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ABSTRACT

In eukaryotes, genomic DNA is stored in the nucleus as nucleosomes, in which a DNA segment is wrapped around a protein oc-
tamer consisting of two each of the four histones, H2A, H2B, H3, and H4. The core histones can be replaced by histone variants
or altered with covalent modifications, contributing to the regulation of chromosome structure and nuclear activities. The for-

mation of an octameric histone core in nucleosomes is widely accepted. Recently, the H3-H4 octasome, a novel nucleosome-like
structure with a histone octamer consisting solely of H3 and H4, has been reported. CENP-A is the centromere-specific histone
H3 variant and determines the position of kinetochore assembly during mitosis. CENP-A is a distant H3 variant sharing approxi-
mately 50% amino acid sequence with H3. In this study, we found that CENP-A and H4 also formed an octamer without H2A and
H2B in vitro. We determined the structure of the CENP-A-H4 octasome at 3.66 A resolution. In the CENP-A-H4 octasome, an
approximately 120-base pair DNA segment was wrapped around the CENP-A-H4 octameric core and displayed the four CENP-A

RG-loops, which are the direct binding sites for another centromeric protein, CENP-N.

1 | Introduction

The basic unit of chromatin is the nucleosome core particle,
composed of two copies of each of the four core histones, H2A,
H2B, H3, and H4, together with an approximately 145 base-pair
(bp) DNA fragment (Luger et al. 1997). The nucleosome is struc-
turally versatile and contains different types of histone variants
and histone modifications, as well as distinct histone stoichi-
ometries (Kurumizaka et al. 2021; Luger et al. 2012). The re-
sulting DNA compaction upon nucleosome formation limits the

accessibility of the genomic DNA and affects essential cellular
processes, such as transcription, replication, and repair (Lai and
Pugh 2017). In our recent study, we determined the cryo-EM
structure of an unconventional nucleoprotein particle called the
H3-H4 octasome, consisting solely of H3 and H4, without H2A
and H2B (Nozawa et al. 2022). We have additionally confirmed
the presence of the H3-H4 octasome in budding yeast cells
through in vivo protein crosslinking experiments. However, the
genomic location and function of the H3-H4 octasome in cells
have remained unclear.
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Centromeres provide the assembly site for the kinetochore, to
which microtubules are attached during chromosome segrega-
tion in the mitotic phase of the cell cycle and are dictated by
the centromere-specific histone H3 variant, CENP-A. The key
function of the CENP-A nucleosome appears to be the recruit-
ment of other centromere-specific proteins, such as the consti-
tutive centromere-associated network (CCAN) complex (Nagpal
and Fierz 2021). The CCAN complex consists of 16 subunits and
is dynamically assembled at the centromere during the G1, S,
and early G2 phases. Among the subunits of the CCAN com-
plex, CENP-N and CENP-C recognize CENP-A in chromatin
and promote the assembly of the other CCAN subunits onto the
CENP-A nucleosome. Depletion and overexpression of CENP-A
have been demonstrated to induce mitotic abnormalities and
high CENP-A expression levels are frequently found in various
cancers (Saha et al. 2020).

The CENP-A nucleosome has been biochemically and struc-
turally defined in vitro (Furuyama and Henikoff 2009; Dalal
et al. 2007; Sekulic et al. 2010; Black et al. 2004; Tachiwana
et al. 2011; Roulland et al. 2016; Falk et al. 2016; Takizawa
et al. 2020; Yatskevich et al. 2022). A nucleosome-sized region of
DNA within the centromere is reportedly protected from nucle-
ase activity, suggesting the presence of a nucleosome-like struc-
ture in vivo (Furuyama and Biggins 2007). Additionally, recent
high-resolution protein mapping of the budding yeast genome
has revealed that while CENP-A/Cse4 is robustly detected in the
core centromeric region, other histones are not clearly observed
(Rossi et al. 2021). Furthermore, it has been suggested that the
H2A and H2B in nucleosomes are scarce at the centromere re-
gion of budding yeast (Mizuguchi et al. 2007). These findings
may support the presence of CENP-A-H4 octasomes in centro-
meric chromatin.

