN vault in human CCAN than in yeast

Ctf19CCAN, where the Ctf3CENP-I-Mcm16CENP-H-Mcm22CENP-K

trimer connects to Ctf19CCAN exclusively through a small inter-

face (�550 Å2) between Ctf3CENP-I and Iml3CENP-L (Figure S10F).
CENP-16 binds DNA
The CENP-TW base and CENP-LN vault domains surround a

central tunnel further extended by pillar 2 on the front and pillar

1 on the back of CCAN (Figure 1B). Lined with several positively

charged residues from CENP-L and CENP-N, and with an inter-

nal diameter of�27 Å, the vault seems ideally suited to surround

the negatively charged backbone of a double-stranded (ds) DNA

filament (diameter of �20 Å). CENP-TW in the CCAN base also

expose the DNA-binding interface of the HFDs, which flank pos-

itive patches on CENP-I in the HIK head domain in the front (Fig-

ure 3A, left) and on CENP-QU in the back (Figure 3A, right).

Another positive patch on CENP-N’s a6 helix, including K102,

K110, and R114 (Figure 3A, middle), has been recently impli-

cated in CENP-A nucleosome stacking by the CENP-N N-termi-

nal domain (Zhou et al., 2021).
nob’’ domain of pillar 1, the dimerization domain of the CENP-LN vault, and the

cting helical segment.

en and italics) identify motifs shown to interact with CENP-LN and CENP-HIKM

ain.

DE motif in sticks. See Figure S5F for corresponding density.

vault.

ontactswith neighboring subunits (adapted fromBasilico et al., 2014). CENP-M

racting subunit.

tes continuity of localization. With the exception of the early G1 condition, the
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To gather evidence for DNA binding by CENP-16, we immobi-

lized a maltose-binding protein (MBP)-CENP-T fusion protein

complexed with CENP-W and monitored binding of the remain-

ing CCAN subunits in the absence or presence of 75-bp DNA (to

ensure extensive coverage of the predicted DNA-binding inter-

face, which we estimate may form contiguous contacts for at

least 65–70 bp of DNA) or 165-bp DNA (a length compatible

with speculative higher-order organization of CCAN, such as

dimerization). Both DNAs caused an �1.5-fold increase of all

CCAN preys on the MBPCENP-TW bait (Figures 3B and 3C).

Next, we immobilized a 165-bp DNA-biotin conjugate on strep-

tavidin beads and assessed binding by individual CCAN sub-

structures or their combination (Figure 3D). In isolation, CENP-

TW and CENP-C1–544HIKM showed strong and moderate DNA

binding, respectively, whereas CENP-HIKM, CENP-LN, and

CENP-OPQUR showed minimal or negligible DNA binding (Fig-

ure 3D, lanes 2–6). Strong DNA binding was instead observed

with various combinations of these species, indicating that

DNA binding requires simultaneous interactions of the various

CCAN subcomplexes. Importantly, the CENP-11 complex

(CENP-HIKM, CENP-LN, and CENP-OPQUR), consisting of the

vault and surrounding pillars, bound DNA tightly even without

CENP-C1–544 or CENP-TW (Figure 3D, lane 8).

In size-exclusion chromatography (SEC),where the elution vol-

ume is inversely related to a macromolecule’s size and elonga-

tion, CENP-TW bound DNA strongly (Figure S12A). CENP-C1–

544HIKM and CENP-OPQUR bound DNA, but weakly

(Figures S12B and S12C), whereas neither CENP-LN nor

CENP-HIKM co-eluted with DNA (Figures S12D and S12E). Our

previous report of DNA binding by CENP-HIKM in an electropho-

reticmobility shift assay (EMSA) (Weir et al., 2016)may reflect the

low ionic strength of EMSA in comparison with 300 mM NaCl in

our SEC assays. Both CENP-12 (CENP-LN, CENP-C1–544HIKM,

and CENP-OPQUR) and CENP-16 (CENP-LN, CENP-C1–

544HIKM, CENP-OPQUR, and CENP-TWSX) demonstrated

strong DNA binding (Figure S12F and Figure 3E, respectively),

as revealed by a reduced elution volume and a sharper elution

profile. These results collectively agree with the solid-phase as-

says andwith previous studies (Carroll et al., 2009, 2010; Nishino

et al., 2012; Takeuchi et al., 2014; Weir et al., 2016).

Nucleosome binding by human CCAN
CENP-L and CENP-N are paralogs that share a �130-residue

CENP-LN homology domain (LNHD) and that interact through

a distinct C-terminal dimerization domain (Hinshaw and Harri-
Figure 3. Human CCAN binds DNA
(A) Surface electrostatics (red, negative; blue, positive; potential display levels w

residues contributing to potential DNA-binding interfaces are indicated. Asterisk

Nishino et al., 2012; Takeuchi et al., 2014; Zhou et al., 2021).

(B) Left: Binding assay on amylose beads with MBP (negative control) and MBPCE

Beads were recovered by centrifugation, washed, and analyzed by SDS-PAGE. T

product of CENP-R (probably its folded core).

(C) Quantified band intensities of indicated subunits or group of subunits (when

fication reflects three technical replicates. Error bars indicate SD.

(D) Biotin-TEG (triethyleneglycol) DNA (165 bp) immobilized on streptavidin bead

proteins were visualized by SDS-PAGE and Coomassie staining.

(E) Size-exclusion chromatography of the indicated complexeswith or without 165

(top) or fluorescence (bottom). Profiles report absorbance at the indicated wave
son, 2013; Pentakota et al., 2017) (Figure 4A). Previous struc-

tures of a CENP-A nucleosome in complex with an N-terminal

construct of CENP-N (approximately residues 1–210 of CENP-

N; PDB: 6C0W) demonstrated extensive interactions of CENP-

NLNHD with the nucleosome’s DNA and no major contacts with

the nucleosome core (Figure 4B, top two panels) (Allu et al.,

2019; Chittori et al., 2018; Pentakota et al., 2017; Tian et al.,

2018). Conversely, an 80-residue CENP-N pyrin domain preced-

ing the CENP-NLNHD recognizes the exposed CENP-A L1 loop

(Allu et al., 2019; Chittori et al., 2018; Pentakota et al., 2017;

Tian et al., 2018) (Figures 4A and 4B), whose divergence from

H3 has been implicated in epigenetic centromere inheritance

(Black et al., 2004, 2007). Validating the interaction, mutation

of CENP-N residues involved in L1 loop recognition prevented

CENP-N kinetochore recruitment (Carroll et al., 2009; Chittori

et al., 2018; Pentakota et al., 2017).

As we have seen, CENP-NLNHD and CENP-LLNHD, which lean

rigidly against pillars 1 and 2, respectively (Figure 1C), form a

clamp in a deep vault that seems ideally suited to surround a sin-

gle dsDNA filament rather than two adjacent filaments as in a

nucleosome. Thus, the CENP-A nucleosome-binding mode of

the CENP-N N-terminal region (pyrin domain and LNHD; Fig-

ure 4B) is unlikely to predict how CCAN binds CENP-A nucleo-

somes. Indeed, superposition of the CENP-N N-terminal regions

in CCAN and in the CENP-N:CENP-A nucleosome complex

(6COW) predicts a dramatic steric clash of the nucleosome’s

second DNA gyre (i.e., the one distal from CENP-N) and of the

underlying histone core with CENP-L and with the HIK head of

CCAN (Figure 4B, bottom panel). Thus, CENP-N in human

CCAN may be unable to bind CENP-A through the same mech-

anism demonstrated by structures obtained with the sole

CENP-N N-terminal region (Allu et al., 2019; Chittori et al.,

2018; Pentakota et al., 2017; Tian et al., 2018). For this to

happen, a single turn of DNA, instead of two adjacent turns,

would have to be presented to CCAN. Indeed, a single dsDNA

filament is predicted to fit snugly into the deep, closed CENP-

LN vault (Figure S13A). Whether this binding mode could be

accompanied by CENP-A binding by CENP-N is dis-

cussed below.

Alternative nucleosome-binding modes
A recent structure of an S. cerevisiae Ctf19CCAN subcomplex

(with composition equivalent to that of human CENP-11) bound

to a classical octameric Cse4CENP-A nucleosome (PDB: 6QLD;

Figure 5A and Figure S13B) (Yan et al., 2019) suggested an
ere between �80 and 80 kT/e) on human CCAN complex. Positively charged

s mark residues previously shown to affect DNA binding (Chittori et al., 2018;

NP-TW as baits. CCAN subunits were added in solution, with or without DNA.

he asterisk here and in other panels with SDS-PAGE gels marks a proteolytic

co-migrating) normalized to their intensity in the absence of DNA. The quanti-

s was incubated with the indicated CCAN subcomplexes. Inputs and bound

-bp dsDNA. Proteins separated by SDS-PAGEwere visualizedwith Coomassie

lengths.
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CENP-N LNHD (LN homology domain), dimeriza-

tion domains of CENP-N and CENP-L, and
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(PDB: 6C0W) in two orthogonal orientations (Pen-

takota et al., 2017). The pyrin domain binds the
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Bottom: Superposition of CENP-N in 6C0W to

CENP-N in human CCAN predicts a steric clash
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(E) A 90�-rotated view of the same object.
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alternative binding mode in which Chl4CENP-N interacts with a

loose end of dsDNA unwrapped from the core of the

Cse4CENP-A nucleosome, rather than with the Cse4CENP-A L1

loop (Figures S13C and S13D). The unwrapped DNA docks in

the Chl4CENP-N-Iml3CENP-L vault, leaning against Chl4 and
2120 Molecular Cell 82, 2113–2131, June 2, 2022
making essentially no contacts with

Iml3CENP-L or more generally with pillar 2

(Figures 5C and 5D and Figures S13C

and S13D). The position of Chl4CENP-N

and of CENP-N relative to the nucleosome

core in the structures of the yeast

Ctf19CCAN:Cse4CENP-A nucleosome com-

plex (PDB: 6QLD) and of the human

CENP-N:CENP-A nucleosome complex

(PDB: 6C0W) are therefore entirely unre-

lated, to the point that in the yeast struc-

ture Chl4CENP-N does not face the L1

loop of Cse4CENP-A, contrary to the human

CENP-N:CENP-A nucleosome structure,

where CENP-N directly faces the L1 loop

(Figure 5B). In fact, there are almost no

visible contacts between Ctf19CCAN and

the core of the Cse4CENP-A nucleosome

in the 6QLD structure, with the exception

of the interaction involving an intrinsically

disordered segment of (otherwise largely

invisible) Mif2CENP-C (Yan et al., 2019).

To assess whether the

Ctf19CCAN:Cse4CENP-A nucleosome com-

plex (6QLD) is a plausible model for a hu-

man CCAN-nucleosome complex, we
superposed Chl4CENP-N in 6QLD with CENP-N in our structure

of human CENP-16 and evaluated the fit of the 6QLD nucleo-

some on human CCAN. The superposition predicted a dramatic

clash of the modeled nucleosome with the HIK head of human

CCAN (Figure 5D, bottom) and a less dramatic overlap of the
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Figure 5. A yeast Ctf19CCAN:CENP-A nucleosome structure is a poor model for the human CCAN

(A) Cartoon of the S. cerevisiae Ctf19CCAN:CENP-A nucleosome complex (PDB: 6QLD) (Yan et al., 2019).

