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Abstract: In eukaryotic cells, the genomic DNA is hierarchically organized into chromatin.
Chromatin structures and dynamics influence all nuclear functions that are guided by DNA, and
thus regulate gene expression. Chromatin structure aberrations cause various health issues, such as
cancer, lifestyle-related diseases, mental disorders, infertility, congenital diseases, and infectious
diseases. Many studies have unveiled the fundamental features and the heterogeneity of the
nucleosome, which is the basic repeating unit of chromatin. The nucleosome is the highly conserved
primary chromatin architecture in eukaryotes, but it also has structural versatility. Therefore,
analyses of these primary chromatin structures will clarify the higher-order chromatin architecture.
This review focuses on structural and functional studies of nucleosomes, based on our research
accomplishments.
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Introduction

Living organisms use genomic DNA as the
carrier of their genetic information. The length of
human genomic DNA is estimated to be about 2
meters, and yet it is properly packaged in the
nucleus, with a diameter of less than 10 micrometers.
Genomic DNA is folded as a nucleoprotein complex
called chromatin, which itself is organized by
nucleosomes.

The history of chromatin research begins with
Walther Flemming, who coined the term “chromatin”
(from the Greek kroma, meaning color) in the 1880s
to identify a stainable substance found in the cell
nucleus.1) Almost a century later, initial structural

images of chromatin were published in 1974, in a
report where the authors used electron microscopy to
observe spherical particles tethered by linker DNAs,
which they called “8-bodies”.2) Subsequently, the
term “nucleosome” replaced the name “8-body”.3),4)

In 1977, a broad outline of the nucleosome core
particle conformation was reported, based on X-ray
diffraction and electron microscopy analyses, reveal-
ing its disk-like shape with a diameter of 110Å and a
height of 57Å.5) In 1984, the structure of the
nucleosome core particle, in which the DNA forms a
left-handed superhelix, was solved at 7Å resolution
by X-ray crystallography.6) In 1997, the atomic
resolution structure of the nucleosome core particle
was determined at 2.8Å resolution, revealing the
details of the nucleosome structure, including his-
tone-histone and histone-DNA interactions.7) Addi-
tional structural details were elucidated based on
the higher resolution structure at 1.9Å resolution,
obtained by X-ray crystallography.8),9)

The nucleosome core particle, a 10 nm spherical
unit, comprises two molecules each of the four core
histones H2A, H2B, H3, and H4 (Fig. 1A), which
assemble as a histone octamer tightly wrapped by
9147 base pairs (bp) of DNA in a left-handed
superhelix (Fig. 1B). The histone octamer is com-
posed of two H3-H4 heterodimers and two H2A-H2B
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heterodimers. This essential nucleosome architecture
is rigorously conserved in eukaryotic cells.10) The
nucleosomes are linked together by a linker DNA
containing target sites for various proteins and
regulatory factors, and form the “beads-on-a-string”
architecture observed by Olins and Olins in 1974.2)

The dynamic interactions between DNA and histones
in the nucleosome are fundamental to gene regulation
mechanisms mediated by chromatin, controlling all
processes involving genomic DNA, such as gene
transcription, DNA repair, recombination, and rep-
lication.

Sequence variations in genomic DNA are the
driving force behind evolution and the acquisition
of diversity in living organisms. At the same time,
changes in genomic DNA sequences can be the source
of serious diseases, such as cancer and neurodegener-
ative disorders. On the other hand, disorders caused
by the genomic organization occurring in a DNA
sequence-independent manner have recently been
identified. These disorders are not the consequences
of alterations in the genetic code of the DNA

sequence, but instead are caused by the mechanism
known as “epigenetics”. Epigenetics comprises herit-
able changes in the structure and organization of
chromatin, and it plays a central role in the develop-
ment of tissues and organs through cell differentia-
tion. The genomic state that ensures the epigenetic
control of genomic DNA is called the “epigenome”,
which is composed of chromatin bearing an array of
modifications and factors, such as DNA methylation,
post-translational modifications of histones, histone
variants, nucleosome binding factors, nucleosome
remodeling factors, and non-coding RNAs. These
major epigenomic factors, by acting alone or in
combination, result in the dynamic epigenetic regu-
lation of genomic DNA by diversifying the chromatin
structure and dynamics.