In this study, we reconstituted the CENP-A-H4 octasome
in vitro and solved its cryo-EM structure with human CENP-A
and H4. The CENP-A-H4 octasome structure comprises four
CENP-A-H4 dimers assembled in an octameric core, wrapped
by approximately 120 bp of DNA with flexible ends. This
DNA length in the CENP-A-H4 octasome is consistent with
the previous in vivo and the conventional CENP-A nucleo-
some containing H2A and H2B (Cole et al. 2011; Krassovsky
et al. 2012). The CENP-A-H4 octasome presented in this study
has two times (four) the number of RG-loops, which are the
target sites for CENP-N, as compared to the CENP-A nucle-
osome. These characteristics of the CENP-A-H4 octasome
may provide an advantage for the assembly of the CENP-A
binding proteins and contribute to kinetochore assembly in
centromeres.

2 | Results and Discussion
2.1 | Reconstitution of the CENP-A-H4 Octasome

We reconstituted the nucleosome-like particle with human
histones CENP-A and H4 in the presence of a 145 bp DNA
fragment containing the Widom 601 nucleosome positioning
sequence by the salt dialysis method (Thastrom et al. 1999).
The reconstituted CENP-A-H4 octasome was detected by na-
tive polyacrylamide gel electrophoresis (PAGE), and its histone

stoichiometry was analyzed by SDS PAGE (Figure 1A,B). To
evaluate the histone-DNA interactions within the CENP-A-
H4 octasome, we conducted a nuclease sensitivity assay,
comparing the CENP-A-H4 octasome with the canonical
nucleosome, H3-H4 octasome, and CENP-A nucleosome as
controls (Figure 1C). Micrococcal nuclease (MNase), an endo-
nuclease and exonuclease, preferentially digests DNA regions
that are not tightly bound to histones while sparing DNA that
remains securely wrapped around histones (Noll 1974). Time-
course analysis of MNase digestion demonstrated that the
canonical nucleosome protects a prominent 145 bp DNA frag-
ment, representing nucleosomal DNA that is tightly wrapped,
as well as a smaller ~120 bp fragment at later stages, which
indicates partial unwrapping of DNA ends (Figure 1C, lanes
2-5; Koopmans et al. 2009). As reported previously, in the
H3-H4 octasome, ~120 and ~80 bp DNA fragments were pro-
tected from MNase digestion (Figure 1C, lanes 6-9; Nozawa
et al. 2022). This may be consistent with the DNA end flex-
ibility and specific MNase susceptible sites in the H3-H4
octasome structure. In the CENP-A nucleosome, a ~100 bp
DNA fragment was protected in addition to ~120 and ~80 bp
fragments (Figure 1C, lanes 10-13). Interestingly, the MNase
susceptibility profiles of the CENP-A-H4 octasome and the
CENP-A nucleosome were quite similar (Figure 1C, lanes 14-
17). This suggests that the accessibilities of the DNA wrapped
in the CENP-A-H4 octasome and the CENP-A nucleosome
are comparable. The ~80 bp DNA fragment protection by the
H3-H4 octasome likely corresponds to the H3-H4 tetrasome
unit (Zou et al. 2018). Therefore, the ~80 bp DNA fragments
observed in the CENP-A-H4 octasome and the CENP-A nu-
cleosome may represent a footprint of the CENP-A-H4 tetra-
some unit.

2.2 | Structural Analysis of the CENP-A-H4
Octasome

We then performed the cryo-EM single particle analysis and
determined the structure of the CENP-A-H4 octasome at 3.66
A resolution (Figure 2A, Figure S1A-F, Table S1). The puri-
fied CENP-A-H4 octasome sample was analyzed with a 300
kV electron microscope. Approximately 8.7 million particles
related to the CENP-A-H4 octasome were identified from
11,430 electron micrographs. A structural comparison of the
CENP-A-H4 octasome with the CENP-A nucleosome revealed
the features that are conserved and specific to CENP-A-H4
octasome. A ~120 bp DNA segment is wrapped around the
octameric CENP-A-H4 core 1.5 times in a left-handed man-
ner, resembling the CENP-A nucleosome. Our structure of
the CENP-A-H4 octasome comprising the Widom 601 DNA
sequence had flexible DNA ends, which were also observed
in the reported structures of the CENP-A nucleosome contain-
ing an alpha-satellite (a repetitive human centromeric DNA)
sequence (Tachiwana et al. 2011) or a Widom 601 sequence
(Boopathi et al. 2020). Unlike the CENP-A nucleosome, the
CENP-A-H4 octasome lacks the acidic patch provided by
H2A and H2B, which serves as a docking site for nucleosome
binding proteins, including histone modifiers and nucleosome
remodelers (Sundaram and Vasudevan 2020) (Figure 2B).
The CENP-A-H4 octasome adopts a clamshell-like conforma-
tion, consisting of two stacked disks connected by an H4-H4'
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FIGURE1 |