(B) CENP-N is differently positioned on yeast and human nucleosome structures. The nucleosome cores are shown with the same orientation, indicated by the

2-fold pseudosymmetry axis. Red arrows point to DNA ends in the two structures. In 6QLD, the nucleosomal DNA unwraps from one end and is attracted into the

vault. The ends are instead aligned with the 2-fold pseudosymmetry axis in 6C0W. H2A C-terminal tails were removed for clarity.

(legend continued on next page)
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H2A:H2B dimer with CENP-L. In principle, the major clash

could be resolved if the HIK head swung out of its observed po-

sition through rotation about the hinge (blue arrowhead,

Figures 1C and 1E and Figures 5C and 5D, bottom), ending

in a position similar to that of yeast Ctf19CCAN, where the HIK

head undergoes a �90� rotation upon binding to the

Cse4CENP-A nucleosome (Yan et al., 2019). However, this would

result in fundamentally different complexes due to the different

orientation of pillar 2 relative to pillar 1 and CENP-N in the yeast

and human complexes (Figure 1E and Figures S10E–S10G). In

the Ctf19CCAN:Cse4CENP-A complex (6QLD), pillar 2 does not

contact the Cse4CENP-A nucleosome (Figures 5C and 5E),

whereas after hinge rotation, pillar 2 in the predicted human

complex would make multiple contacts with the nucleosome

(Figures 5E and 5F).

If human CENP-A nucleosomes and CENP-11 interacted as

predicted by this binding mode, CENP-A nucleosomes should

compete with DNA binding in the vault (which is tight; Figure 3C).

Contrary to this expectation, CENP-A nucleosomes competed

the binding of CENP-11 to immobilized DNA much more weakly

than free DNA (Figures 5G and 5H and Figure S13E). Thus,

CENP-11 seems incapable of high-affinity binding to CENP-A

nucleosomes. We also conclude that the structure of the

Ctf19CCAN:Cse4CENP-A nucleosome complex (6QLD), even after

considering possible conformational changes of the human

complex, is unlikely to predict the interaction of human CCAN

with CENP-A.

Open and closed vaults in point and regional
centromeres
A consequence of the large-scale rotations described in

Figures S10A–S10D is that the CENP-LN vault is deep (closed)

in human CCAN and rather shallow (open) in yeast CCANCtf19

(Figure S10C). The closed vault of human CCAN seems ideally

suited to embrace DNA, and CENP-L and CENP-N are related

to the bacterial protein RdgC, a DNA-binding homodimer that

forms a full, closed circle for DNA binding (Ha et al., 2007; Tromer

et al., 2019) (Figure 4C). The distant relationship with RdgC

seems to imply that CENP-LN originated from the duplication

of a DNA-binding homodimeric singleton (Tromer et al., 2019).

Further supporting this, the CENP-LLNHD and CENP-NLNHD in

CENP-16 are related by 2-fold pseudosymmetry (Figures 4D

and 4E). With DNA from the proximal gyre of the CENP-

N:CENP-A nucleosome complex modeled in the vault after su-

perposition of CENP-N, the DNA’s own 2-fold pseudosymmetry

axis aligns with the 2-fold pseudosymmetry axis of the LNHDs of
(C) Top: Rotated view of the yeast complex (6QLD) already shown in (A). Pillar 1 wa

CCAN (bottom, pillar 1 and the base were also removed for clarity, only vault an

(D) Objects in (C) are shown as surfaces. Superposition of CENP-NChl4 predicts

(E) 6QLD is displayed as in (C) but rotated approximately 180�. There are no con

(F) Human CCAN (same orientation to the yeast complex in E) wasmodeled onto 6

with the Cse4CENP-A nucleosome (demonstrated in D) can be solved by a swinging

with H2A:H2B. Effects of the different relative position of pillar 2 relative to CENP

(G) CENP-11 was first immobilized by allowing its binding to biotinylated DNA o

protein were then added as indicated. Beads were washed and analyzed by SD

(H) Three technical replicates of the experiment in (G) were quantified.

(I) The indicated CCAN species were immobilized on streptavidin beads coated w

CENP-12 complexes. Retention of 145- or 199-bp CENP-A nucleosomes was on
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CENP-L and CENP-N (Figures 4D and 4E). Due to the shallower

vault, this alignment is broken in the yeast Ctf19CCAN:Cse4CENP-A

nucleosome complex (PDB: 6QLD; Figure S13F), even with DNA

in the vault (Yan et al., 2019).

AF2 predicted closed vaults in essentially every organism we

tested except for a small group of budding yeasts related to

S. cerevisiae (Figures S14A and S14B). Even close relatives of

these yeasts were predicted to have closed vaults instead.

Because S. cerevisiae’s Ctf19CCAN contains the only experimen-

tally determined structure of a CENP-LN vault in the Protein Data

Bank, prediction by AF2 of closed vaults in humans and most

other organisms is unlikely to reflect a bias from existing struc-

tures and, rather, likely reflects intrinsic sequence features,

although so far we have been unable to identify obvious predic-

tive hallmarks besides the general sequence identities. We also

note that a closed vault does not correlate with presence of

CENP-M, as the latter cannot be identified in organisms, such

as Saccharomyces pombe or N. crassa (Navarro-Mendoza

et al., 2019; Tromer et al., 2019), where CENP-LN are predicted

by our AF2 analyses to form a closed vault. Future work will have

to address whether the presence of open or closed vaults corre-

lates with fundamental features of centromeres, such as being

point or regional, a possibility our analysis hints to.

CENP-C promotes CENP-A nucleosome binding
As already mentioned, the central region and conserved motif of

CENP-C bind specifically to CENP-A nucleosomes. We asked

therefore if CENP-C1–544, when added to DNA-immobilized

CENP-11 or CENP-15 (CENP-11 with CENP-TWSX), promoted

binding of CENP-A nucleosomes (built with 145- or 199-bp

DNA). Indeed, addition of CENP-C1–544 to either sample (to

generate CENP-12 or CENP-16) resulted in robust CENP-A

nucleosome binding (Figure 5I and Figure S13G, compare lanes

6 and 7 to lanes 8 and 9).

Thus, collectively, our observations indicate that CENP-C es-

tablishes the only robust connection of CCAN with an octameric

CENP-A nucleosome. In addition to this link, CCANmay be addi-

tionally interacting with CENP-A through CENP-N, but in this

case CENP-A must be embedded in a chromatin structure

distinct from an octameric nucleosome, as the latter does not

show significant binding affinity to CENP-11, a complex that

contains CENP-N and that binds robustly to dsDNA.

Centromere stability of CCAN depends on CENP-A
We reasoned that if CENP-C established the only connection be-

tween CCAN and CENP-A, its depletion would be expected to
s removed for clarity. Chl4CENP-N was used to superpose Ctf19CCAN on human

d pillar 2 are shown). The HIK head domain is boxed (dashed line).

a dramatic steric clash of the nucleosome with the HIK head domain.

tacts of pillar 2 with the Cse4 nucleosome core.

QLD by aligning CENP-N onChl4CENP-N. The predicted steric clash of HIK head

-out rotation about the hinge. There are residual predicted clashes of CENP-L

-NChl4 in yeast and human are evident.

n streptavidin beads. Free DNA or CENP-A nucleosomes at 13 or 33 ratio to

S-PAGE.

ith biotinylated DNA. Presence of CENP-C1–544 distinguished the CENP-11 and

ly observed in presence of CENP-C. Three technical repeats were performed.
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cause dissociation of CCAN subunits from the centromere at a

rate comparable to that occurring after co-depletion of

CENP-C and CENP-A. Conversely, if CENP-A contributed to

additional interactions with CCAN subunits, dissociation of the

CCAN subunits might be expected to be faster if CENP-A was

removed in addition to CENP-C. CENP-C and CENP-A tagged

endogenously with genetically encoded fluorescent proteins

and an inducible degron (Fachinetti et al., 2015; Hoffmann

et al., 2020) were rapidly depleted by addition of auxin. When

only CENP-C was depleted, CENP-A was robustly retained at

centromeres (Figure 6A–6C and Figure S15). Conversely,

CENP-A disappeared rapidly when its destruction was induced

together with that of CENP-C. Importantly, we observed signifi-

cantly more rapid dissociation kinetics of CENP-HK and CENP-T

when CENP-C and CENP-A were depleted simultaneously than

when only CENP-C was depleted (kinetics of CENP-LN and

CENP-OPQUR dissociation could not be examined due to lack

of suitable antibodies). Although we cannot exclude that the

depletion of CENP-A causes additional changes in centromeric

chromatin that affect dissociation of CCAN subunits only indi-

rectly, these initial experiments imply that CENP-A contributes

to the retention of CCAN subunits even after depletion of

CENP-C, suggesting that interactions of CCAN with CENP-A

may not be limited to CENP-C.

DISCUSSION

The structure of human CCAN is a milestone in the study of

centromeric chromatin. It builds on early proteomic studies

that identified most vertebrate CCAN subunits (Foltz et al.,

2006; Izuta et al., 2006; Obuse et al., 2004; Okada et al.,

2006) and on subsequent biochemical reconstitutions and

structural analyses (Ali-Ahmad et al., 2019; Allu et al., 2019;

Ariyoshi et al., 2021; Carroll et al., 2009, 2010; Guo et al.,

2017; Kato et al., 2013; McKinley et al., 2015; Nishino et al.,

2012; Pentakota et al., 2017; Pesenti et al., 2018; Walstein

et al., 2021; Weir et al., 2016; Xiao et al., 2017). The structure

demonstrates the overall organization of human CCAN, with in-

sights on unique subunits, including CENP-M and CENP-R, and

insightful differences with the S. cerevisiae complex. Our results

support the concept that regional centromeres are assembled

from the repetition of an individual structural module that the

point centromere ofS. cerevisiae exemplifies (Hinshaw andHar-

rison, 2019, 2020; Yan et al., 2019; Zhang et al., 2020).

Figure 7 presents various models for the interaction of human

and yeast CCANCtf19 with CENP-ACse4. The essence of the

models in Figure 7A is that CCAN binds linker DNA and that

CENP-C establishes the only specific contacts with CENP-A,

with the latter embedded in canonical octameric nucleosomes

(possibly in a dinucleosome [Walstein et al., 2021]). The linker

DNA occupies the vault of CCAN, entering from the front (like

in the yeast Ctf19CCAN:Cse4CENP-A nucleosome structure; PDB:

6QLD) (Yan et al., 2019) or from the back, as in the complex of

human CCAN with a CENP-A nucleosome (Yatskevich et al.,

2022). As discussed in the results, a CENP-A nucleosome

entering from the front and positioned like the Cse4CENP-A nucle-

osome in 6QLD (Yan et al., 2019) is an unsatisfactory model for

human CCAN. CENP-11 shows a clear preference for DNA rela-
tive to nucleosomes. Our structure and recently published struc-

tures of human CCAN with DNA in the vault (Yatskevich et al.,

2022) demonstrate a ‘‘swung-in’’ conformation of the HIK

head-TW complex, where CENP-TW stabilizes the dsDNA fila-

ment as the ‘‘base,’’ joining the vault to fully encircle the DNA.