Over the past two decades, discussions of the
structural elements of chromatin have mainly been
based on the canonical nucleosome structure. Despite
extensive efforts, the chromatin structure-based
regulatory mechanisms of genomic DNA remain
unclear. Therefore, deciphering the mechanism by

Fig. 1. Structure of the nucleosome. A. Histones H2A, H2B, H3, and H4 associate to form a nucleosome. Structural depiction of the
nucleosomal histones H2A, H2B, H3, and H4, colored marine, turquoise, salmon pink, and pink, respectively. B. Crystal structure
of the human canonical nucleosome core particle. The figure presents the human canonical nucleosome structure with the DNA,
colored gray, wrapped around the histone octamer (left panel). The nucleosome structure is rotated 45 degrees clockwise around the
axis (right panel).
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which epigenetic factors regulate the chromatin state
will not only contribute to a better understanding
of the functional regulation of genomic DNA, such
as gene expression, replication, repair, and recombi-
nation, but also provide important information for
the establishment of new therapeutic and preventive
methods for diseases caused by epigenetic aberra-
tions.

This review summarizes structural studies of the
nucleosome based on our research conducted over the
past two decades, which has been dedicated to the
clarification of the molecular mechanisms by which
eukaryotic organisms use the epigenetic information
encoded in higher-order chromatin structures.

In vitro reconstitution of nucleosomes

The basic chromatin architecture is established
during early embryogenesis by histone assembly. To
understand the mechanism of histone incorporation
into chromatin, we analyzed the process by which
histones H3 and H4 are incorporated into nascent
chromatin during the cleavage stages of Xenopus
laevis embryos. In this study, mRNAs encoding
mutant H3 or H4 molecules were microinjected into
the nuclei of Xenopus embryos to study the mitosis-
dependent incorporation of the mutant histones into
newly formed chromatin.11) Although this method
allows to identify the amino acid regions of histones
important for nucleosome formation in vivo, analyses
of the effects of amino acid differences found in
histone variants and mutants on nucleosome struc-
ture and function proved to be difficult. Therefore,
we established a new strategy in which nucleosomes
are reconstituted in vitro with histones produced
as recombinant proteins.12) We successfully purified
histones H3, H3 mutants, and H4 as recombinant
proteins, and determined that the H3 mutations
leading to a SWI/SNF-independent (Sin) phenotype
in yeast destabilize nucleosomes in vitro.12) Genetic
experiments in yeast demonstrated that Sin muta-
tions promote transcription in genes requiring nucle-
osome remodeling factors, in the absence of the
nucleosome remodeling activity.13)–15) Wechser et al.
also reported that Sin mutations of H4 enhance the
accessibility of the nucleosomal DNA.16) Crystal
structures of the nucleosome core particles containing
Sinmutations revealed that these mutations alter the
histone-DNA interactions in the nucleosome.17) These
results explained how nucleosome destabilization by
Sin mutations on H3 and H4 relieves the tran-
scription barrier by the nucleosome, which is usually
accomplished by nucleosome remodeling factors.

Chromatin structure of centromeres

During each cell division, the sister chromatids
of the same chromosome are attached to microtubule
fibers that pull the chromatids to opposite poles in
daughter cells. The centromere region of the chro-
mosome provides sites for the formation of the
kinetochore, a proteinaceous structure where micro-
tubules are anchored.18)–21) The centromeric chroma-
tin structure is a fundamental architecture that
mediates chromosome segregation and may be
conserved among eukaryotes. The centromere for-
mation position and the resulting chromatin struc-
ture are epigenetically maintained through cell
division and passed on to the next generation.