Reconstitution of the CENP-A-H4 octasome. The reconstitution of the purified nucleosome, H3-H4 octasome, CENP-A nucleosome,

and CENP-A-H4 octasome was performed using human histones and a 145-bp Widom 601 positioning sequence. These complexes were analyzed by
(A) native PAGE with ethidium bromide (EtBr) staining to assess DNA integrity and (B) SDS-PAGE with Coomassie Brilliant Blue (CBB) staining to
confirm the presence of histones. (C) The indicated nucleoprotein samples were subjected to MNase digestion for 0, 15, 30, and 60 min (from left to
right). Following MNase treatment, the DNA was separated from histones and analyzed by native PAGE with EtBr staining. The MNase sensitivity

assay was repeated three times to ensure the reproducibility of the results.

four-helix bundle. This structural arrangement closely resem-
bles that of the H3-H4 octasome; however, it differs from the
CENP-A nucleosome (Figure 2A,C). The distance between the
two DNA gyres in the CENP-A-H4 octasome was ~20 A wider
than that of the CENP-A nucleosome. This is probably due to
the lack of the H2A-mediated L1-L1’ interaction and the pres-
ence of the unobserved CENP-A aN regions in the inter-disk
space. This difference in the DNA conformations between
the CENP-A nucleosome and the CENP-A-H4 octasome may
affect the higher-order conformations of chromatin fibers in
centromeres.

The CENP-A-H4 octasome contains four CENP-A copies that
are recognized by CENP-A binding proteins, such as CENP-N
and CENP-C (Carroll et al. 2009; Kato et al. 2013). Therefore,
the CENP-A-H4 octasome provides twice the number of bind-
ing sites for CENP-A binding proteins. Especially, CENP-A con-
tains the RG-loop with two residues (Arg80 and Gly 81) inserted
in the L1 loop connecting a1 and a2 (Tachiwana et al. 2011). The
CENP-A-H4 octasome structure revealed that the four copies
of RG-loops are completely exposed to the solvent (Figure 2D).
Since the CENP-N N-terminal domain directly binds to the RG-
loop (Pentakota et al. 2017; Chittori et al. 2018; Allu et al. 2019),
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FIGURE2 | Cryo-EM structure of the CENP-A-H4 octasome. (A) The cryo-EM structure of the CENP-A-H4 octasome. The electron densities of

the N-terminal regions of CENP-A and the DNA termini were not observed (indicated by dashed lines). CA: CENP-A; FHB: four-helix bundle. (B)
Surface electrostatic potentials map of the CENP-A-H4 octasome. (C) The ribbon model of the CENP-A-H4 octasome and that of the CENP-A nucle-
osome are aligned by the bottom disk. The dots mark Position 39 in both DNA strands, while the double arrow highlights the variation in measured
distances between the DNA gyres in these structures. (D) Close-up cryo-EM map of two CENP-A RG-loops on one side of the CENP-A-H4 octasome.
The EM map was post-processed using the DeepEMhancer software (Sanchez-Garcia et al. 2021). Similar electron densities of the RG-loops were

clearly observed on the opposite side.

the CENP-A-H4 octasome could be targeted by CENP-N more
efficiently than the CENP-A nucleosome. Further studies will
be needed to test this possibility.

2.3 | A Model for CENP-N Binding to
the CENP-A-H4 Octasome

The CENP-A nucleosome is known to bind to CENP-C and
CENP-N, and their complex structures have been reported
(Ali-Ahmad et al. 2019; Allu et al. 2019; Pentakota et al. 2017;
Chittori et al. 2018). While CENP-C requires binding to both
the acidic patch of the H2A-H2B dimer and the C-terminal tail
of CENP-A to recognize the CENP-A nucleosome, CENP-N

primarily recognizes CENP-A by binding to the CENP-A RG
loop and the adjacent DNA (Allu et al. 2019). Recently, a new
DNA binding site was found on CENP-N, and CENP-N report-
edly promoted the stacking of CENP-A nucleosomes and formed
a characteristic centromeric chromatin structure, even in the
absence of other CCAN components (Zhou et al. 2022). We
performed a model fitting of CENP-N on the CENP-A-H4 oc-
tasome, using this CENP-A-N nucleosome complex composed
of Widom 601 DNA and the C-terminal 50 amino acid deletion
mutant, CENP-N!-289 (PDB: 7U4D).