With a nucleosome positioned as in 6QLD, this conformation

predicts a dramatic steric clash.

While perplexing, differences in the relative positions of the

nucleosome and CCAN in the Ctf19CCAN:Cse4CENP-A nucleo-

some complex (PDB: 6QLD) and in the recently described com-

plex of human CCAN with a CENP-A nucleosome (Yan et al.,

2019; Yatskevich et al., 2022) may simply indicate that the

intrinsic disorder of CENP-CMif2 allows substantial flexibility

and conformational freedom in the way CCANCtf19 and the

CENP-ACse4 nucleosome connect (Figure 7A). In both models,

sequence-related motifs of CENP-C (the ‘‘central region,’’ not

present in all CENP-C orthologs, and the ‘‘conserved motif’’)

bind the acidic patch of H2A:H2B and the Cse4CENP-A C-terminal

tail (Ariyoshi et al., 2021; Kato et al., 2013; Yan et al., 2019).

CENP-CMif2 further interacts with CCANCtf19 subunits, including

CENP-LIml3:CENP-NChl4 and CENP-HMcm16ICtf3KMcm22M, with

motifs that may not be fully conserved (Hinshaw and Harrison,

2013; Hornung et al., 2014; Klare et al., 2015; McKinley et al.,

2015; Nagpal et al., 2015; Pentakota et al., 2017). For example,

the 303-FIIDE-307 CENP-C motif, shown to be instrumental for

the recruitment of CENP-LN to the kinetochore (Pentakota

et al., 2017), is not recognizable in Mif2CENP-C.

The models in Figure 7A imply that CENP-C is the only gener-

ator of specificity in the interaction of CCANCtf19 with CENP-

ACse4. Indeed, CENP-C is essential for kinetochore assembly

and viability. In line with extensive previous evidence, we show

here that CENP-C is necessary for an interaction of CCAN with

the CENP-A nucleosome. These observations, however, do

not exclude the existence of other direct contacts between

CCAN and CENP-A. Our CENP-A/CENP-C co-depletion exper-

iments in Figure 6 suggest that such contacts might exist. Deple-

tion of CENP-C has been shown to be compatible with short-

term retention of very significant levels of CCAN subunits in

DT40 cells (Hori et al., 2008). Furthermore, CENP-C displays

slow but significant turnover at interphase kinetochores in

DT40 chicken cells, contrary to CCAN subunits CENP-H and

CENP-T, which are essentially immobile (Watanabe et al.,

2022). Thus, CCAN may depend on CENP-A for its localization

in addition to CENP-C, and previous work points to CENP-N

as a plausible mediator of these additional interactions (Carroll

et al., 2009, 2010). Within the CENP-N N-terminal region, the

pyrin domain binds the CENP-A L1 loop in vitro, and mutations

at this interface, including mutations of CENP-NGlu3, CENP-

NGlu7, and CENP-NArg11, ablate CENP-A binding in vitro and

CENP-N localization in vivo (Allu et al., 2019; Carroll et al.,

2009, 2010; Chittori et al., 2018; Pentakota et al., 2017; Tian

et al., 2018). The structure of the yeast Ctf19CCAN:Cse4CENP-A

nucleosome complex did not confirm Chl4CENP-N as L1 loop

decoder, but, as we have seen, this structure is an unlikely model

for human CCAN.

What requirements should be met for the CENP-N pyrin

domain to recognize the L1 loop? Two crucial conditions

emerge. First, CENP-A:H4 ought to be presented to CENP-LN
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Figure 6. Comparison of CCAN disassembly rates

(A) Degradation of CENP-C endogenously tagged with a EYFP-AID cassette (Fachinetti et al., 2015) was induced by addition of indole acetic acid (IAA, auxin). A

complete time course is shown in Figure S15. Shown here is the 8-h time point. Levels of CENP-A, CENP-HK, and CRESTwere alsomonitored. Scale bar, 10 mm.

(B) As in (A), but with levels of CENP-T monitored instead of CENP-HK. Scale bar, 10 mm.

(C) Quantification of the experiments in (A) and (B). Residual levels (expressed as fractions of control), number of kinetochores, and number of cells (in paren-

theses) are indicated. Levels of CENP-A and CENP-CYFP-AID from both experiments were quantified. Levels of CENP-T and CENP-HK were quantified from the

individual experiments in (A) and (B). Red bars represent average fluorescence intensities and SD of quantified centromere foci from two technical repeats.

(D) Degradation of CENP-A endogenously tagged with a EYFP-AID cassette and of CENP-C endogenously tagged with an RFP-AID cassette (Hoffmann et al.,

2020) at the 8-h time point after addition of IAA (see Figure S15). Levels of CENP-HK and CREST were also monitored. Scale bar, 10 mm.

E) As in (D), but with levels of CENP-T monitored. Scale bar, 10 mm.

F) Quantification of the experiments in (D) and (E) was performed and displayed precisely as described for (C).

ll
OPEN ACCESS Article

2124 Molecular Cell 82, 2113–2131, June 2, 2022



HIKM

CENP-NChl4

DNA

CENP
-T

CENP
-W

Front
Back

B

A

Pyrin

LNHD
LNHD

CENP-ACse4

nucleosome

CENP-N

CENP-L

DNA

Vault

CENP-QU

Pyrin

LNHD

H4

CENP
-A

H2B

H2A

HIK
head

CENP-QOkp1

CENP-UAme1

CENP-N

CENP-L

DNA

Vault

CENP-QU

Pyrin

LNHD

H4

CENP
-A

CENP
-T

CENP
-W

DNA

Vault

Ame1
Okp1

Pyrin

LNHD

H4

H2B

H2A

Ctf3
Mcm16
Mcm22

Cbf3

CDEI
Cbf1

CDEIII

Iml3

Chl4

Cse4

Wip1

Cnn1

HIKM

DNA

Vault

Pyrin

LNHD

H4

Ctf3
Mcm16
Mcm22

Cbf3

CDEI
Cbf1

CDEIII

Iml3

Chl4

Cse4

Scm3

Wip1

Cnn1

D

C E

HIK Head swung in

HIK head swung out

Ctf3
Mcm16
Mcm22

Ctf3
Mcm16
Mcm22

CENP-C
conserved

motif
C

CENP
-WWip1

HIK
head

in

CENP-HIKM

CENP
-TCnn1

CENP-LIml3

CENP-CMif2

HIK
head
out

Human

Human

Yeast

Yeast

Pillar 1

Pillar 2

?

CENP-CMif2 N

CDEII

CDEII

FIIDE

Base

Ame1
Okp1

HIK
head

(legend on next page)

ll
OPEN ACCESSArticle

Molecular Cell 82, 2113–2131, June 2, 2022 2125



ll
OPEN ACCESS Article
in a structure different from a classical nucleosome with 2 gyres

of DNA, as only the CENP-N-proximal filament of dsDNA, with an

associated CENP-A:H4, would be allowed in the CENP-LN vault

without major steric clashes. Second, homodimerization of

CENP-A would likely have to be prevented (Black et al., 2004;

Tachiwana et al., 2011) to avoid a predicted steric clash with

the CENP-QU N-terminal domain, contiguous to the CCAN

base at the back of the CENP-LN tunnel. A structure that sat-

isfies these two conditions is the so-called hemisome, a half-

nucleosome sequence of histones with the order CENP-

A:H4:H2B:H2A (Figure 7B). Hemisome models for centromeric

chromatin have been invoked before (summarized in Black and

Cleveland, 2011; Dunleavy et al., 2013; Talbert and Henikoff,

2020) but remain speculative. CENP-A assembles into stable oc-

tameric mononucleosomes in vitro and has been isolated in oc-

tamers also from nuclease-treated chromatin (Hasson et al.,

2013; Nechemia-Arbely et al., 2017; Tachiwana et al., 2011).

However, native centromeres may disassemble when chromatin

is trimmed to mononucleosomes (Ando et al., 2002), raising the

question of whether a handful of CENP-A embedded in a

different chromatin structure, possibly collectively larger than a

mononucleosome, might have been neglected.

Exposing CCANCtf19 to a pre-assembled, stable octameric

CENP-A nucleosome, possibly with additional DNA extruding

from the core, will with some likelihood promote assembly of

complexes like those in Figure 7A (Yan et al., 2019; Yatskevich

et al., 2022). Although sufficiently stable for structural analysis,

these structures will also need to be evaluated for their physio-

logical relevance. The same approach would not be helpful to-

ward testing speculative hemisome models, as the stabilization

of non-canonical and classical nucleosomes is expected to

involve different mechanisms. Two crucial stabilizing factors of

octameric nucleosomes are the dimerization of CENP-A (or H3)

and the stabilization of the left-handed helical staircase of his-

tone octamers by the H2A C-terminal docking domain (Eickbush

et al., 1988; Shukla et al., 2011). Neither would be present in the

hemisome structure postulated in Figure 7B. Furthermore, in

CCAN, H2A:H2B could be part of the hemisome only if the HIK

head and CENP-TW base adopted a swung-out conformation.

In the swung-in conformation (this study; Yatskevich et al.,

2022), H2A:H2B would have to be replaced with CENP-TW to
Figure 7. Models of centromere:chromatin interaction

(A) Common features of the CCANCtf19:CENP-ACse4 interaction in yeast and hum

CENP-ACse4 nucleosome that is otherwise not directly integrated in CCANCtf19 a

tween the nucleosome and the CCANCtf19. CENP-CMIf2 is flexible (dotted line), ena

conserved motif (and presumably the central region if present) binds the CENP-A

equivalent region of Mif2CENP-C binds to Iml3CENP-L:Chl4CENP-N in S. cerevisiae (H

sitions the attached CENP-TCnn1WWip1 in the observed ‘‘base’’ position (this conf

pillar 2). A putative ‘‘swung-out’’ conformation is also shown.

(B) In this model CENP-A:H4 faces the pyrin domain of CENP-N. A single filament

to the HIK head is in a swung-out conformation that permits an interaction of CENP

may contribute, alone or in complex with other proteins, to prevent CENP-A dim

(C) The same hemisome complex, but with H2A:H2B replaced by CENP-TW as

(D) The CDEII core of the yeast point centromere is�85 bp long, and Cse4CENP-A i

CDEII core is flanked by CDEI and CDEIII motifs that associate with Cbf1 and Cbf

shown, the wrap of the DNA in the model is left-handed, but there is evidence fo

Huang et al., 2011).

(E) Another hemisome model may explain depletion of H2A:H2B at yeast centrom

swung-in conformation of the HIK arm would require a large-scale conformation
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avoid a dramatic steric clash (Figure 7C). The C-terminal exten-

sion of CENP-T is buried at the interface with HIK (this study; Hin-

shaw and Harrison, 2020; Zhang et al., 2020) and could not

possibly contribute to nucleosome stabilization.

