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Summary

Kinetochores mediate chromosome segregation during cell division. They assemble on
centromeric nucleosomes and capture spindle microtubules. In budding yeast, a kinetochore links
a single nucleosome, containing the histone variant Cse4“ENP-A instead of H3, with a single
microtubule. Conservation of most kinetochore components from yeast to metazoans suggests that
the yeast kinetochore represents a module of the more complex metazoan arrangements. We
describe here a streamlined protocol for reconstituting a yeast centromeric nucleosome and a
systematic exploration of cryo-grid preparation. These developments allowed us to obtain a high-
resolution cryo-EM reconstruction. As suggested by previous work, fewer base pairs are in tight
association with the histone octamer than there are in canonical nucleosomes. Weak binding of the
end DNA sequences may contribute to specific recognition by other inner kinetochore
components. The centromeric nucleosome structure and the strategies we describe will facilitate
studies of many other aspects of kinetochore assembly and chromatin biochemistry.
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Introduction

Centromeres are the specialized chromosomal regions that connect with mitotic spindle
microtubules. They recruit specialized nucleosomes, in which a centromeric histone variant
(CENP-A in metazoans; Cse4 in yeast) replaces the canonical histone H3 (Westhorpe and
Straight, 2015). Human centromeres comprise long stretches of repetitive-sequence DNA,
several megabases in length, with multiple CENP-A containing nucleosomes. In yeast,
however, a single Cse4-containing nucleosome assembles on a sequence-specific centromere
of about 125 bp (Furuyama and Biggins, 2007). Despite these differences, kinetochore
components on metazoan centromeres are homologs of yeast counterparts (Hinshaw and
Harrison, 2018a). Because of its simplicity, the yeast centromere is a suitable model for its
more complex metazoan counterparts; reconstitution and atomic structure determination of a
Cse4-containing nucleosome are thus starting points for mechanistic and structural studies of
kinetochore - nucleosome complexes.

Early studies of chromatin used endogenous sources such as chicken erythrocytes or rat liver
(4, 5), but more recent standard protocols use expression of individual Xenopus laevis
histones as inclusion bodies, denaturing purification, and refolding of a histone octamer.
These approaches have led to various high resolution x-ray crystal structures of canonical
and centromeric nucleosome (e.g., (Luger, 1997; Luger et al., 1997; Tachiwana et al., 2011))
as well as to cryo-EM structures at moderate resolution of centromeric nucleosomes
associated with certain kinetochore components (Chittori et al., 2018; Pentakota et al., 2018;
Tian et al., 2018; Zhou et al., 2019). We have now shown that we can co-express in bacteria
the four histones of a budding-yeast centromeric nucleosome and purify a soluble octamer in
good yield. Several other groups have recently made related advances in co-expression of X,
laevis or Homo sapiens H2A/H2B dimers, H3/H4 tetramers, or complete octamers
(Anderson et al., 2010; Black et al., 2014; Fang et al., 2016; Guse et al., 2019; Klinker et al.,
2014; Lee et al., 2015; Shim et al., 2012; Tian et al., 2018).

Straightforward expression of centromeric histone octamers, which readily bind a 147 bp
DNA fragment with the "Widom 601" sequence (Lowary and Widom, 1998), selected for
high octamer affinity, has in turn allowed us to explore systematically the conditions for
obtaining homogenous fields of particles for high resolution cryo-EM structure
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determination. We have in particular succeeded in overcoming the strong tendency for the
DNA of nucleosomes to unwrap from the histone core during cryo-EM sample preparation.
We found that the extent to which DNA unwrapped or dissociated varied with ice thickness
and that addition of certain non-ionic detergents both stabilized the particles and decreased
the degree of preferential orientation. We have thus circumvented having to add stabilizing
ligands to achieve sub-3 A resolution, such as the single-chain variable-domain antibody
fragment (scFv) used recently to stabilize a human CENP-A nucleosome wrapped with a
native, a-satellite DNA (Zhou et al., 2019). While the binding of this scFv overcomes
several described limitations, the epitope is a conserved acidic patch, important for
recruiting many nucleosome binding proteins and thus limiting its use for larger protein
complexes.