CENP-B is one of the protein components of
centromeric chromatin.22),23) By forming a dimeric
structure, CENP-B recognizes and binds specifically
to a target DNA sequence called the CENP-B box,
located in the centromeric chromatin.24)–28) We
solved the crystal structures of the CENP-B N-
terminal DNA-binding domain complexed with the
CENP-B box DNA29) and the CENP-B dimerization
domain.30) To analyze nucleosome binding factors
such as CENP-B, the previously established nucleo-
some reconstitution system using recombinant histo-
nes seemed to be effective. Therefore, we developed a
system for the expression and purification of recombi-
nant human histones in Escherichia coli cells.31),32)

To enhance our knowledge of the structural
architecture of the centromeric nucleosome, we
focused on the centromere-specific histone H3 variant
CENP-A, which is specifically assembled in nucleo-
somes localized in the centromeric region. Although
the underlying mechanism remains unclear, it is well
known that centromere inheritance is dictated by the
architecture of the centromeric nucleosome contain-
ing CENP-A. Human CENP-A was successfully
obtained as a recombinant protein, and the nucleo-
some comprising CENP-A was demonstrated to form
a nucleosome-like structure with the other histones,
H2A, H2B, and H4. Using the reconstituted human
centromeric nucleosomes, we demonstrated that
CENP-B binds efficiently to nucleosomal DNA in
the presence of CENP-A, even when the CENP-B
box is wrapped within the nucleosome.33),34)

CENP-A has attracted attention as an epige-
netic factor that defines the centromere region of
chromosomes. The centromeric nucleosome is con-
sidered to adopt a unique structure dedicated to
kinetochore formation. Although several models of
the CENP-A nucleosome were proposed and actively

Structures of functional nucleosome complexesNo. 1] 3



discussed, the three-dimensional structure of nucleo-
somes containing CENP-A had remained un-
known.35) Therefore, the determination of the enig-
matic structure of the centromere-specific CENP-A
nucleosome was eagerly awaited. We reconstituted
the human CENP-A nucleosome with a centromeric

DNA fragment and successfully determined its
crystal structure36) (Fig. 2A). The overall structure
of the CENP-A nucleosome was quite similar to the
structures of nucleosomes containing other histone
H3 variants.37),38) Notably, the DNA ends were
flexible, a property that may play an important role

Fig. 2. Centromeric chromatin architecture. A. Crystal structure of the CENP-A nucleosome. The figure presents the nucleosome core
particle structure containing centromeric CENP-A, colored gold. DNA is colored gray. The right panel shows the CENP-A
nucleosome rotated 45 degrees clockwise around the axis. B. Cryo-EM structures of trinucleosomes containing CENP-A or canonical
H3.1. Front and right-angle views of the tri-nucleosomes containing CENP-A or H3.1 are presented. The four histones H2A, H2B,
H3.1 and H4 are colored marine, turquoise, salmon pink, and pink, respectively. The DNA is colored gray. C. Interaction of
the methyltransferase SET8 with the H4 N-terminal tail of the nucleosome and the CENP-A nucleosome, analyzed using cryo-EM.
Close-up view of the H4 N-terminal tail of the CENP-A nucleosome bound to the SET domain, colored mint. Histones H2A, H2B,
CENP-A, H4, and DNA are colored marine, turquoise, orange, pink, and gray, respectively.
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in forming the centromeric chromatin architecture
facilitating the assembly of centromeric proteins.
Consistently, the DNA end flexibility and structural
diversity in the CENP-A nucleosomes have been
confirmed by cryo-electron microscopy (cryo-EM)
analyses.39),40) However, the extent to which the
flexible DNA ends of the CENP-A nucleosome
participate in the establishment of the higher-order
structure of centromeric chromatin had remained
unclear.

To address this question, we established a
method to reconstitute tri-nucleosomes mimicking a
centromeric nucleosome arrangement, in which the
CENP-A nucleosome is flanked by two H3 nucleo-
somes. The cryo-EM single-particle analysis revealed
that the tri-nucleosomes containing CENP-A form
a higher-order structure that is easily accessible by
centromeric proteins in chromatin, as compared with
tri-nucleosomes containing only H3 nucleosomes41)

(Fig. 2B). Notably, active centromere formation with
a CENP-A mutant that can be localized in the
centromeres, but is defective in DNA end flexibility,
was substantially impaired.39) These results provided
important insights into the functions of histone
variants in the proper formation of the higher-order
architecture of chromatin.