Thus, alternative nucleosome structures may have much-

reduced stability compared to octameric nucleosomes. Ad hoc

procedures for their incorporation in, and stabilization by,

CCANmay be necessary for successful reconstitution. Enzymes

overcoming kinetic barriers large enough to slow down sponta-

neous assemblymay be required. Be that as it may, our attempts

at reconstituting a CCAN:chromatin structure with DNA, CENP-

TW (with or without H2A:H2B), and CENP-A:H4 bound to the

CENP-LN vault were hitherto unsuccessful (unpublished data).

Furthermore, we find that at least the hemisome model in

Figure 7C is not supported by predictions of AF2 and related pro-

grams (unpublished data). Thus, we cannot yet claim own exper-

imental evidence supporting models like those in Figures 7B

and 7C.

In S. cerevisiae, Cse4CENP-A resides on a central DNA core of

78–86 bp named CDEII (Camahort et al., 2009; Cole et al.,

2011; Furuyama and Biggins, 2007; Henikoff et al., 2014; Keith

and Fitzgerald-Hayes, 2000; Krassovsky et al., 2012; Meluh

et al., 1998). Flanking CDEII, two additional regions of 8 and

�25 bp, known respectively as CDEI and CDEIII, bind the addi-

tional factors Cbf1 and Cbf3 complex. Research into how the

Ctf19CCAN complex binds the centromeric DNA of S. cerevisiae

should take into account these fundamental specificities, but

work so far has only addressed a complex with an octameric

nucleosome on a 147-bp Widom 601 DNA sequence

(PDB: 6QLD) (Yan et al., 2019). Due to the small size of CDEII,

a centromeric nucleosome with two full turns seems unlikely.

An alternative hypothesis is that the nucleosome core of

S. cerevisiae is an octamer, as possibly implied by fluorescence

counts of Cse4CENP-A (Wisniewski et al., 2014), but surrounded

by a single turn of DNA. Yet another alternative is the

Cse4CENP-A:H4:H2B:H2A hemisome (Figure 7D) (Dalal et al.,

2007; Furuyama et al., 2013; Henikoff et al., 2014; Talbert and

Henikoff, 2020). It remains conjectural but was shown to neatly

explain the pattern of H4 S47C-anchored cleavage mapping at

S. cerevisiae centromeres (Henikoff et al., 2014). The hemisome

model in Figure 7D is closely reminiscent of the speculative
ans. The CENP-LIml3NChl4 vault is occupied by dsDNA that emerges from a

nd only connected to it through CENP-CMif2, which acts as the crucial link be-

bling multiple binding modes observed or predicted in yeast and humans. The
Cse4 nucleosome. The FIIDE motif is only detected in human CENP-C, but an

inshaw and Harrison, 2013). In the ‘‘swung-in’’ conformation, the HIK head po-

ormation would not be available to the yeast complex due to the divergence of

of dsDNA is allowed inside the CENP-LN vault. The CENP-TW base connected

-A:H4 with H2A:H2B, with which CENP-TWwould otherwise clash. CENP-QU

erization, generating a hemisome.

expected for the swung-in conformation observed in our structures.

s precisely positioned on it (Cole et al., 2011; Furuyama and Biggins, 2007). The

3. A hemisome model has been proposed for this organism (see main text). As

r right-handedness (Diaz-Ingelmo et al., 2015; Furuyama and Henikoff, 2009;

eres as well as a function of Scm3 in preventing Cse4CENP-A dimerization. This

al change of pillar 2, making it resemble the human complex.
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model of human CCAN discussed in Figure 7B, which we devel-

oped to satisfy the requirement that CENP-N decodes the L1

loop of CENP-A.

Further complicating the picture, histone H2A and H2B are

depleted from centromeres both in S. cerevisiae and S. pombe

(Mizuguchi et al., 2007; Rossi et al., 2021; Williams et al., 2009;

Xiao et al., 2011), opposing observations notwithstanding (Kras-

sovsky et al., 2012; Pinto and Winston, 2000; Westermann et al.,

2003). At yeast centromeres, depletion of H2A:H2B had been

discussed in the context of evidence supporting the existence

of a hexasome of Cse4CENP-A:H4 with Scm3. Scm3 is a Cse4

chaperone and a stable centromere resident at all cell-cycle

stages in S. cerevisiae (Mizuguchi et al., 2007; Xiao et al.,

2011). Subsequent structural work indicated that Scm3 binds

the Cse4CENP-A dimerization interface and competes with dimer-

ization (Cho and Harrison, 2011; Dechassa et al., 2011), ques-

tioning the hexasome model, which assumed the dimerization

of Cse4CENP-A:H4 in a tetrasome. A speculative alternative expla-

nation is that Scm3, in addition to depositing Cse4CENP-A, stably

suppresses Cse4CENP-A dimerization, an expected and poten-

tially beneficial function if the basic structure of yeast centro-

meres were a hemisome. How could the depletion of H2A:H2B

be accounted for, however? Our speculative model in Figure 7C,

where H2A:H2B are replaced with CENP-TW, may serve as

inspiration to answer this question. H2A:H2B may be replaced

with Cnn1CENP-T:Wip1CENP-W in a hypothetical ‘‘swung-in’’

conformation of the yeast complex similar to that observed in hu-

mans (Figure 7E). We predict, however, that this would require a

more complex restructuring of pillar 2 in yeast toward the confor-

mation of human CCAN.

The two classes of models for centromeric chromatin we have

discussed are not incompatible. The class in Figure 7A is sup-

ported by current experimental evidence and proposes that a

regular octameric CENP-ACse4 nucleosome flanks CCAN and in-

teracts with it through CENP-CMif2 (Hinshaw and Harrison, 2013;

Klare et al., 2015; McKinley et al., 2015; Nagpal et al., 2015; Wal-

stein et al., 2021). The second class (exemplified by Figures 7B–

7E) predicts that linker DNA emanating from the neighboring

CENP-ACse4 nucleosome enters a CCAN particle where CENP-

NChl4 decodes the L1 loop of CENP-ACse4. If this configuration

exists, the CENP-A chromatin interacting with CCAN cannot

be in the form of a regular octameric nucleosome. Reconstitution

of this chromatin may be considerably more challenging in view

of different, and currently unknown, stabilization requirements.

Future work will have to address systematically the implications

and value of these models in vitro and in vivo, testing themwith a

combination of biochemical reconstitution, structural analysis,

and mutational validation.

Limitations of the study
Themedium resolution of our CCANmaps limits accuracy ofmo-

lecular models, but we regard this as a minor limitation, as we

focus on implications of the CCAN architecture that are well sup-

ported by the structure at this resolution. The main limitation is

that we examined different models of CENP-A recognition by

CCAN but did not provide conclusive evidence for any of them.

We present in vivo evidence that the interactions of CCAN and

CENP-A are not limited to CENP-C. These additional interactions
are unlikely to involve an octameric CENP-A nucleosome, but

until now we have been unable to reconstitute the alternative

binding modes we discuss or others that we might have not

considered.
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Chemicals, peptides, and recombinant proteins
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CENP-C(1–544)HKIM This study N/A

CENP-HKIM This study N/A

CENP-OPQUR complex Pesenti et al. (2018) N/A

CENP-TWSX complex Walstein et al. (2021) N/A

CENP-SX complex Walstein et al. (2021) N/A

CENP-TW complex Walstein et al. (2021) N/A

CENP-A nucleosomes (145 bp) Walstein et al. (2021) N/A

CENP-A nucleosomes (199 bp) This study N/A

Alexa Fluor 647C5 maleimide Protein labeling kit ThermoFisher Cat#A20347

Amylose resin New England Biolabs Cat#E8022

Streptavidin UltraLink Resin Thermo Scientific Cat#53114

400 mesh carbon-coated copper grids Plano G2400C

Uranyl Formate SPI Supplies Cas#16984-59-1

UltraAuFoil QuantiFoil N/A

Indole-3-acetic acid (IAA) Merck #I5148

DAPI Sigma Cat#D9542

Poly-D-Lysine Sigma-Aldrich Cat#A003E

Mowiol Calbiochem Cat#475904

Deposited data

human CCAN EM map and structure This study PDB: 7QOO and EMBD-14098

human CCAN-TW EM map This study EMDB-14099

Mendeley Dataset including uncropped

microscopy images, SDS-PAGE scans,

and spreadsheets of their quantification

This study https://doi.org/10.17632/9smdtm4msj.1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human DLD-1: CENP-CAID-EYFP/AID�EYFP Fachinetti et al. (2015) N/A

Human DLD-1: CENP-AEA/- CENP-CAmC/A Hoffmann et al. (2020) N/A

HeLa Flip-In T-Rex EGFP-CENP-M Basilico et al. (2014) N/A

Oligonucleotides

Primer GTGGACACTCTAAGGATCCGG This study N/A

Primer: Biotin-TEG- CCGGATCCTTAG

AGTGTCCACCATC

This study N/A

75bp-DNA: ATCCGTGGTAGAATAG

3GAAATATCTTCCTATAGAAACTAG

ACAGAATGATTCTCAGAAACTCCT

TTGTGATGGAT

This study N/A

165bp-DNA:

GTGGTAGAATAGGAAATATCTTCC

TATAGAAACTAGACAGAATGATTC

TCAGAAACTCCTTTGTGATGTGTG

CGTTCAACTCACAGAGTTTAACCT

TTCTTTTCATAGAGCAGTTAGGAA

ACACTCTGTTTGTAATGTCTGCAA

GTGGATATTCAGACGCCCTTG

This study N/A

199bp-DNA:

ATCGCCCTTGAGGCCTTCGTTGGAA

ACGGGATTTCTTCATATTCTGCTAGA

CAGAAGAATTCTCAGTAACTTCCTTG

TGTTGTGTGTATTCAACTCACAGAGTT

GAACGATCCTTTACACAGAGCAGACT

TGAAACACTCTTTTTGTGGAATTTGCA

GGCCTAGATTTCAGCCGCTTTGAGGT

CAATCACCCCGTGGAT

This study N/A

Recombinant DNA

pLIB Addgene Cat#80610

pLIB_6His-CENP-I This study N/A

pLIB_CENP-I This study N/A

pBiga Addgene CAT#80611

pBIGa_6His-CENP-C(1–544)_H_K_I_M This study N/A

pBIGa_6His-CENP-I_H_K_M This study N/A

pETDuet-1 Novagen Cat#71146

pETDuet-1_6xHis-CENP-W_MBP-CENP-T This study N/A

pETDuet-1_6xHis-CENP-W_mScarlet-CENP-T This study N/A

pUC18 Addgene Cat#50004

pUC18_199bp-DNA This study N/A

pUC18_165bp-DNA This study N/A

pUC18_75bp-DNA This study N/A

Software and algorithms

EPU Thermo Fisher Scientific N/A

TRanSHIRE Stabrin et al. (2020) https://transphire.readthedocs.io/en/latest/

MOTIONCORR 2.1 (Li et al., 2013) http://cryoem.ucsf.edu/software/driftcorr.html

CTFFIND4 Rohou and Grigorieff (2015) http://grigoriefflab.janelia.org/ctffind4

MOTIONCOR2 Zheng et al. (2017) http://msg.ucsf.edu/em/software/motioncor2.html

SPHIRE Moriya et al. (2017) http://sphire.mpg.de

crYOLO Wagner et al. (2019) https://cryolo.readthedocs.io/en/stable/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RELION 3 Scheres Lab https://www3.mrc-lmb.cam.ac.uk/relion/

index.php?title = Main_PAGE

Chimera Pettersen et al. (2004) https://www.cgl.ucsf.edu/chimera/

ChimeraX Pettersen et al. (2021) https://www.cgl.ucsf.edu/chimerax/

Segger Pintilie and Chiu (2012) https://www.cgl.ucsf.edu/chimera/

Pymol Schrödinger, LLC https://pymol.org/2/

Namdinator Kidmose et al., 2019 https://namdinator.au.dk/about/

COOT Emsley et al. (2010) https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