As a result, the CENP-N on the RG-loop is found at superheli-
cal location (SHL) (+2.5) of the CENP-A nucleosome, whereas
it is predicted to be positioned at SHL (—0.5) and/or SHL (+5.5)
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suggests a clash between the two molecules. (C) Close-up of two CENP-Ns in the CENP-A-N-H4 octasome complex model, viewed from the back
side. The positively charged residues in the a6 helix of CENP-N that are utilized in nucleosomal DNA stacking in CENP-A-N nucleosome complexes

are shown in yellow.

in the CENP-A-H4 octasome, due to the repositioning of the
CENP-A-CENP-A'’ four-helix bundle (Figure 3A). There are two
exposed RG-loops on each face of the CENP-A-H4 octasome.
Two CENP-N molecules superimposed on the two sites on the
same face apparently clash, suggesting that a CENP-N molecule
can potentially bind to either site (Figure 3B). However, previous
studies have demonstrated that CENP-N adopts various distinct
conformations to bind to different binding partners during the
assembly of the CCAN complex (Yatskevich et al. 2022), suggest-
ing that structural transformations may allow two CENP-N mol-
ecules to bind on the same face of the CENP-A-H4 octasome.

The CENP-N-mediated stacking of CENP-A nucleosomes occurs
through a series of positively charged amino acids (Lys102, Lys105,
Lys109, Lys110, Argl14, and Lys117) located on the same face of the
a6 helix. These residues of CENP-N, mapped on the superimposed
structure, are exposed to the solvent for possible higher-order

structure formation (Figure 3C). Therefore, the CENP-A-H4
octasome may play a role in the formation of the characteristic
higher-order chromatin structure at the centromere.

3 | Conclusion

We successfully reconstituted the CENP-A-H4 octasome and
solved its cryo-EM structure at 3.66 A resolution. Like the
CENP-A nucleosome, the CENP-A-H4 octasome contained an
approximately 120-bp DNA segment and the exposed RG-loops
of CENP-A, a common foothold for centromeric proteins. The
CENP-N binding RG-loops were exposed at different sites from
those on the CENP-A nucleosome, suggesting the distinct epi-
genetic function of the CENP-A-H4 octasome. Defining how
CENP-N and other CCAN proteins bind to the CENP-A-H4 oc-
tasome in vivo and how they differ from the interactions with
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the CENP-A nucleosome will be important to clarify kineto-
chore formation during mitosis.

4 | Experimental Procedures
4.1 | Purification of DNA Fragments

A 145 bp DNA fragment corresponding to the Widom 601 se-
quence (5-ATCAGAATCCCGGTGCCGAGGCCGCTCAATTG
GTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGC
GCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCC
TAGTCTCCAGGCACGTGTCAGATATATACATCGAT-3") was
prepared as previously described (Dyer et al. 2003). Tandem re-
peats of this fragment were cloned into the pGEM-T Easy vector
(Promega), which was subsequently amplified in Escherichia
coli and purified. The DNA fragment was excised by digestion
with EcoRV (Takara), and the vector DNA was removed via
polyethylene glycol (PEG) 6,000 precipitation.

4.2 | Preparation of Human Histones, Histone
Complexes, and Nucleosomes

Human histones H2A, H2B, H3.1, CENP-A, and H4 were ex-
pressed and purified following an established protocol (Arimura
et al. 2012). Histone octamers, H3-H4 tetramers, and CENP-A-H4
tetramers were refolded through dialysis and purified using gel fil-
tration chromatography with a HiLoad 16/600 Superdex 200 pg.
column (Cytiva). The H3-H4 and CENP-A-H4 octasomes were
reconstituted by combining tetramers with a 145 bp Widom 601
DNA fragment and refolding through the salt dialysis method, as
described in previous studies (Arimura et al. 2012). For reconsti-
tution, the DNA and histones were mixed at a molar ratio of 1:2.2
in 2 M KCl buffer. The nucleoprotein complexes were dialyzed
against a buffer containing 10mM Tris-HCI (pH 7.5), 2 M KCl,
1mM EDTA, and 1mM dithiothreitol (DTT), with the KCl con-
centration gradually reduced to 0.25 M using a peristaltic pump.
The assembled octasomes were incubated at 55°C for 2 h and sub-
sequently purified using 6% polyacrylamide native PAGE with a
Prep Cell apparatus (Bio-Rad).