In this paper, we describe coexpression of a soluble, budding yeast centromeric histone
octamer containing S. cerevisiae Cse4 and its reconstitution into a nucleosome with Widom
601 DNA. We further describe the systematic trials needed to avoid loss of DNA from the
nucleosome and to determine its atomic structure at 2.7A resolution. The results will
facilitate high-resolution cryo-EM structure determination of both canonical and centromeric
nucleosomes bound with protein complexes.

Coexpression of yeast histone octamer containing Saccharomyces cerevisiae Cse4

Previous work has shown that recombinant expression of many kinetochore proteins from
Kluyveromyces lactis gives much higher yields than similar procedures with their S.
cerevisiae homologs (Cho and Harrison, 2011a; 2011b; Dimitrova et al., 2016). Likewise,
while we were unable to coexpress all four components of the S. cerevisiae centromeric
octamer, we could obtain more robust expression from a construct encoding the four K.
Jactis orthologs (Figure S1A, B and Table 1). We therefore expressed histone octamer
containing K. /actis H2A, H2B, and H4 and S. cerevisiae Cse4 with a polycistronic
coexpression system (ScKl 2) containing a single T7 promoter and ribosome binding site
(RBS) for each histone (Figure 1A and Table 1) -- that is, we substituted S. cerevisiae Cse4
into a background of K. /actis core histones H2A, H2B and H4. We also generated two
additional chimeric octamer plasmids and found that we needed to retain only the K. /actis
H4 to obtain soluble, centromeric octamer (Table 1 and Figure S1C, D).

We purified coexpressed octamer with a two-step purification protocol of metal-affinity and
size exclusion chromatography (SEC), as outlined in detail in Methods. Purification could be
accomplished in one day, a substantial improvement over the time required to produce
octamer by refolding. Results for the four coexpression plasmids are in Figures 1B and S1.
We assembled Nucleosome Core Particles (NCPs) from the coexpressed octamer using 147
bp 601 DNA and salt dialysis; the NCPs gave the expected EMSA band shift (Figure 1D and
E).
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Cryo-EM analysis of nucleosome core particles

Nucleosome DNA unwrapping and particle distribution have been described previously as a
major bottleneck in obtaining high-resolution structures of the nucleosome by cryo-EM,
even with the high affinity, Widom 601 DNA sequence (Cao et al., 2018; Lowary and
Widom, 1998). Consistent with these findings, our centromeric nucleosome particles show
DNA unwrapping and preferred orientation (top views) under standard vitrification
conditions (Figure S2A).

To overcome these limitations, we subjected centromeric NCP to a matrix of anionic,
nonionic and zwitterionic detergents during sample vitrification (see Methods). With
concentrations close to the critical micelle concentration (CMC) of octyl glucoside (OG), n-
dodecyl-p-D-maltoside (DDM), laurydimethylamine oxide (LDAO), and fluorinated Fos-
choline, we observed the same degree of DNA unwrapping as with untreated samples
(Figure S3), but addition of cetyl trimethyl ammonion bromide (CTAB) or to an even greater
extent polysorbate 20 (Tween 20) prevented nucleosome unwrapping and improved the
particle orientation distribution for centromeric NCPs (Figure S2B and S3). Similarly, we
observed less DNA unwrapping with canonical nucleosomes, suggesting the addition of
Tween 20 may help improve nucleosome sample preparation characteristics (Figure S2D).
The sample we used to collect high resolution data of the centromeric NCP contained
0.005% Tween 20. This treatment allowed us to obtain a consistent ice thickness of
~25-35nm, measured by collecting tomograms, about 2-3 times the largest particle
dimension, and essential for high resolution structure determination (Figure S2C). All data
processing was carried out using the cisTEM software package (Grant et al., 2018). Multiple
rounds of reference free 2D classification were used to select a total of ~500,000 particles
(Figure S4). This particle stack was subclassified using 3D multi model refinement to obtain
a total of 266,607 particles, which were used to determine the structure of the centromeric
NCP at a resolution of 2.7A (FSC = 0.143 criterion) (Figure 2A and S4).