PHENIX Adams et al. (2010) https://www.phenix-online.org

Molprobity Chen et al. (2010) https://www.phenix-online.org

DeepEMhancer Sanchez-Garcia et al. (2021) https://github.com/rsanchezgarc/deepEMhancer

DynDom6D Veevers and Hayward (2019) http://dyndom.cmp.uea.ac.uk/dyndom/

dyndomDownload.jsp

GraphPad Prism Version 9.0.2 (134) GraphPad Software Inc http://www.graphpad.com

Fiji Version 2.0.0-rc-69/1.52n (Schindelin et al., 2012) http://ImageJ.nih.gov/ij/

softWoRx Version 7.0 GE Healthcare N/A

CRaQ Bodor et al. (2012) N/A

Image Lab Bio-rad https://www.bio-rad.com/de-de/product/image-lab-

software?ID=KRE6P5E8Z
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to Andrea Musacchio (andrea.musacchio@mpi-

dortmund.mpg.de).

Materials availability
Expression vectors for production of CCAN or any other in-house-generated reagent described in this manuscript are available from

the Lead Contact.

Data and code availability
d The coordinates and map of the high- and low-resolution CCANmodels have been submitted to the PDB with ID 7QOO and to

the EMDB with IDs EMD-14098 for the high-resolution dataset and EMD-14099 for the low-resolution dataset. Uncropped mi-

croscopy images, SDS-PAGE scans, and spreadsheets of their quantification have been collected in a Mendeley dataset

(https://doi.org/10.17632/9smdtm4msj.1).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture
HeLa Flip-In T-REx EGFP-CENP-M (Basilico et al., 2014) were maintained in DMEM with 10% tetracycline-free FBS (Pan Biotech),

supplemented 50 mg/mL Penicillin/Streptomycin (PAN Biotech), and 2 mM L-glutamine (PAN Biotech) at 37 �C in a 5% CO2 atmo-

sphere. Flp-In T-REx DLD-1–CENP-C–AID-EYFP cells and Flp-In T-REx DLD-1-EYFP-AID-CENP-A/CENP-C-RFP-AID cells (Fachi-

netti et al., 2015; Hoffmann et al., 2020) were a generous gift from D. Fachinetti (Institut Curie, Paris, France) and D. C. Cleveland

(University of California, San Diego, USA). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; PAN-Biotech)

supplemented with 10% tetracycline-free fetal bovine serum (Thermo Fisher Scientific), 2 mMpenicillin/streptomycin (PAN-Biotech),

and 2 mM L-glutamine (PAN-Biotech) at 37 �C in a 5% CO2 atmosphere.

Bacterial and insect cell lines
E. coli BL21 (DH5a) (ThermoFisher Scientific, Waltham, Massachusetts, United States), BL21(DE3)-RIL and BL21CodonPlus(DE3)-

RIL (Agilent Technologies, Santa Clara, California, United States) strains were cultured on LB agar or liquid media at 37�C LB
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supplemented with ampicillin (50 mg/mL) to maintain the pETDuet plasmids and with chloramphenicol (34 mg/mL) to maintain the

extra copies of tRNA Genes in CodonPlus strain. SF9 (ThermoFisher Scientific, Waltham, Massachusetts, United States) and

Tnao38 (gift from Gary W. Blissard) cells were maintain in Sf-900 II medium (ThermoFisher Scientific, Waltham, Massachusetts,

United States) supplemented with 10% (v/v) fetal bovine serum, at 27�C and 110 rpm orbital rotation.

Plasmids and cloning
Plasmids to express recombinant CENP-LN, -OPQUR, -TWSX, -TW, -SX complexes and CENP-A containing nucleosomes were

generated as previously described (Pentakota et al., 2017; Pesenti et al., 2018; Walstein et al., 2021). To generate plasmids for ex-

pressing CENP-C1–544HIKM, and CENP-HIKM in insect cells, plasmids to express N-terminally 6xHis tagged CENP-C1–544 and 6xHis

tagged CENP-I were generated by Gibson cloning method, codon optimized cDNA of CENP-C1–544 (GeneArt, Life Technologies) and

CENP-I were inserted in amodified pLIB vectors containing sequences for the 6xHis followed by TEV protease. The codon optimized

cDNA of CENP-I, -H, -K- and -M were inserted by Gibson cloning method into unmodified pLIB plasmids. These pLIB plasmids

generated so-forth were used to insert the CENP-H, -K, -I, -M and 6His-CENP-C1–544 and the CENP-H, -K, -M and 6His-CENP-I

sequences into two baculovirus-based multigene-expressing vectors, pBIGa (Weissmann et al., 2016) by Gibson assembly. To

generate plasmids for expressing MBPCENP-TW and mScarletCENP-TW in bacterial cells, codon optimized cDNA of CENP-T, and

-W were inserted by Gibson in a pETDuet plasmid containing a 6xHis-TEVCENP-W and a Halo-TEVCENP-T (Walstein et al., 2021) to

generate plasmids co-expressing the following constructs: 6His-TEVCENP-W/MBPCENP-T and 6His-TEVCENP-W/mScarletCENP-T. The

plasmids pUC18 containing 199-bp, 165-bp and 75-bp CEN1 (centromere 1) like sequences ATCGCCCTTGAGGCCTTCGTTGG

AAACGGGATTTCTTCATATTCTGCTAGACAGAAGAATTCTCAGTAACTTCCTTGTGTTGTGTGTATTCAACTCACAGAGTTGAACGAT

CCTTTACACAGAGCAGACTTGAAACACTCTTTTTGTGGAATTTGCAGGCCTAGATTTCAGCCGCTTTGAGGTCAATCACCCCGTG

GAT, GTGGTAGAATAGGAAATATCTTCCTATAGAAACTAGACAGAATGATTCTCAGAAACTCCTTTGTGATGTGTGCGTTCAACTCA

CAGAGTTTAACCTTTCTTTTCATAGAGCAGTTAGGAAACACTCTGTTTGTAATGTCTGCAAGTGGATATTCAGACGCCCTTG and ATC

CGTGGTAGAATAGGAAATATCTTCCTATAGAAACTAGACAGAATGATTCTCAGAAACTCCTTTGTGATGGAT were generated pre-

viously (Walstein et al., 2021).

METHOD DETAILS

Generation of biotinylated DNA
Primers GTGGACACTCTAAGGATCCGG and Biotin-TEG-CCGGATCCTTAGAGTGTCCACCATC (Sigma Aldrich, St. Louis, US-MO)

were dissolved in water at 200 pmol/mL, mixed in equal amount, and incubated at 95 �C for 15min for annealing. The 165 bpDNA and

the previously annealed primers were incubated with MBP-T4-DNA-Ligase (purified in house) for 17 h at 4 �C. The reaction was then

stopped by incubation at 65 �C for 10 min. After centrifugation, the reaction was loaded on Anion exchange Hi Trap QFF 5mL column

(Cytiva, Marlborough, US-MA) equilibrated in 10 mM Tris pH 7.4, 1 mM EDTA pH 8.0, and eluted with two successive 10 column

volumes gradients (0–35% then 35 to 100%) of the same buffer implemented with 2M NaCl. The elution was analyzed on agarose

gel, and the fractions containing the Biotinylated DNA were pooled and precipitated with 1/10 vol NaOAc +0.7 vol 100%

2-propanol. The pellet was washed with 70% ethanol solution and finally dissolved in 10 mM Tris pH 7.4, 1 mM EDTA, 100 mMNaCl.

Protein expression and purification
CENP-LN, -OPQUR, -TWSXand -SX complexeswere expressed andpurified according to previously publishedprotocols (Pentakota

et al., 2017; Pesenti et al., 2018; Walstein et al., 2021). Expression and purification of CENP-C1–544HIKM and CENP-HIKM were per-

formed followingaprotocol adapted from (Klareet al., 2015). TnAo38cellswere infectedwith avirus:culture ratio of 1:50and incubated

for 72 h at 27�C. Cell pellets were harvested, washed in 13 PBS, and finally resuspended in a buffer containing 50 mM HEPES 7.0,

500 mM NaCl, 5 mM MgCl2, 5% glycerol, 10 mM imidazole, 2 mM TCEP, 0.2 mM PMSF, and 10 mg/mL DNase. Cells were lysed

by sonication, andcleared for 1 hat 100,000g.Cleared cell lysatewas thenapplied over a 5mLHisTrapFFcolumn (Cytiva) andwashed

first with washing buffer (50 mMHEPES 7.0, 500 mMNaCl, 5 mMMgCl2, 5% glycerol, 10 mM imidazole, and 2 mM TCEP), secondly

with high salt washing buffer (50mMHEPES 7.0, 1MNaCl, 5mMMgCl2, 5%glycerol, 10mM imidazole, and 2mMTCEP) followed by

washing buffer again and thirdly with Imidazole washing buffer (50 mM HEPES 7.0, 500 mM NaCl, 5 mMMgCl2, 5% glycerol, 40 mM

imidazole, and 2 mM TCEP). CENP-C1–544HIKM complex was eluted with elution buffer (50 mM HEPES 7.0, 500 mM NaCl, 5 mM

MgCl2, 5% glycerol, 200 mM imidazole, and 2 mM TCEP). The fractions containing CENP-C1–544HIKM or CENP-HIKM were pooled,

and the His tag cleaved overnight at 4�Cwith TEV protease (in house production). CENP-C1–544HIKM or CENP-HIKM in solution was

then adjusted to a salt concentration of 300 mM, before loading on a 5 mL HiTrap Heparin HP column (Cytiva), equilibrated in 20 mM

HEPES pH 7.0, 300 mM NaCl, 5% glycerol, 2 mM TCEP. Bound proteins were eluted with a gradient of 300–1000 mM NaCl over 30

column volumes, and peak fractions corresponding to CENP-C1–544HIKM or CENP-HIKMwere pooled and concentrated in a 50 kDa

MWAmicon concentrator (Millipore). CENP-C1–544HIKMorCENP-HIKMwere then loadedonto aSuperose 6 16/600 (Cytiva) in 20mM

HEPES 7.0, 500 mM NaCl, 5% glycerol, 3 mM TCEP. The sample was concentrated and flash frozen in liquid nitrogen before use.
MBPCENP-TW and mScarletTW complexes were purified using the previously described protocol for CENP-TW wild type (Walstein

et al., 2021). Preparations of CENP-A-containing nucleosomes were carried out as described (Walstein et al., 2021) modified from

the previously published protocol (Guse et al., 2012).
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Fluorescence labeling of recombinant proteins
CENP-SX was labeled using Alexa Fluor 647 Protein Labeling Kit (ThermoFisher Scientific, Waltham, US-MA) according to themanu-

facturer instructions.