4.3 | MNase Treatment Assay

Nucleosomes containing 145 bp DNA (200 ng each) were incubated
with 0.01 unit/uL MNase (Takara) at 37°C for 0, 15, 30, and 60 min
in a reaction buffer composed of 50mM Tris—HCI (pH 7.5), 2.5mM
CaCl,, 1.9mM DTT, and 50mM NaCl. The MNase reactions were
stopped by adding a quenching buffer containing 20mM Tris-HCl
(pH 7.5), 20mM EDTA, 0.5 mg/mL proteinase K, and 0.25% SDS.
The resulting DNA fragments were purified through phenol/chlo-
roform extraction and ethanol precipitation, followed by analysis
on a 10% polyacrylamide native PAGE in 0.5x TBE buffer (45mM
Tris base, 45mM boric acid, and 1mM EDTA).

4.4 | Cryo-EM Sample Preparation and Data
Collection

To stabilize the purified CENP-A-H4 octasome, the gradient
fixation method (GraFix) was employed during sucrose gradient

centrifugation, following an approach (Kastner et al. 2008). A
linear sucrose gradient was prepared using a Gradient Master in-
strument (SKB). The low-density buffer contained 20mM HEPES-
KOH (pH 7.5), 1mM DTT, and 10% (w/v) sucrose, while the
high-density buffer included 20mM HEPES-KOH (pH 7.5), 1mM
DTT, 25% (w/v) sucrose, and 3% paraformaldehyde. Centrifugation
was carried out at 27,000 rpm for 16 h at 4°C using an SW41 rotor
(Beckman Coulter). Fractions containing the CENP-A-H4 oc-
tasome were subjected to buffer exchange using Micro Bio-Spin
Columns (Bio-Rad) equilibrated with 20mM Tris-HCI (pH 7.5)
and 1mM DTT.

For cryo-EM sample preparation, 2 uL of the CENP-A-H4 oc-
tasome solution (0.57 mg/mL) was applied to a glow-discharged
Quantifoil R1.2/1.3200-mesh Cu grid. After blotting for 6 s
under 100% humidity at 12°C using a Vitrobot Mark IV system
(Thermo Fisher Scientific, USA), the grids were rapidly frozen
in liquid ethane. Cryo-EM data collection was conducted using
SerialEM software (Mastronarde 2005) on a Krios G4 cryo-
electron microscope (Thermo Fisher Scientific, USA) operated
at 300 kV, with a pixel size of 1.06 A and a defocus range of —1.25
to —2.5 um. Imaging was performed at an electron flux of 11.5
e~ /pix/s with a 6-s exposure time using an energy-filtered K3 di-
rect electron detector (Gatan, USA) in electron counting mode,
with a 25 eV slit width. Each dataset comprised 40 frames, with
a total dose of approximately 57.3 e~/A2.

4.5 | Cryo-EM Image Processing

A total of 11,430 micrographs of the CENP-A-H4 octasome were
aligned using the MotionCor2 software (Zheng et al. 2017), with
dose weighting applied. The contrast transfer function (CTF) pa-
rameters for each micrograph were determined using CTFFIND4
(Rohou and Grigorieff 2015). Image processing of the CENP-A-H4
sample was carried out using RELION 3.1 following the procedure
(Zivanov et al. 2018). Initially, 8,697,848 particles were automati-
cally picked using the 2D template-based picker and subjected to
reference-free 2D classification to remove poor-quality particles.
From this, 3,097,901 selected particles were used for 3D classifi-
cation, applying a global soft mask. The best 3D classes were se-
lected based on resolution. The structures were subjected to 3D
refinement, Bayesian polishing, and two rounds of CTF refine-
ment. The final resolution of the refined CENP-A-H4 octasome
map was 3.66 A, as determined by the gold standard Fourier Shell
Correlation (FSC) method with the 0.143 criteria (Scheres 2016).
The final map was visualized using UCSF Chimera software
(Pettersen et al. 2004). Data collection and processing statistics for
the CENP-A-H4 octasome structure are summarized in Table S1.

4.6 | Model Building

The structural model of the CENP-A-H4 octasome was built
from the cryo-EM structure of the CENP-A-H4 octasome con-
taining Homo sapiens histones H3 and H4 and a 145 bp Widom
601 DNA fragment (PDB: 7X57) (Nozawa et al. 2022). The amino
acid residues of H3 were adjusted to those of human CENP-A.
The model coordinates were refined automatically with phe-
nix.real_space_refine (Adams et al. 2010) and manually using
Coot (Emsley et al. 2010). All structure figures were prepared
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using UCSF Chimera and PyMOL (Schrodinger; http://www.
pymol.org).
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