Structure of centromeric nucleosome core particles

The 3D reconstruction and the model of a yeast centromeric nucleosome built into that map
were consistent with other nucleosome structures (Figure 2B) (Luger et al., 1997; Tachiwana
etal., 2011; White et al., 2001a). A (Csed:H4), tetramer associates with two H2A:H2B
dimers to form the octameric core. The histone N-terminal tails are disordered and not
resolved in the map, and the histone polypeptide chains become visible around helix 1 of
each (Figure 2B and C). We built models into density for residues 17-115 of H2A, 33-128
of H2B, 133-229(end) of Cse4, 25-103(end) of H4, and 119 bps of DNA. The map showed
clear features for side chains and resolved individual DNA bases. Figure 3B shows
representative segments of the map for the DNA and Cse4 (Figure 3A and B).

K. lactisand S. cerevisiae histones H2A, H2B, and H4 differ by 3-7 residues each (H2A: 5
H2B: 7 H4: 3). Six of these substitutions are visible in the structure (H2A: 1 H2B: 2 H4: 3).
The backbone at each of these positions has the same conformation as it does in the crystal
structure of a canonical S. cerevisiae histone octamer. The RMSD of all atoms (backbone,
side chain, DNA) between this structure and the yeast canonical nucleosome (PDB ID:
11D3) is 1.1 A (White et al., 2001a). We conclude that the co-expressed octamers can be
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used to make nucleosome core particles that are identical to ones made by refolding and that
using K. /lactis H2A, H2B, and H4 in place of their equivalents from S. cerevisiae does not
generate any detectable perturbations.

The yeast centromeric histone octamer binds strongly to fewer base pairs of DNA than does
a canonical octamer, as previously seen in an MNase protection assay using /n vitro
reconstituted Cse4-nucleosome (Kingston et al., 2011). Strong density was present in our
map for only 119 bp of DNA, compared with 146 bp in the yeast canonical nucleosome
crystal structure (Figure 3C) (White et al., 2001a). Additional DNA base pairs are seen in
the low resolution unmasked map, although the weak density precludes molecular modeling
(Figure 3C). A similar difference has also been reported for the crystal structure of the
human centromeric nucleosome, whereas extended DNA ends have been observed in recent
single particle cryo-EM structures of centromeric nucleosomes in the presence of a binding
partner or a chaperone, CENP-N and scFv, respectively (Figure 3D) (Chittori et al., 2018;
Pentakota et al., 2018; Tachiwana et al., 2011; Tian et al., 2018; Zhou et al., 2019).

Cse4 L1 loop and C-terminus

The histone fold domains of Cse4 and H3 (defined as residues 130-end and 40-end,
respectively) are only 59% identical (83% similar) at corresponding positions in their amino-
acid sequences. Although residue differences between the two are distributed throughout the
histone fold domain, two areas visible in the structure are known binding sites for partners of
Cse4: (i) the CATD (CENP-A Targeting Domain consisting of the L1 loop and the a2 helix)
and (ii) the C-terminal segment. (A third region within the N-terminal tail interacts with
COMA (30) but is not visible in our structure.) Within the Cse4 CATD (L1 loop + a2 helix),
the structure shows that the a.2 helix has essentially the same structure as its counterpart in
H3, but that the L1 loop, with three extra residues, has a distinct, well-defined conformation
(Figure 4A and B). Relevant primary structure differences between Cse4 and H3 around the
L1 loop are (i) substitution of T170 in Cse4 for the corresponding residue of K79 in H3 and
(ii) a three-residue insertion of KDQ (residues 172-4) in the loop itself (Figure 4B). The
change K79T170 does not alter the position of the Ca. The Ca atoms of the longer L1 loop
protrude 6-7A further outward from the nucleosome surface than they do on H3. The density
for the backbone is clear. The side chains of K172 and D173 are not resolved (Figure 3B), so
we modeled their most likely rotamers. The solvent-accessible, L1 loop is probably an
interaction site for Chl4: its counterpart in the human centromeric nucleosome contacts
CENP-N, the Chl4 ortholog (Fang et al., 2015).