Analytical SEC
Analytical size exclusion chromatographywas carried out on a Superose 6 5/150 (Cytiva, Marlborough, US-MA) in a buffer containing

20mMHEPES pH 6.8, 300mMNaCl, 2.5% (v/v) glycerol and 1mM TCEP on an ÄKTAmicro system (Cytiva). All samples were eluted

under isocratic conditions at 4 �C in SEC buffer (20 mM HEPES pH 6.8, 300 mM NaCl, 2.5% (v/v) glycerol and 1 mM TCEP) at a flow

rate of 0.15 mL/min. Elution of proteins was monitored at 280, 555 and 647 nm in case of mScarletCENP-TW and CENP-SXAlexa647.

From 1 mL to 2.3 mL elution volume, 100 mL fractions were collected and analyzed by SDS-PAGE and Coomassie blue staining.

In experiments where fluorescently labeled proteins were used, the in-gel detection of the fluorescence was detected using a

BioRAD chemiDoc MP Imaging System (BioRAD, Hercules, US-CA). To detect the formation of a complex, proteins were mixed

at the concentrations of 5 mM in 50 mL, incubated for at least 1 h on ice, subjected to SEC then analyzed by SDS-PAGE.

Pull-down assays
The proteins were diluted with binding buffer (20mMHEPES pH 6.8, 300mMNaCl, 2.5% glycerol, 1mMTCEP, and 0.01%Tween) to

3 mMconcentration in a total volume of 50 mL, incubated at 4 �C for 1 h, andmixedwith 25 mL of amylose beads (NewEngland Biolabs,

Ipswich, US-MA) or Streptavidin Ultralink beads (ThermoFisher Scientific, Waltham, US-MA) depending of the experiment. After mix-

ing the proteins and the beads, 20 mL were taken as input. The rest of the solution was incubated at 4 �C for an additional 1 h on a

thermomixer (Eppendorf, Hamburg, Germany) set to 1000 rpm. To separate the proteins bound to the beads from the unbound pro-

teins, the samples were centrifuged, at 800g or 3000g for the amylose beads and the streptavidin beads respectively, for 3 min at 4
�C. The supernatant was removed, and the beads were washed four times with 500 mL of binding buffer. After the last washing step,

20 mL of 23 SDS-PAGE sample loading buffer was added to the dry beads. The samples were boiled for 5 min at 95 �C and analyzed

by SDS-PAGE and Coomassie staining. Gel densitometry was carried out with Image Lab (BioRAD, Hercules, US-CA).

In vitro assembly of CCAN
Reconstitution of human recombinant CCAN particles was performed as previously published in Pesenti et al. (2018). In brief, a stoi-

chiometric amount of purified CENP-LN, CENP-CHIKM, CENP-OPQUR and CENP-TWSX complexes were incubated at around

15 mM at 4�C for minimum 1 h and purified by SEC on S6 10/300 column (Cytiva) using a buffer containing 20 mM HEPES pH 6.8,

300 mM NaCl, 2.5% (v/v) glycerol and 1 mM TCEP.

Sample preparation for electron microscopy
The reconstituted CCAN particles were stabilized via the GraFix method (Kastner et al., 2008). Two 4-mL gradients ranging from 20 to

50% glycerol in 20 mM HEPES pH 6.8, 300 mM NaCl and 1mM TCEP were set up, in one of which the 50% glycerol solution also

contained 0.125% glutaraldehyde. Around 100 mL of sample at 15 mM was applied to each gradient and centrifuged by ultracentri-

fugation at 45,000 rpm at 4 �C in SW 60 Ti Swinging-bucket rotor (Beckman Coulter, Palo Alto, US-CA) for 16 h. The samples from

both gradients were fractionated in 150 mL fractions, and cross-linker containing fractions were quenched by addition of 100mM Tris

pH 6.8. All fractions were analyzed by SDS-PAGE and Coomassie blue staining. The fractions of interest were dialyzed two times

against 2 L of 20mMHEPES pH 6.8, 300mMNaCl, and 1mMTCEP buffer for 16 and 2 h, and concentrated to around 2mg/mL using

Amicon Ultra 0.5 mL-100 kDa cutoff (Millipore, Burlington, US-MA).

Negative stain electron microscopy
Negative stain specimens were prepared as described previously (Brocker et al., 2012): The cross-linked CCAN samples were

diluted in 20mMHEPES pH6.8, 300mMNaCl, and 1mMTCEP buffer to adjust the particle density. 4 mL of the sample were absorbed

at 25�C for 1 min onto freshly glow-discharged 400 mesh carbon-coated copper grids (G2400C, Plano GmbH, Wetzlar, Germany).

Excess sample was blotted by touching aWhatman filter paper and washed with three droplets of water and exposed to freshly pre-

pared 0.75% uranyl formate solution (SPI Supplies/Structure Probe, West Chester, PA) for about 1 min. Excess negative stain solu-

tion was blotted and the specimen air-dried. Specimens were inspected with a JEM1400 microscope (Jeol, Tokio, Japan) equipped

with a LaB6 cathode and operated at an acceleration voltage of 120 kV. Digital micrographs were recorded using a 4k x 4k CMOS

camera F416 (TVIPS, Gauting, Germany).

Cryo-EM grid preparation and data acquisition
Grids were prepared using a Vitrobot Mark IV (Thermo Fisher Scientific) at 13�C and 100% humidity. 4 mL of CENP-16 supplemented

with 0.0025% Triton were applied to glow-discharged UltrAuFoil R1.2/1.3 grids and excess liquid removed by blotting (3.5 s at blot

force�3) before vitrification in liquid ethane. For dataset I, CENP-16was used at a concentration of 1.5mg/mL. For dataset II, CENP-

14 (without CENP-SX) was used at 0.9 mg/mL. The CCAN sample used for dataset II also contained a 145-bp DNA and CENP-A:H4.

Elongated DNA was visible in the micrographs, but no density for DNA or CENP-A:H4 was identifiable in any of the reconstructions.

Dataset I was acquired on a Titan Krios electron microscope (Thermo Fisher Scientific) equipped with a field emission gun. For this
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first dataset, 1540 movies were recorded on a K3 camera (Gatan) operated in super-resolution mode at a nominal magnification of

130,000, resulting in a super-resolution pixel size of 0.35 Å. A Bioquantum post-column energy filter (Gatan) was used for zero-loss

filtration with an energy width of 20 eV. Total electron exposure of 76.8 e�/Å2 was distributed over 80 frames. Data were collected

using the automated data collection software EPU (Thermo Fisher Scientific), with two exposures per hole and a set defocus range of

�0.6 to �1.2 mm. The second dataset was recorded on a Cs-corrected Titan Krios microscope equipped with a K3 camera (Gatan)

and a Bioquantum post-column energy filter with a slit width of 14 eV operated in super-resolutionmode at a nominal magnification of

105,000, corresponding to a super-resolution pixel size of 0.34 Å. A total exposure of 55.8e�/Å2 was distributed over 60 frames. 2678

movieswere collected using EPU (Thermo Fisher Scientific), with two exposures per hole and a set defocus range of�0.6 to�1.2 mm.

For both datasets, phase contrast was induced by using a volta phase plate in the back focal plane. Details of data acquisition

parameters can be found in Table S1.

Cryo-EM data processing
On-the-fly data pre-processing, including correction of beam-induced motion and dose-weighting by MotionCor2 (Zheng et al.,

2017), CTF parameter estimation using CTFFIND4 in movie mode (Rohou and Grigorieff, 2015), and particle picking using a custom

neural network in SPHIRE-crYOLO (Wagner et al., 2019), was performed within TranSPHIRE (Stabrin et al., 2020). For the high-res-

olution dataset (dataset I in Figure S3), template-free particle picking by crYOLO (Wagner et al., 2019) in the 1540micrographs greatly

improved after re-training with 1354manually picked particles, resulting in 140,910 particle coordinates. 2-fold binned particles were

extracted in SPHIRE (Moriya et al., 2017) using a box size of 220x220 pixels. 2D classification was performed in ISACwith a class size

limit of 500 particles, a particle radius of 105 pixels and using the VPP option. 45 beautified 2D class averages which had been filtered

to 8 Å were used to generate an initial 3D model in RVIPER. In parallel, the dataset was processed in RELION 3.1.2 (Fernandez-Leiro

and Scheres, 2017; Nakane et al., 2018) using a box size of 384x384 pixels for extraction and 200 classes for 2D classification and

initial model generation. The 95,522 selected particles and the resulting initial model could be refined both in MERIDIEN and RELION,

yielding a 7 Å reconstruction. The centered particles were then re-extractedwithout binning and using a box size of 384 pixels, and all

further processing steps were performed in RELION. 3D classification with four classes yielded one class with 25,206 particles which

showed high-resolution features in the center of the particle. The quality of the reconstruction was improved by Bayesian polishing,

resulting in an increased global resolution of 5 Å.

This reconstruction was further improved by multi-body refinement in RELION using two masks covering the majority of the

HIKMLN or OPQUR subcomplexes, i.e. omitting the more flexible QU- and HIK head and TW, resulting in focused reconstructions

with resolutions of 4.6 Å for HIKMLN and 6.9 Å for OPQUR. Segmenting the volumes further (including e.g. additional maps for the

"heads") did not improve the quality of the reconstructions. The multi-body refinement was especially important for improvement of

the resolution of the OPQUR part. As evident from local resolution estimation with RELION, the quality of the reconstruction varies

greatly between thewell-ordered CENP-M/L/N interface with local resolution of 3.7 Å, andmore peripheral parts which aremore flex-

ible and less well resolved. The angular distribution showed that the particles had a moderate fraction of preferred orientations along

the shortest axis of the particles (Figure S3B). DeepEMhancer (Sanchez-Garcia et al., 2021) was used to further enhance themaps for

model building.

The second dataset (dataset II in Figure S4) had lower resolution although the initial 2678 micrographs yielded more particles

compared to the first dataset (233,598 vs 140,910) when picked with the re-trained crYOLO model. DNA strands were visible in

the micrographs, but no nucleosomes (no H2A:H2B was present). For extraction, a larger box size of 512 pixels (corresponding to

358.4 Å) was chosen to potentially detect more different conformations compared to the first dataset. Particles were subjected to

2D classification in RELION, and an initial model was calculated, also in RELION, using 117,473 particles assigned to good 2D clas-

ses. Subsequent 3D classification into four classes yielded one class (with 44,216 assigned particles) suitable for 3D refinement. The

quality of the refined model could not be improved by further 2D classification, Bayesian polishing, or CTF refinement. Although the

overall resolution was lower, this dataset showed much clearer density for the HIK and QU heads, including a tentative density for

the CENP-TW complex that fits very well to the position of TW in the X-ray structure of the HIK-TW complex (PDB: 6WUC). This

assignment is corroborated by Alphafold2 predictions that indicate a strong interaction between the HIK head and TW as compared

to the CENPA/H4 dimer (I.R.V, unpublished data). RELION multi-body refinement with three masks covering HIKTW, MLN, and

OPQUR, respectively, resulted in resolutions of 10.2 Å, 10.2 Å and 10.6 Å for the three maps. Local resolution estimated with

RELION ranged between 8 and 25 Å (Figure S4D). The angular distribution showed no pronounced preferred orientations (Fig-

ure S4B). Since crYOLO picked practically all particles and the 2D/3D classes did not show any evidence for the presence of

DNA or nucleosomes, any stable association of DNA or CENP-A/H4 with the CCAN can be excluded.