Our analyses also revealed that, in the nucleo-
some, CENP-A fixes the orientation of the N-
terminal tail of the cognate H4 in the outward
configuration.42) In the previous crystal structures of
canonical human nucleosomes, the inward configu-
ration of the H4 N-terminal tail was predominantly
observed.37),38) Cryo-EM analyses of CENP-A and
H3.1 nucleosomes complexed with the monomethyl-
transferase SET8 revealed that the outward config-
uration of the H4 N-terminal tail is suitable for SET8
binding to the nucleosome43) (Fig. 2C). Consistently,
SET8 monomethylates the CENP-A nucleosome
more efficiently than the canonical nucleosome.42)

These findings explained how CENP-A enhances
the monomethylation of the H4 lysine 20 residue in
the CENP-A nucleosome.44)

In addition to its importance in centromeric
chromatin formation, CENP-A is overexpressed in
particularly aggressive cancer cells and forms the
heterotypic nucleosome containing one CENP-A
molecule together with one H3.3 molecule at non-
centromeric chromatin regions.45) We successfully
reconstituted the CENP-A/H3.3 heterotypic nucleo-
some, and determined its crystal structure. In the
structure, CENP-A and H3.3 retained their struc-
tural characteristics, and the DNA end was flexible

only on the CENP-A side.46) How these heterotypic
nucleosomes facilitate cancer progression will be an
important future issue to resolve.

Testis-specific histone variants

Dramatic chromatin structure reorganization is
induced during spermatogenesis. Several histone
variants are specifically expressed in the testis and
induce structural changes in chromatin. H3T was
identified as the testis-specific histone H3 variant in
mammals and is regarded as a critical histone variant
that plays an important role in chromatin reorgan-
ization required for spermatogenesis.

We purified human H3T as a recombinant
protein, and found that H3T is apparently incorpo-
rated into the nucleosome by a specific pathway with
the histone chaperone Nap2.47) The three-dimen-
sional structure of the H3T-containing nucleosome
core particle was solved, and its physical and
biochemical characteristics were determined.48) The
H3T nucleosome is unstable, and the amino acid
residues responsible for the instability have been
identified.48) A mouse H3T ortholog (termed H3t)
was detected by in silico hybridization screening.49)

Structural, biochemical, and knockout analyses
revealed that H3t is essential for spermatogenesis,
although the mouse H3t nucleosome exhibited some-
what different physical and biochemical character-
istics from those of the human H3T nucleosome.50)

These physical and structural properties of H3T-
containing nucleosomes may provide important
information for understanding the basis of chromatin
reorganization during spermatogenesis. Studies of
other testis-specific histone variants, such as human
H3.5,51) human TSH2B,52) mouse and human TH2A
and TH2B,53)–56) and mouse H2A.L.257) have been
reported. It is intriguing to elucidate the functions
of these diverse nucleosomes in the chromatin
reorganization during spermatogenesis.

Nucleosomes in heterochromatin

Heterochromatin represents chromosomal re-
gions where DNA is densely condensed. By ensuring
a condensed high-order chromatin conformation,
heterochromatin suppresses genomic DNA activities,
such as transcription, replication, recombination, and
repair. Therefore, heterochromatin is an important
element that plays a fundamental role in epigenetics.
Two classes of heterochromatin have been identified:
constitutive heterochromatin and facultative hetero-
chromatin. Constitutive heterochromatin is marked
by the lysine 9-trimethylated H3 (H3K9me3) mod-
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ification and heterochromatin protein 1 (HP1),
which specifically binds to chromatin containing
H3K9me3. In comparison, facultative heterochroma-
tin usually contains the lysine 27-trimethylated H3
(H3K27me3) modification, which is catalyzed by
polycomb repressive complex 2 (PRC2).

The mechanism by which HP1 binds to the
H3K9me3 nucleosome had remained enigmatic. We
first purified a histone H3 containing a trimethylly-
sine 9 analog, which mimics H3K9me3, and then
obtained complexes of HP1 with the dinucleosome
containing H3K9me3. The cryo-EM structures of
human HP1 subtypes (HP1,, HP1O, and HP1.) in
complexes with the H3K9me3 dinucleosome were
elucidated by single-particle analysis.58) In the com-
plexes, an HP1 homodimer binds to each nucleosome

of the dinucleosome, probably by binding H3K9me3,
and bridges two nucleosomes (Fig. 3A). Notably,
nucleosome bridging was also observed in the cryo-
EM structure of facultative heterochromatin com-
plexes with PRC2.59) These findings revealed the
basic structural element of heterochromatin, and
may provide important insights toward clarifying the
common mechanism of gene inactivation in hetero-
chromatin regions.