The three C-terminal residues of Cse4, QFI (replacing H3 counterparts ERS), create a
hydrophobic patch, important for Mif2 binding (Kato et al., 2013). Their structure is
consistent with the conformation seen in a previous crystal structure of a K. /actis Cse4/H4
tetramer (Figure 4C) (Cho and Harrison, 2011b). Because of some ambiguity in density for
F228 and 1229, we modeled these residues as in that crystal structure, with F228 buried in
the octamer core and 1229 projecting outward at the nucleosome surface. Other residue
changes are scattered throughout the histone fold domain of Cse4, but we could find no Ca
positional shifts from positions of the corresponding atoms in H3.
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Discussion

A detailed structural characterization of the nucleosome and understanding its interaction
with nucleosome binding protein complexes are essential starting points for investigating the
structural and functional properties of chromatin associated molecular machines. The
strategy we used, in which a codon-optimized K. /actis H4 was co-expressed with the other
three histones of the S. cerevisiae centromeric octamer, was critical for the high-level
expression suitable for structure determination. The comparatively higher resolution of the
reconstruction shows that our preparation and vitrification procedures have overcome many
of the technical problems encountered in previous efforts to study nucleosomes by cryo-EM
(Bilokapic et al., 2017; Chua et al., 2016). We cannot rule out the possibility that some
factor beyond the K. /actis H4, such as gene order in the expression vector, optimized
sequence, or mRNA structure also contributed to the expression difference.

Centromeric nucleosomes are prone to dissociation during cryo-EM grid preparation,
yielding images cluttered with free DNA, possibly due to the disruption of nucleosome
particles at the air water interface (Cao et al., 2018). We paid particular attention to
optimizing the ice thickness to increase image contrast by varying sample volume, grid
manufacture and blot time, and tested various detergents to preserve nucleosome structure
integrity and for relief from preferential orientation. Both parameters influence the behavior
of a nucleosome at the air-water interface. We measured ice thickness by collecting
tomograms of individual grid regions and used only the areas with a thickness of
approximately 25-35nm to determine the final reconstruction.

A recent study showed that it is possible to use a single-chain antibody fragment (scFv) to
stabilize a human centromeric nucleosome containing CENP-A and a native a-satellite DNA
and to determine its structure at 2.6 A resolution (Zhou et al., 2019). The use of this scFv
fragment led to a high resolution structure, perhaps because its binding stabilized the particle
and mitigated effects of the air-water interface. A similar investigation in the absence of the
scFv fragment could only deliver a structure of the nucleosome at 3.4 A resolution. Because
the scFv covers an acidic patch region of the nucleosome important to recruit the majority of
nucleosome binding proteins, it cannot be used for high resolution structures of these
nucleosome bound targets. The technical developments reported here have led to a
comparable resolution in the absence of a stabilizing scFv fragment, and we therefore expect
that they will be valuable for high resolution structural investigation of nucleosomes bound
with chromatin remodeling complexes and nucleosome modifying enzymes.

Structures of the human centromeric nucleosome show that this nucleosome has fewer well-
ordered DNA base pairs than do canonical nucleosomes containing histone H3 (16, 17, 34).
Our structure shows that the same is also true for yeast. Two features of the centromeric
histone contribute to unwrapping at the ends of the DNA: fewer interactions of DNA with
the N-terminal tail and amino acid differences between H3 and Cse4CENP-A in the aN helix.
Swapping the human CENP-A N-terminal tail and aN helix into H3 is sufficient to cause
partial unwrapping of the DNA (35); our structure suggests that the same would be true for
the yeast proteins. A recent structure of the S. cerevisiae Ctf19 complex suggests that the
unwrapping of DNA ends is probably crucial for allowing other nucleosome-proximal
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factors of the kinetochore to bind (hinshawStephen C Harrison, 2019). Thus, the
characteristics of the centromeric histone octamer that lead to release of the DNA ends
contribute to specific recognition of a Cse4 nucleosome for kinetochore assembly.

The C-terminal residues of CENP-ACSe4 are important for its interaction with CENP-CMif2
(Kato et al., 2013). Moreover, a segment related to the conserved "CENP-C box" binds a
nucleosome containing a chimeric H3 with C-terminal residues from CENP-A through a
tyrosine-tryptophan pair in hydrophobic contact with 1133 and L137 of CENP-ACs®4 (Kato
et al., 2013). In the conformation of the C-terminal residues of Cse4 in our structure, which
is the same as its conformation in a free K. /actis Cse4:H4 tetramer, F228 and 1229 are
poised to make hydrophobic contacts with yeast Mif2, whose CENP-C motif is conserved
with its human ortholog (Figure 4C) (Cho and Harrison, 2011b; Cohen et al., 2008).