Model building and structure refinement
Crystal structures of human CENP-M (PDB: 4WAU), human CENP-N (PDB: 6EQT) as well as ab initiomodels for human CENP-H, K, I,

L, N, O, P, Q, U, R, T, and W predicted by the Tencent tFold server (https://drug.ai.tencent.com) were initially docked as rigid bodies

into the reconstruction of dataset I sharpened by DeepEMhancer and then locally adjusted using Coot (Emsley et al., 2010), Chimera

(Pettersen et al., 2004, 2021; Pintilie and Chiu, 2012; Yang et al., 2012), and Namdinator (Kidmose et al., 2019). The cryo-EM struc-

tures of the yeast CCAN (PDB:s 6QLD and 6QLE) and the yeast CTF3 complex with CNN1-WIP1 (PDB: 6WUC) were also used to

guide the modeling. Secondary structures for the yeast proteins were assigned by DSSP (Kabsch and Sander, 1983) and structural
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alignments generated (Figures S6–S9). Subsequently, ab initiomodels predicted using Alphafold2 were used to further improve the

structure model. These Alpha-fold models ("Colab-fold", AF2, and AF2-multimer (Evans et al., 2021; Jumper et al., 2021; Mirdita

et al., 2021) greatly facilitated the sequence assignment in regions with lower local resolution. Density for a short helix at the interface

of CENP-I and CENP-K was built as a polyalanine model since the sequence could not be assigned reliably. Possible assignments

include CENP-C, the N terminus of CENP-H, CENP-P or CENP-O, the latter slightly more likely since AF2-multimer predicted this

interaction with medium confidence (Figure S5E). In contrast, the extension of the CENP-N b-sheet by the CENP-C region

303-FIID-306 was reliably predicted by AF2-multimer (Figure S5D) and allowed unambiguous interpretation of the corresponding

short stretch of electron density for CENP-C. The position of the CENP-TW complex was derived by superposing an AF2-prediction

of the CENP-HIK head in complex with CENP-TW (which had exactly the same arrangement as the model of the yeast CTF3-CNN1-

WIP1 complex (PDB: 6WUC)) and subsequently docking it into the reconstruction of dataset II. The final model was optimized by

geometry minimization and real-space refinement with PHENIX (Adams et al., 2010) and evaluated with COOT, PHENIX and

MolProbity (Chen et al., 2010). Figures were prepared using Chimera and PyMOL (Molecular Graphics System, 2.0.3, Schrodinger).

Structural sequence alignments were performed with Chimera.

Cell culture and immunofluorence
For immunofluorence experiments with HeLa Flip-In T-REx EGFP-CENP-M (Basilico et al., 2014), cells were grown on coverslips pre-

coated with 0.01% poly-D-lysine (Sigma-Aldrich). Exogenous gene expression was induced by adding 50 ng/mL doxycycline

(Sigma, St. Louis, Missouri, United States) to the media for 24h before fixation. Cells were fixed with ice-cold Methanol for 1 min,

then washed 3 times for 5 min with one X PBS +0.1% Tween 20 (PBST). Cells were blocked for 20 min at room temperature in

PBST +5% BSA, and then were incubated in primary antibodies diluted in PBST +1% BSA overnight at 4C. The following morning,

coverslips were washed 3 times for 5 min with PBST and then incubated for 30 min at room temperature with secondary antibodies

diluted in PBST +1% BSA. Finally, coverslips were washed 3 times for 5 min in PBST and quickly rinsed in distilled water before

mounting. The following primary antibodies were used: anti-CyclinB1 (rabbit monoclonal antibody, Abcam, #ab32053, 1:1000),

CREST/anti-centromere antibody (human autoimmune serum, Antibodies Inc., #15–234, 1:1000), anti-PCNA (mouse monoclonal

antibody, Cell Signaling, #2586S, 1:1000), anti-Tubulin (rat monoclonal antibody, Abcam, #6160, 1:500). The following secondary

antibodies were used: donkey anti-human DyLight 405 (Jackson ImmunoResearch, 1:000), donkey anti-mouse Alexa Fluor 647 (In-

vitrogen, 1:1000), donkey anti-rabbit Rhodamine Red (Jackson ImmunoResearch, 1:000), donkey anti-rat Rhodamine Red (Jackson

ImmunoResearch, 1:000), GFP-Booster Alexa Fluor 488 (Chromotek, gb2AF488-50, 1:1000), goat anti-human Alexa Fluor 647 (Jack-

son ImmunoResearch, 1:000). DNAwas stainedwith 0.5 mg/mLDAPI (Serva) andMowiol (Calbiochem) was used asmountingmedia.

To induce rapid depletion of the endogenous CENP-C and CENP-A in AI-tagged lines, 500 mM of the synthetic auxin indole acetic

acid (IAA, Merck #I5148-2G) was added to the cells for 8 h. The engineered DLD-1 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM; PAN-Biotech) supplemented with 10% tetracycline-free fetal bovine serum (Thermo Fisher Scientific), 2 mM peni-

cillin/streptomycin (PAN-Biotech), and 2mML-glutamine (PAN-Biotech) at 37 �C in a 5%CO2 atmosphere. Paraformaldehyde (PFA)-

fixated cells (10 min) were permeabilized with PBS-T [PBS (PBS) buffer containing 0.1% Triton X-100] for 10 min and incubated with

PBS-T containing 4% BSA for 40 min. Cells were incubated for 90 min at room temperature with CREST/anti-centromere antibody

(Antibodies Inc. # #9101-02; dilution 1:200), CENP-A antibody (GeneTex #GTX13939; dilution 1:1000), CENP-HK antibody (SI0930,

produced in-house; dilution 1:500) and CENP-T antibody (SI0822, produced in-house; dilution 1:500), washed three times with

PBS-T, and were subsequently treated for 30 min with anti-human DyLight 405-conjugated secondary antibody (Jackson

ImmunoResearch # 709-475-149; dilution 1:200), anti-mouse Rhodamine Red-conjugated secondary antibody (Jackson

ImmunoResearch # 115-295-003; dilution 1:200) and anti-rabbit Alexa Fluor 647-conjugated secondary antibody (Jackson Immu-

noResearch; dilution 1:200). Unbound secondary antibody was removed by washing three times with PBS-T and one time with dou-

ble-distilled water. After drying, the coverslips were mounted with Mowiol mounting media (EMD Millipore) on glass slides and

imaged using a 60x oil immersion objective lens on a DeltaVision deconvolution microscope. The DeltaVision Elite System (GE

Healthcare, UK) is equipped with an IX71 inverted microscope (Olympus, Japan), a PLAPON360/1.42 numerical aperture objective

(Olympus) and a pco.edge sCMOS camera (PCO-TECH Inc., USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of centromere signals
Quantification of centromere signals was performed using the software Fiji with a script for semiautomated processing (Bodor et al.,

2012; Pan et al., 2017). Briefly, average projections weremade from z-stacks (16 layers, 3.2 mm in total thickness) of recorded images.

Centromere spots were chosen on the basis of the parameters of shape, size, and intensity using the images of the reference channel

obtained with CREST staining, and their positions were recorded. In the images of the data channels (CENP-C, CENP-A, CENP-HK,

CENP-T), the mean intensity value of adjacent pixels of a centromere spot was subtracted as background intensity from the mean

intensity value of the centromere spot. Negative fluorescence intensities were set to 0, and the top and bottom 5% of fluorescence

intensities of each data channel were excluded to remove outliers. The individual centromere intensity values were plotted using

GraphPad software. Quantifications in Figure 6 and Figure S15 indicate fluorescence intensities for the indicated number of individual

kinetochores and cells, and SD of quantified centromere foci (see legends for these figures).
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Quantification of SDS-PAGEs
After Coomassie staining, SDS-PAGE gels were imaged with Biorad ChemiDoc MP (Bio-Rad). Band intensities of the indicated sub-

units or group of subunits (when co-migrating) were quantified using ImageLab software (Bio-Rad) and normalized to their intensity in

absence of DNA (Figure 3A) or CCAN only sample (Figure 5H). The quantification reflects three technical replicates (included in Men-

deley dataset). Error bars indicate SD as indicated in the corresponding figure legends. Calculation were performed using Microsoft

Excel (Microsoft Corporation) and illustrated using GraphPad Prism (GraphPad Software Inc).
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Table S1 (related to Figure 1)  

Cryo-EM data collection, refinement and validation statistics  

 CCAN Krios2 EMDB-14098 
PDB 7QOO ("dataset I") 

CCAN Krios1 EMDB-14099 
("dataset II") 

 
Data collection and processing   
Magnification 130000x 105000x 
Voltage (kV) 300 300 
Electron exposure (e-/Å2) 76.8 55.8 
Defocus range (µm) -0.6 to -1.2 -0.6 to -1.2 
Pixel size (native/super-resolution) (Å) 0.7/0.35 0.68/0.34 
Symmetry imposed C1 C1 
Initial particle images (no.) 140910 233598 
Final particle images (no.) 22853 44216 
Map resolution (Å) 4.6 10 
        FSC threshold 0.143 0.143 
   
Refinement   
Initial model used:  Alphafold,6EQT,4WAU,6WUC, 

6QLD, 6QLE 
 

Model resolution (Å) 3.8  
         FSC threshold 0.143  
Model composition   
  Non-hydrogen atoms 24952  
  Protein residues 3086  
B-factors (Å2)   
  Protein 47.8  
R.m.s. deviations   
  Bond length (Å) 0.0035  
  Bond angles (º) 0.84  
Validation   
  MolProbity score 1.61  
  Clashscore 5.14  
  Poor rotamers (%) 1.53  
Ramachandran plot   
  Favored (%) 96.8  
  Allowed (%) 3.13  
  Disallowed (%) 0.07  

 

 

 

 





Figure S1 (related to Figure 1). Biochemical reconstitution of human CCAN  

Size-exclusion chromatography on a Superose 6 5/150 column of the indicated CCAN 

complexes and subcomplexes. A) CENP-C1-544HIKM. B) CENP-LN. C) CENP-OPQUR. 

D) CENP-TWSX. E) Comparison of elution profiles of CENP-TWSX, CENP-12, and 

CENP-16. F) CENP-TW binds CENP-12, but CENP-SX requires CENP-TW to interact 

with CENP-12. Gels and chromatograms in panels A-D also appear in Figure S2 

(representative gels). Gels and chromatograms in panels A-C also appear as controls in 

Figure S12B-D. 