Interactions of pioneer transcription factors
with nucleosomes

In the genome, transcription factors (TFs)
recognize and bind their target DNA sequences to
regulate gene transcription. The presence of nucleo-
somes generally restricts the access of TFs to their

Fig. 3. Diversification of the primary chromatin architecture. A. Cryo-EM structure of the HP1,-dinucleosome complex. The two
nucleosomes and the HP1, molecule are colored salmon pink and light blue, respectively. The DNA is colored gray. B. Cryo-EM
structure of the DNA binding domain of GATA3 complexed with the nucleosome core particle. The DNA binding domain of the
pioneer transcription factor GATA3, colored orange, is bound to the nucleosome. Histones H2A, H2B, H3.1, H4, and DNA are colored
marine, turquoise, salmon pink, pink, and gray, respectively. C. Crystal structure of the overlapping dinucleosome. The octasome and
hexasome moieties are shown in light green and magenta, respectively. The DNA is colored gray (left panel). The right panel
represents the H2A-H2B dimer content in the hexasome and octasome units. The H2A-H2B dimers contained in the hexasome and
octasome units are presented in magenta and light green, respectively. The H3.1-H4 content in the two units is presented in gray. The
H2A-H2B dimer colored in pink with broken line corresponds to the dimer that has detached from the octasome.
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target DNA sequences. However, it has been reported
that certain TFs, called pioneer TFs, bind to their
target DNA sequences, even when they are wrapped
within nucleosomes.60) Pioneer TFs thus cause
conformational changes in chromatin that allow
downstream factors to bind to their exposed target
DNA sequences. Therefore, pioneer TFs are crucial
elements involved in cell differentiation. However,
the mechanism by which pioneer TFs recognize and
bind to their target DNA sequences in nucleosomes
had remained elusive, because of a lack of structural
knowledge.

Our research group focused on the pioneer TF
GATA3, involved in the establishment of new cell
fates, including mammary epithelial cell differentia-
tion by induction of chromatin remodeling,61) and
determined the cryo-EM structure of the nucleosome
core particle complexed with the GATA3 DNA
binding domains62) (Fig. 3B). Together with in vitro
biochemical and genomic analyses, we found that
the positions of the target DNA sequences on the
nucleosome are important for GATA3 to recognize
and bind to the nucleosome. In fact, GATA3 stably
binds to the nucleosome by effectively using its two
DNA-binding motifs without obvious DNA unwrap-
ping, when its target DNA sequence 5B-GAT-3B is
located near the nucleosomal edge and properly
aligned in the same direction by six base-pair spacing.
In contrast, the cryo-EM structures of nucleosomes
complexed with other pioneer TFs, such as Sox2,
Oct4, and Sox11, revealed that they bind to their
target DNA sequences by partially unwrapping the
DNA from the histone surface.63),64) Studies on
pioneer TFs are providing important information
toward clarifying the molecular mechanism by which
these fundamental TFs bind their DNA targets
within the nucleosome.

Nucleosomes around transcription start sites

Nucleosome formation inhibits the binding of
DNA-binding proteins, such as TFs. When a nucle-
osome is located near the transcription start site, it
is shifted along the DNA by nucleosome remodeling
factors. This step allows the assembly of TFs,
including RNA polymerase II, on the transcription
start site, and thus the gene can be transcribed.
During this process, the nucleosomes may collide with
neighboring nucleosomes.65),66) To reveal the struc-
ture after nucleosome collision, we reconstituted the
“overlapping dinucleosome (OLDN)”, in which two
nucleosomes have collided, and determined its crystal
structure.67) The OLDN structure consists of two

units: one normal-type histone octamer and one
hexamer lacking an H2A-H2B dimer, with about
250 bp of DNA wrapped around the histone core in
three turns (Fig. 3C). A molecular dynamics simu-
lation coupled with small angle X-ray and neutron
scattering revealed the dynamic characteristics of
the OLDN in solution.68) The results obtained from
genomics, in conjunction with structural and bio-
chemical analyses, also suggested that OLDNs
accumulate just downstream of the transcription
start sites in human cells.67) Thus OLDNs may
represent a novel chromatin unit that regulates
transcription initiation by nucleosome repositioning
during the chromatin remodeling process.