A second component of human kinetochores known to interact directly with CENP-ACSe4 js
CENP-NCM4 |n structures of the N-terminal domain of human CENP-N with a human
centromeric nucleosome, the most extensive CENP-N interactions are with DNA, but a well-
defined interaction of N-terminal residues of CENP-N with the L1 loop of CENP-ACse4
appears to determine the specific point of contact (Chittori et al., 2018; Pentakota et al.,
2018; Tian et al., 2018). As expected from alignment of sequences, including those of other
point-centromere yeasts, the N-terminal domain of S. cerevisiae Chl4 has essentially the
same structure as that of CENP-N (Hinshaw and Harrison, 2018b). We infer that all these
proteins are likely to bind similarly to the centromeric nucleosome and that the L1 loop of
Cse4 probably interacts with residues near the Chl4 N-terminus. The loop is three residues
longer than the corresponding loop in H3, far enough from the octamer surface to facilitate
interaction with Chl4 and to differentiate Cse4 from its non-centromeric counterpart, H3.

Interaction with Chl4 need not exclude other interactions, either at the same time or at
different stages of kinetochore assembly. One study in yeast indicates that the L1 loop
contributes to Mif2 binding affinity (Xiao et al., 2017); the published structure referenced
above, which used a chimeric H3 with only the C-terminal residues of CENP-A, does not
firmly rule out a contact. Our own experiments (unpublished) do not, however, indicate any
cooperativity between Chl4 and Mif2. Other proteins that must recognize Cse4 or the
centromeric nucleosome selectively include Psh1, which ubiquitinates Cse4 to regulate its
localization (Hewawasam et al., 2010; Ranjitkar et al., 2010). Scm3, the chaperone that
associates with Ndc10 and recruits Cse4-H4 heterodimers, depends on specific contacts with
helix H2 of Cse4, but does not contact the L1 loop (Cho and Harrison, 2011b).

The centromeric nucleosome structure described here extends to substantially higher
resolution than those from other organisms reported previously and has been achieved
without the addition of chaperones or specialized binding partners. Our finding, that use of
K. lactis H4 with the three other histones from S. cerevisiae gives high yield of native
octamer, also greatly facilitated the structure determination. This strategy will benefit the
investigation of many other aspects of yeast chromatin biochemistry, kinetochore assembly
and regulation.
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STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Inquiries for further information may be directed to and fulfilled by Lead Contact Yoana N.
Dimitrova. To request reagents please submit a form to Genentech at https://www.gene.com/
scientists/mta.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All proteins were expressed in Rosetta 2 £. coli cells (Novagen) in LB medium. Expression
was induced at ODgqg of 0.6 — 1.0 with 0.25-0.5 mM IPTG and cells grown at 18°C for
12-18 hrs.

METHOD DETAILS

Expression and purification of histones—Genes encoding S. cerevisiae and K. lactis
histones were cloned into single expression vectors with a ligation-independent cloning
method (LIC). For co-expression, genes were assembled into a poly-cistronic insert with a
PCR-based method and cloned into a LIC vector. Plasmids were verified by sequencing.

Proteins were expressed in Rosetta 2 £. coli cells (Novagen). Culture growth was done at
37°C with shaking at 220 rpm unless otherwise stated. ~5 colonies were streaked from a
transformation plate and incubated in 5ml each LB medium with appropriate antibiotics and
grown for 3-4h. The starter cultures were then transferred to 150 mL LB and grown
overnight. The next morning, 12L of media were seeded 1:100 and grown to an ODgqq of
0.6 — 1.0. The colonies typically required 8 — 12 hrs to reach this point. They were then
induced with 0.25-0.5 mM IPTG and grown overnight at 18°C. Cells were harvested by
centrifugation, resuspended in high salt buffer (HSB) (2M NaCl, 50 mM HEPES pH 7.5,
10% glycerol, 1 mM TCEP) containing protease inhibitors (aprotonin, pepstatin, leupeptin,
and PSMF) and frozen directly at —80°C for storage.