 

  





Figure S2 (related to Figure 1). Pipeline of sample preparation 

The figure presents an outline of the various steps of sample preparation preceding high-

resolution cryo-EM data collection. Chromatograms and gels in the upper panel are also 

displayed in Figure S1. 

 

  





Figure S3 (related to Figure 1). Data processing flowchart for Dataset I 

A) Processing flowchart for the high-resolution dataset I including an exemplary 

micrograph (scale bar = 20 nm) and a subset of selected 2D classes of CENP-16. The last 

(grey) map shows the final reconstruction and was obtained by combining the two focused 

maps from multibody refinement (using the 'vop maximum' command in UCSF Chimera). 

B) Angular distribution of the particles shown in two positions rotated 90° to each other. 

C) Fourier shell correlation (FSC) plots between two independent half-maps for each of 

the two bodies used in the multibody refinement procedure, according to the FSC=0.143 

criterion. The dashed line indicates the 0.143 FSC criterion. red: phase-randomized map, 

green: unmasked map, blue: masked map, black: corrected map. D) Local resolution 

estimates by RELION for dataset I plotted on the two multibody reconstructions in a 

rainbow-colored gradient from blue (3.7 Å) to red (12 Å). The map differs from the final 

reconstruction depicted in panel A since the latter shows the combined sub-maps, further 

modified by DeepEMhancer. 

 

  





Figure S4 (related to Figure 1). Data processing flowchart for Dataset II 

A) Processing flowchart for the low-resolution dataset II including an exemplary 

micrograph and a subset of selected 2D classes of CENP-14. B) Angular distribution of 

the particles shown in two positions rotated 90° to each other. C) Fourier shell correlation 

(FSC) plots between two independent half-maps for each of the three bodies used in the 

last multibody-refinement, indicating the resolution of the three groups in the multibody 

refinement according to the FSC=0.143 criterion. The dashed line indicates the 0.143 FSC 

criterion. red: phase-randomized map, green: unmasked map, blue: masked map, black: 

corrected map. D) Local resolution estimates by RELION plotted on the multibody 

reconstructions in a rainbow-colored gradient from blue (8 Å) to red (25 Å). E) 

Representative density of CENP-QU head (left), the CENP-TW complex (middle) and 

the HIK head (right), as seen from the "bottom" towards the top of the CCAN complex 

in D). 

 

  





Figure S5 (related to Figure 1). AlphaFold2 model quality and close-ups of density 

maps 

A-E) Predicted aligned error (PAE) plots for AF2 models of the indicated CCAN sub-

complexes. Blue color indicates low error and high confidence of the relative positioning 

of the subdomains, red low confidence. F) Density for CENP-C 303-FIID-306 bound to 

CENP-N. The sequence assignment of CENP-C into this short stretch of density was 

based on a highly significant AF2 prediction for this interaction. G) Representative ap 

densities at the indicated subunits.  

 

  





Figure S6 (related to Figure 1). Sequence alignments of human and yeast CENP-

H and CENP-I 

Secondary structure elements of yeast CCAN (PDB ID 6QLE) were aligned to the human 

CCAN structure by keeping the molecular shapes and relative orientations as similar as 

possible. Structure-based alignments were computed by Chimera. The secondary 

structures for the yeast proteins were assigned by DSSP (Kabsch and Sander, 1983) from 

the original yeast structures with PDB ID 6QLE and 6WUC. a-helices are shown in red, 

310 helices in orange, and b-sheets in green. Sequences are colored according to the 

ClustalX coloring scheme. 

 

  





Figure S7 (related to Figure 1). Sequence alignments of human and yeast CENP-

K, CENP-L, and CENP-N 

For details, please refer to legend of Figure S6. 

 

  





Figure S8 (related to Figure 1). Sequence alignments of human and yeast CENP-

O and CENP-P 

For details, please refer to legend of Figure S6. 

 

  





Figure S9 (related to Figure 1). Sequence alignments of human and yeast CENP-

Q, CENP-U, CENP-T, and CENP-W 

For details, please refer to legend of Figure S6. 

 

 

 

  





Figure S10 (related to Figure 1). Structural differences between yeast and human 

CCANCtf19 

A-B) The main structural differences between the yeast and human complexes are 

described by two screw axes, shown from two rotated views ≈90º apart, as identified by 

program DynDom6D (Veevers and Hayward, 2019). C) Output of DynDom6D for the 

first main rotation axis, which crosses the CENP-LN dimerization interface. The 

program’s input for comparison were human CCAN subcomplexes and models of the 

same subcomplexes obtained by optimal subunit superposition on the yeast complex (and 

therefore identified as “yeast-like”). As shown, the program identifies two rigid bodies 

(shown in red and blue) in the comparison of open and closed CENP-LN (roughly 

corresponding to CENP-L and CENP-N). Bending regions are shown in green and cluster 

at the dimerization interface near the displayed screw axis. The operation is a rotation close 

to 45º with minimal translation. D) Superposition of CENP-N and Chl4 in human CENP-

LN (respectively in deepteal and firebrick) and Iml3CENP-L:Chl4CENP-N (respectively in cyan 

and pink). The curved arrow emphasizes the relative rotation of CENP-L about an axis 

running through the dimerization domain. E) Output of DynDom6D for the second main 

screw axis, which runs through the interface between CENP-L and CENP-HIK. The two 

rigid bodies in the comparison correspond to CENP-L and CENP-HIK. The rotation 

angle is again close to 45º with minimal translation. F) Cartoon model of pillar 1 and 

CENP-L in the vault for human CCAN demonstrates extensive interactions. G) The 

equivalent region in the S. cerevisiae complex shows a much more modest interface that is 

limited to the Iml3CENP-L:Ctf3CENP-I pair, further emphasizing the role of CENP-M as 

stabilizer of the human complex.      

 

  





Figure S11 (related to Figure 2). Gallery of EGFP-CENP-M cell cycle localization  

Maximum intensity projections of 5 x 0.2 µm Z-stacks. For Early G1 cells, the orange 

arrowhead indicates the spindle midbody remnant. Tubulin and DNA were the chosen 

markers to illustrate mitotic figures. PCNA and cytosolic Cyclin B1 were the chosen 

markers to illustrate S-phase and G2 phase. The displayed cells are also displayed in Figure 

2H. Scale bars = 5 µm. 

 

  





Figure S12 (related to Figure 3). DNA binding by CCAN subunits 

Size-exclusion chromatography on a Superose 6 5/150 column of the indicated samples 

to monitor protein:DNA binding using 75-bps and 165-bps DNA. A) Binding of 75- and 

165-bp DNA to fluorescently labelled CENP-TWSX complex. Elution profiles showing 

absorbance at the indicated wavelengths are shown on the left. Coomassie stained SDS-

PAGE of the indicated fractions (100 µl fractions collected between 1.0 and 2.3 ml) are 

shown on the right together with fluorescence readout from CENP-TmScarlet and Alexa647-

labelled CENP-SX complex. B) Weak CENP-C1-544HIKM binding to DNA is 

demonstrated by a modest left shift upon incubation of protein complex with DNA. The 

control chromatograms and gels in panels B-D are also shown in Figure 1A-C. C) CENP-

OPQUR also binds weakly to DNA. D) CENP-LN does not bind to DNA. E) CENP-

HIKM does not bind to DNA. F) The combined CCAN subunits in CENP-12 bound 

DNA with substantial binding affinity.  

 

  





Figure S13 (related to Figure 4). 2-fold pseudosymmetry and DNA binding mode 

of the human vault 

A) Cartoon model of human CCAN bound to DNA. The DNA fragment was extracted 

from 6C0W (CENP-N N-terminal region bound to CENP-A nucleosome (Pentakota et 

al., 2017)) using the DNA gyre facing CENP-N after superposition of CENP-N. B) View 

of the S. cerevisiae’s Ctf19CCAN-Cse4CENP-A nucleosome complex (6QLD (Yan et al., 2019)) 

with the same orientation as the human complex in panel A. C) View of 6QLD where only 

the vault and the nucleosome are displayed. D) As in panel C, but from a different 

orientation to emphasize lack of contacts of Iml3CENP-L with the DNA and nucleosome. E) 

Biotin-TEG DNA immobilized on Straptavidin beads was incubated with preys as 

indicated. Octameric CENP-A nucleosomes created with 145- or 199-bps of DNA did not 

bind CENP-11 (CENP-HIKM, CENP-LN, CENP-OPQUR), and only caused modest 

release of the complex when used at 5x concentration. Samples were visualized by SDS-

PAGE and Coomassie staining. Three technical repeats were performed. Note that the 

preparation of nucleosome had an excess of H2A:H2B that bound DNA also in absence 

of CENP-11. Lack of nucleosome binding is testified by absence of CENP-A in bound 

fractions. F) The 2-fold pseudosymmetry axis linking the two LNHDs of CENP-L and 

CENP-N and the modelled DNA in human CCAN is offset in the yeast structure (6QLD). 

The LNHD of Chl4CENP-N is displayed with the same orientation used for the human 

complex. G) Addition of CENP-C1-544 to HIKM allows direct comparison of CENP-A 

nucleosome binding by CENP-15 and CENP-16. CENP-A bound only in presence of 

CENP-C1-544. Three technical repeats were performed.  

 

  





Figure S14 (related to Figure 5). Phylogenetic analysis of open and closed vaults 

A) Cladograms of the indicated CENP-L and CENP-N species were calculated from 

sequence alignments with https://mafft.cbrc.jp/alignment/server/phylogeny.html. 

Structures of CENP-LN dimers predicted by AF2 are indicated by green species names. 

The part of the branch indicated with red lines reflects presence of open vaults (either 

experimentally ascertained, like Saccharomyces cerevisiae’s or predicted by AF2. No CENP-L 

homolog was found in C. glabrata (dashed line). B) Gallery of a representative subset of 

AF2 predictions (from those indicated in green in panel A) of vertebrate and yeast CENP-

LN orthologs from the indicated species, represented in pLDDT score (blue, high 

confidence prediction; red, low confidence prediction).  

 

  





Figure S15 (related to Figure 6). Time course of CENP-C and CENP-A depletion 

A) Degradation of CENP-C endogenously tagged with a EYFP-AID cassette (Fachinetti 

et al., 2015) was induced by addition of indole acetic acid (IAA, Auxin). The full time-

course is shown here. Levels of CENP-A, CENP-HK, CENP-T, and CREST were also 

monitored. Scale bar (here and in panel C) = 10 µm. B) Quantification of the experiments 

in panels A. Number of kinetochores and number of cells (in parentheses) are indicated. 

Levels of CENP-A and CENP-CYFP-AID from both experiments were quantified together. 

Levels of CENP-T and CENP-HK were quantified from the individual experiments in 

panel A. Red bars represent average fluorescence intensities and standard deviation of 

quantified centromere foci. C) Degradation of CENP-A endogenously tagged with a 

EYFP-AID cassette and of CENP-C endogenously tagged with an RFP-AID cassette 

(Hoffmann et al., 2020) at the indicated time points after addition of IAA. Levels of 

CENP-HK, CENP-T, and CREST were also monitored. D) Quantification of the 

experiments in panel C was performed and displayed precisely as described for panel A.  
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