Transcription elongation of nucleosomal DNA
by RNA polymerase II

In eukaryotes, RNA polymerase II (RNAPII) is
the enzyme responsible for the transcription of
protein-coding genes and non-coding RNAs. How-
ever, the genomic DNA that RNA polymerases must
transcribe is tightly bound to the histone core in the
nucleosome and thus lacks easily accessible sites for
polymerase binding. Therefore, in the process of
transcription on the nucleosome, RNA polymerases
must disrupt the robust contacts between histones
and DNA during transcript elongation. Although
many structural studies on the mechanism of tran-
scription by RNAPII on DNA have been performed,
the mechanism by which RNAPII transcribes the
nucleosomal DNA had remained unclear and thus
was eagerly awaited. To address this fundamental
question, we established a nucleosome transcription
system with RNAPII, and pursued the single-particle
analysis using cryo-EM. We successfully captured
snapshot structures of RNAPII-nucleosome com-
plexes at each step of nucleosomal DNA tran-
scription69) (Fig. 4A). The RNAPII-nucleosome
structures revealed that RNAPII performs tran-
scription elongation reactions by tearing the nucleo-
somal DNA from the histone surface in a stepwise
manner, while preserving the histone octamer.
Notably, we also found that RNAPII substantially
pauses near the entry and the center of the
nucleosome, during the transcription elongation
reaction. These partially DNA-peeled nucleosomes
within the paused complexes may be the targets of
histone chaperones, nucleosome remodelers, and
modification enzymes.

Various transcription elongation factors escort
RNAPII to promote efficient transcription through
the nucleosome. However, the mechanism by which
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the elongation factors help RNAPII to overcome the
transcriptional barrier constituted by the nucleosome
had remained obscure. We focused on the conserved
basal elongation factors, Elf1 and Spt4/5, and
analyzed them by the same method as described
above. We successfully obtained cryo-EM structures
of the nucleosomes with transcribing RNAPII elon-
gation complexes containing Elf1 and Spt4/570)

(Fig. 4B). In these structures, Elf1 and Spt4/5
cooperatively facilitate RNAPII passage by modify-
ing the interaction between RNAPII and the
nucleosomal DNA, and by adjusting the nucleosome
in favor of forward progression. We also found that
the presence of Elf1 and Spt4/5 suppresses the
pausing near the entry region of the nucleosome, by
destabilizing the RNAPII-nucleosomal DNA inter-
action.

These structural and biochemical studies have
illustrated the transcription mechanism of the
nucleosomal DNA by RNAPII, bringing important
insights into the basis of the transcription elongation
reaction on chromatin. Further development and

improvement of our structural and biochemical
methods will allow us to expand these pioneering
discoveries to higher-ordered structural units of
chromatin, such as the chromatosome (a nucleosome
complexed with the linker histone H1), OLDN, and
heterochromatin units, shedding light on the complex
chromatin structure-based regulatory mechanisms of
eukaryotic genomes.

Chromatin-related immunology and
infection features

Surprisingly, the nucleosome also functions in
the regulation of the innate immune response
conducted by cyclic GMP–AMP synthase
(cGAS).71),72) cGAS senses an exogenous DNA,
synthesizes a second messenger, cyclic GMP-AMP
(cGAMP), and stimulates innate immunity.73)–76)

The cGAMP synthetic activity of cGAS is substan-
tially suppressed upon nucleosome binding.77) We
and others determined the cGAS-nucleosome com-
plex structures, which revealed how cGAS is inacti-
vated by nucleosome binding78)–83) (Fig. 5A). Briefly,

Fig. 4. Transcription mechanism through the nucleosome. A. Snapshot structures of the RNAPII-nucleosome complexes obtained using
cryo-EM. RNAPII-nucleosome complexes paused at superhelical location (SHL)(-6), SHL(-5), SHL(-2), and SHL(-1) are presented.
RNAPII, DNA, H2A, H2B, H3.3, and H4 are colored dark gray, gray, marine, turquoise, salmon pink, and pink, respectively. Arrows
represent transitions between the complexes. B. Cryo-EM structure of the nucleosome transcribing RNAPII elongation complexes
containing Elf1 and Spt4/5. The transcription elongation factors Elf1, Spt4, Spt5, and RNA are colored purple, green, yellow, and
red.
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in the context of nucleosome binding, the two cGAS
monomers are prevented from dimerizing, with the
reorganization of each cGAS-DNA binding site in a
manner incompatible with exogenous DNA binding.