Cells were resuspended in 10 mL high salt buffer per L of culture (120 mL for a 12 L prep)
and lysed by sonication. The lysate was clarified by centrifugation at 40,000xg in a
Beckman centrifuge with a JA-20 rotor at 4°C for 1h. The supernatant was incubated with 4
mL TALON metal affinity resin (Clontech) and incubated at 4°C for 1h with agitation, then
transferred to a gravity column. After discarding the flow through and washing, the protein
was eluted with HSB containing 50 mM EDTA and 400 mM Imidazole. The eluate was
concentrated in an Amicon centrifugal filter (10,000 MWCO) by centrifuging at 3000xg and
4°C at 15 minute intervals until the volume was less than 2mL. This typically required 2-3h
total time. The concentrated eluate was run on a 120 mL Superdex 200 size exclusion
column (GE). Aliquots were frozen at —80°C. SDS-PAGE was done on Bio-Rad 4-20%
polyacrylamide gels, with staining by coomassie blue. The 147 bp Widom 601 DNA
sequence was produced by PCR and purified on a HiTrap Q column.

Nucleosome wrapping and CryoEM sample preparation—DNA and histone
octamer were mixed in a 1.1:1.0 molar ratio. Nucleosomes were reconstituted by the salt
gradient dialysis method using a Rabbit peristaltic pump and a gradient over 60h at 4°C.
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Excess DNA was removed by further purifying the nucleosomes over a 24 mL Superdex200
or 2.4 mL Superose6 size exclusion columns. The SEC buffer was 30 mM HEPES pH 7.4,
150 mM NaCl, and 1 mM TCEP.

After SEC, nucleosome-containing fractions were brought to a concentration of 0.5-1.2
mg/ml determined by measuring the DNA concentration on a NanoDrop spectrophotometer
(Fisher), based on a predicted mass of 240 kDa for the Sc/K/centromeric nucleosome.

The purified samples were applied on 20s glow discharged (Solarus) Quantifoil R1.2/1.3 or
R2/2 gold grids (200 mesh) and flash frozen in liquid ethane on an FEI Vitrobot, using a 2.5
- 5 s blot time and blotting force of 8 at 4°C and 100% humidity. Samples were vitrified
under the following detergent conditions at their CMC: Octyl Glucoside (OG), n-Dodecyl-p-
D-Maltoside (DDM), Laurydimethylamine oxide (LDAO), Fluorinate-Fos-Choline, Cetyl
Trimethyl Ammonion Bromide (CTAB) and Polysorbate 20 (Tween 20)

Data collection—CryoEM data were collected using a Titan Krios G2 (Thermo Fisher
Scientific) operated at 300keV, with a BioQuantum energy filter equipped with a K2 Summit
direct detector (Gatan, Inc. Pleasanton, CA). Movies were acquired in energy filtered mode
with an energy slit of 20eV, magnification of ~165kx (pixel size of 0.849 angstroms/pixel).
The electron beam had a flux rate of 4.9 electrons/(angstrom)2/s, and movies were acquired
at 4 frames/s for duration of 10 seconds, for a total electron interaction of 49 electrons/
(angstrom)2. A 70um condenser aperture and a 100um objective aperture were used while
imaging. Data were collected using SerialEM automated acquisition software (Mastronarde,
2005). Micrographs for the direct comparison between CEN-NCP and H3-NCP in the
presence or absence of Tween 20 were collected on a Talos F200C (Thermo Fisher
Scientific) operated at 200keV with a Ceta 16M camera (Thermo Fisher Scientific).

Ice thickness determination on cryo-EM girds—The tomogram was acquired on a
Titan Krios at 300keV using a Bioguantum energy filter with a K2 Summit direct electron
detector (Gatan), at a pixel size of 4.39A. Data were collected using serialEM (Mastronarde,
2005).

Tilt series was collected from —45 to +45 degrees at 3 degree increments with a defocus of
-5 M. A total dose of 100 e/A2 was used for data acquisition. The tomographic
reconstruction was done using IMOD (Mastronarde and Held, 2017). The reconstruction
showed an ice thickness of approximately 33 nm in the areas of single particle data
acquisition.

Cryo-EM data processing—Cryo-EM data (unbinned) were processed with cisTEM
without applied symmetry (C1) (Grant et al., 2018). 4926 movies were corrected for frame
motion using the Unblur algorithm and the contrast transfer function (CTF) was estimated
with CTFfind {Mindell:2003ib, Rohou:2015wx, Grant:2015kv}. Images were filtered based
on the detected fit resolution better than 3.75 A (Figure S4A). Particles were automatically
picked using the ‘ab-initio’ algorithm and a circular blob as a template with a radius of 25 A
and an exclusion radius of 55 A (Sigworth, 2004). 862,840 particles were extracted using a
box size of 192 px and subjected to two rounds of reference free 2D classification (each
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using a target of 500 classes) based on the maximum likelihood algorithm (Figure S4B)
(Scheres et al., 2005; Sigworth, 1998). The classes obtained were visually inspected and
curated to remove ice contamination, aggregation and other false positives, yielding to a
final dataset comprising 491,261 particles. Seven of these particle classes, each representing
a distinct view of the nucleosome, were used to calculate an ab-initio 3D reconstruction
using cisTEM software package (Grigorieff, 2016). The resulting volume was used as a
starting reference for a multi model refinement using the Auto Refine algorithm (CisTEM),
using an initial resolution limit of 20 A. Particles sorted into the most represented 3D class
(54.3% of all particles) were extracted and further refined in iterative rounds of manual and
global refinement including masking and CTF refinement until convergence of the FSC
curve (Figure S4D). The resulting map was sharpened with the following parameters:
flattening from a resolution of 8 A, applying a pre-cut-off B-factor of —90 A2 from the origin
of reciprocal space, applying a post-cut-off B-factor of —10 A2 and applying a figure-of-
merit filter (Rosenthal and Henderson, 2003). To determine whether the DNA was
completely or partially unwrapped, we perform manual-refine using an unmasked sum of
half-maps filtered to low resolution. We low pass filtered this volume using the gaussian
algorithm provided by the Chimera Software with a standard deviation of 3.0 (Pettersen et
al., 2004).

Model Building—We built the nucleosome model into the map using iterative rounds of
model building and local refinement in Coot (Emsley et al., 2010) and global real space
refinement in Phenix (Adams et al., 2010). We took the DNA from a crystal structure of a
601 NCP (PDB 3LZ0) (Vasudevan et al., 2010) and performed a rigid body in UCSF
Chimera (Pettersen et al., 2004). The resolution of the structure allowed an unambiguous fit
of this asymmetric sequence. For the core histones, we used a crystal structure of the yeast
canonical nucleosome (PDB 1ID3) (White et al., 2001b), altered individual residues to
correspond to the sequences of K. /actis H2A, H2B, and H4 and S. cerevisiae Cse4, and
performed a rigid body fit. Further rounds of manual building in Coot and real space
refinement in Phenix led to the final model (Supplemental Table S1). Graphics were
generated in PyMol (DeLano, 2002), Chimera, and ChimeraX (Goddard et al., 2017;
Pettersen et al., 2004). Local resolution was plotted with Resmap (Kucukelbir et al., 2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics generated from the cryo-EM data processing, refinement and structure validation
are shown in Table S1 and Figure S4.

DATA AND SOFTWARE AVAILABILITY

Atomic coordinates have been deposited in the Protein Data Bank with accession number:
6UPH and in the Electron Microscopy Data Bank with code 20839.

DATA AND SOFTWARE AVAILABILITY

Software used in this this study has been previously published as detailed in the Key
Resources Table.
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Refer to Web version on PubMed Central for supplementary material.
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Reconstitution and atomic resolution structure determination of centromeric nucleosomes
are the starting point for in-depth studies of kinetochore-nucleosome complexes. Migl et
al describe the generation of high resolution cryo-EM structure of yeast centromeric
nucleosome enabled by optimal grid preparation that avoids DNA unwrapping. The
structure shows key kinetochore assembly sites.
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Highlights

Production of monodisperse, soluble nucleosomes using poly-cistronic
vectors

Optimal grid preparation for high-resolution cryo-EM structures of
nucleosomes

Cryo-EM structure of yeast centromeric nucleosome shows kinetochore
assembly sites
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Figure 1.
Reconstitution of yeast centromeric nucleosome. A. Schematic representation of poly-