This indicates that chromatin directly regulates the
innate immune system. In addition, growing evidence
has shown that host chromatin may act as a
regulator during microbial infection. Future studies

Fig. 5. Nucleosome structures implicated in immunology and in parasitic organisms. A. Cryo-EM structure of the cGAS-nucleosome
complex. Two monomers of cGAS, colored green, bind the nucleosome core particle, with the four histones H2A, H2B, H3.1, and H4,
colored marine, turquoise, salmon pink, and pink, respectively. The DNA is colored gray. The right panel presents the cGAS-
nucleosome complex rotated 120 degrees counterclockwise around the axis. B. Cryo-EM structure of the Giardia lamblia nucleosome.
A side view of the G. lamblia nucleosome is presented. G. lamblia histones H2A, H2B, H3, and H4 are colored blue, green, orange, and
pink, respectively, with the DNA (colored gray) wrapped around the octamer.C. Close-up views around the acidic patch region in the
G. lamblia nucleosome and its equivalent acidic patch region in the human nucleosome. Both panels show the electrostatic potentials
of these regions, with negative and positive charges in red and blue, respectively. D. Crystal structure of the human nucleosome
containing Leishmania major H3 (LmaH3). LmaH3 is colored purple, and the human H2A, H2B, H4, and DNA are colored gray. The
LmaH3-specific residues are colored blue, and their side chains are depicted.
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are awaited to define the host strategies toward
infection, which may include chromatin and host-
protective elements.

We have also expanded our structural and
functional studies of the nucleosome to various
species, including pathogens such as Giardia lamblia,
an intestinal parasite responsible for the worldwide
diarrheal disease called “giardiasis”, and Leishmania
major, a protozoan responsible for cutaneous leish-
maniasis, causing ulcerative skin lesions that heal
with difficulty. The three-dimensional structure of
the G. lamblia nucleosome indicated the DNA end
flexibility as well as an unconventional morphology of
the acidic patch region, a negatively charged region
implicated in multiple chromatin interactions84)

(Fig. 5B and C). These results revealed the specific
features and characteristics of the Giardia nucleo-
some structure and may provide important informa-
tion for future drug discovery. Furthermore, inspired
by the fact that Leishmania histones are secreted into
human cells, we reconstituted nucleosomes consisting
of human histones and Leishmania histone H3,
determined the structure by X-ray crystallography,
and finally proved its formation in cells85) (Fig. 5D).
This study has deepened our understanding of the
mechanisms by which the host chromatin structure is
altered during parasite infection.

Perspective

In over 30 years of extensive research, the
structure of chromatin has been widely solved, but
almost only at the first level of DNA compaction, the
nucleosome. The nucleosome is an important archi-
tecture for regulating genomic DNA activity, and
exhibits functional versatility in its structure and
dynamics. Understanding how nucleosomes organize
the higher-order chromatin states will substantially
illuminate the functions and molecular mechanisms
of chromatin dynamics in the epigenetic regulation
of genomic DNA. With recent advances in cryo-EM
technology, the elucidation of such functionally
relevant higher-order chromatin structural units has
become imminent. The high-resolution structures
will provide important details to clarify chromatin-
mediated mechanisms, such as transcription. Using
the cryo-EM technology, it will be quite interesting to
decipher how transcription elongation is suppressed
by chromatosome formation, and to determine the
mechanism of transcription repression in heterochro-
matin. Elucidations of the functions of transcription
elongation factors, histone chaperones, and remodel-
ing factors during the chromatin transcription are

also anticipated. Further developments in structural
studies of chromatin, including in situ chromatin
analyses, are eagerly awaited.
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