cistronic expression vector ScKl 2 representing histone gene order (see details for other
expression vectors in Table 1). B. Summary of histone octamer purification workflow. C.
Top, size exclusion chromatogram from Superdex 200 column showing elution profile of
ScKI 2. Bottom, coomassie-stained 4-12% SDS-PAGE gel with fractions corresponding to
metal affinity purification (Input, Elow Through, Wash) and chromatogram on top (Load and
numbered fractions). D. Top, size exclusion chromatogram from Superdex 200 column of
601 DNA wrapped centromeric nucleosome expressed from ScKl 2 vector. Bottom,
coomassie-stained 4-12% SDS-PAGE gel with fractions corresponding to chromatogram on
top. E. Agarose gel showing 601 DNA wrapped centromeric nucleosomes expressed from
Kl 1 and ScKIl 2 vectors.
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Cryo-EM structure of yeast centromeric NCP. A. Local resolution map of centromeric NCP
based on non-sharpened map. B. Top, cryo-EM density map of centromeric NCP at 2.7A
resolution (unsharpened). Bottom, cartoon representation of centromeric NCP model. (PDB
ID: 6UPH) C. Domain representation of histones and 601 Widom DNA where light grey
represents regions that have not been built in the model.
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Figure 3.
Structural details of centromeric histone Cse4 and DNA ends. A. Cartoon representation of

centromeric (CEN)-NCP and schematic representation of Cse4 histone. B. Density map of
centromeric histone Cse4 and a representative DNA region. Dashed line indicates
unmodeled N-terminus of Cse4 (residues 1-132). C. Left two, surface representation of 601
DNA from CEN-NCP structure in blue and masked density map of the CEN-NCP at 2.7A
resolution in grey. Right, unmasked density map of the CEN-NCP filtered to low resolution
in grey with cartoon representation of the CEN-NCP model (structures from this paper). D.
Surface representation of 601 DNA from crystal structure of canonical NCP (PDB ID: 11D3)
and of native apha-satellite DNA from cryo-EM structure of CEN-NCP+scFv (PDB ID:
6EOP) (21, 29).
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Figure 4.
Structural details of Cse4 L1 loop and C-terminus. A. Model of centromeric nucleosome

indicating zoomed in regions represented in B and C. B. Overlay of L1 loop from S.
cerevisiae Cse4 (blue) and human CENP-A (purple). Sequence alignment of this region is
shown below. C. Overlay of S. cerevisiae Cse4 (blue) and human CENP-A (purple) C-
terminus with sequence alignment of the region shown below.
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Table 1.
Histone poly-cistronic vectors
Plasmid
name KI1 ScKl 2 ScKl13 ScKl4

Description Kl centromeric octamer ~ ScKIl centromeric octamer  ScKI centromeric octamer

ScKIl canonical octamer

Species Tag Name Species Tag Name Species Tag Name Species Tag Name
gene 1 Kl Hiss  H2A Kl Hiss  H2A Sc Hiss  H2A Sc - H3
gene 2 Kl Hiss H2B Kl Hiss  H2B Sc - H2B Sc Hiss  H2A
gene 3 Kl - Cse4d Sc - Csed Sc - Csed Sc - H2B
gene 4 Kl Hisg H4 Kl Hisg H4 Kl Hisg H4 Kl Hisg H4
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Octyl Glucoside (OG) Anatrace Cat#0311

n-Dodecyl-p-D-Maltoside (DDM) Anatrace Cat#D310

Laurydimethylamine oxide (LDAO) Anatrace Cat#D360

Fluorinate-Fos-Choline Anatrace Cat#F300F

Cetyl Trimethyl Ammonion Bromide (CTAB) | Millipoer-Sigma Cat#52365

Polysorbate 20 (Tween 20) Millipoer-Sigma Cat#P9416

Deposited Data

Atomic coordinates, CEN-NCP structure This study PDB: 6UPH
EMD: 20839

Experimental Models: Organisms/Strains

E. coli Rosetta 2 (DE3) Singles Novagen Cat#71400

Recombinant DNA

Kl1 This study N/A

ScKl 2 This study N/A

ScKI 3 This study N/A

ScKl 4 This study N/A

Software and Algorithms

CiISTEM Grant et al., 2018 https://cistem.org/
PHENIX Adams et al., 2010 https://www.phenix-online.org
PyMol DeLano, 2002 http://www.pymol.org/

UCSF Chimera

Pettersen et al., 2004

http://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX

Goddard et al., 2018

https://www.rbvi.ucsf.edu/chimerax/

Coot

Emsley et al., 2010

http://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
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