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Histone proteins are highly conserved among all eukaryotes. They have two important functions in the
cell: to package the genomic DNA and to regulate gene accessibility. Fundamental to these functions is
the ability of histone proteins to interact with DNA and to form the nucleoprotein complex called chro-
matin. One of the mechanisms the cells use to regulate chromatin and gene expression is through replac-
ing canonical histones with their variants at specific loci to achieve functional consequence. Recent cryo-
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electron microscope (cryo-EM) studies of chromatin containing histone variants reveal new details that
shed light on how variant-specific features influence the structures and functions of chromatin. In this

Electron microscopy
Protein structure
Histone variant

article, we review the current state of knowledge on histone variants biochemistry and discuss the impli-
cation of these new structural information on histone variant biology and their functions in transcription.
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V. Sokolova, S. Sarkar and D. Tan
1. Introduction

Proper gene expression is crucial for normal cellular function
and organism development. In eukaryotes, the nucleoprotein com-
plex chromatin provides a sophisticated system to control the
accessibility of genetic information and, thus the transcription out-
come. The nucleosome, the basic building block of chromatin, con-
tains 147 base pairs (bps) of DNA wrapping around an octameric
core of histone proteins in 1.7 turns. The incorporation of histone
variants (the nonallelic isoforms of canonical histones) is a known
epigenetic mechanism to introduce changes into nucleosomes,
altering chromatin’s chemical and physical properties. Yet, crystal
structures of most variant-containing nucleosomes show a highly
conserved and relatively stable structural fold that appears insen-
sitive to modification on histones. In recent years there has been a
renewed interest in understanding the molecular mechanism of
histone variant-dependent chromatin regulation and transcrip-
tional control. It is now well-recognized that histone variants are
involved in a plethora of nuclear processes and they are an impor-
tant part of a cell’s epigenetic memory.

Recent advancements in the cryo-EM technique have greatly
benefited many areas in biology. Single-particle cryo-EM has been
a game changer in our ability to address many long-standing ques-
tions in the chromatin field. Compared to X-ray crystallography,
cryo-EM can be used to image biological specimens in their native
state, which also eliminates the requirement for absolute homo-
geneity of the sample and allows the sampling of various confor-
mational states of the system [1]. In addition, the advancements
in detector technology and image processing algorithm enable
single-particle cryo-EM to be used routinely for structural determi-
nation of macromolecules at near-atomic resolution. Take histone
variant biology for example, recent cryo-EM studies have revealed
structural features at both nucleosome and chromatin fiber not
observed in previous crystallography studies. In this review, we
briefly introduce the hierarchical organization of chromatin and
histone variants in transcription. We focus on the most recent
cryo-EM discoveries related to histone variants, with particular
emphasis on the molecular properties underlying variant-specific
changes in chromatin. We end with a discussion on how this infor-
mation sheds light on our understanding of the mechanism of
action of histone variants in vivo and how it shapes our future
endeavors in histone variant research.

2. Chromatin organization and dynamics

The histone octamer in a nucleosome contains four dimers
defined by H3-H4 and H2A-H2B histone pairs. In the center of
the DNA turn along the dyad, two H3-H4 pairs interact through
a 4-helix bundle to form the H3-H4 tetramer [2]. Two H2A-H2B
heterodimers interact with the H3-H4 tetramer through a similar
4-helix bundle between H2B and H4, forming the histonefold
regions that interact with DNA from superhelix location (SHL)
—6 to +6 on the nucleosome. The histonefold extension of histone
H3 oN helix, with support from the H2A C-terminal docking
domain, interacts with DNA at the entry/exit site around the octa-
mer. The H3 aN helix and its preceding N-terminal tail directly
contact and stabilize the entry/exit DNA [2]. On the other hand,
histones elements on the surface of a nucleosome, such as the
L1 loop and the acidic patch (a highly contoured and negatively
charged nucleosome surface formed by six H2A residues and
two H2B residues) [2], are known to take part in the interactions
with nucleosome binding proteins and chromatin regulating
enzymes. Linker histone H1, a fifth family of histone and the most
abundant chromatin-associated protein, is an integral part of the
chromatin higher-order structure, though its precise function
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remains elusive. Histone H1 stabilizes the nucleosome core parti-
cle (NCP) and the chromatin high-order structure [3]. Most
eukaryotes have an average of 0.5 to 1.3 H1 per nucleosome [4].
A nucleosome with a bound linker histone H1 is called a chro-
matosome, where H1 sits at the nucleosome dyad near the DNA
entry/exit site.

Oligo-nucleosomes with various linker DNA lengths are often
referred to as the 10-nm fiber or nucleosome arrays. This bead-
on-a-string nucleosome array represents the transcriptionally
active and open form of chromatin, the euchromatin. In vitro,
repetitive and highly saturated arrays with strong nucleosome
positioning sequences and even spacing can condense into rod-
like 30-nm fiber structures in the presence of linker histone H1
or certain divalent cations [5-9]. Yet, the detailed structure of hete-
rochromatin (the condensed and transcriptionally silent form of
chromatin) in vivo is not fully understood [5]. The field, which
relies heavily on repetitive nucleosome arrays [9], has evolved over
the years regarding the subject. Early studies using X-ray diffrac-
tion and Electron Microscopy (EM) supported the existence of
30-nm fiber in diverse nuclei [10-13]. Several recent microscopy-
based studies, however, show that nucleosome arrays in the nuclei
generally do not fold into 30-nm fibers [13]. Instead, chromatin
in vivo is heterogeneous and amorphous [14], existing as disor-
dered fibers with a range of diameters [15] and at a nanoscale level
as local clusters/clutches of short nucleosome stretches [14,17-
18]. Nevertheless, the in-vitro reconstituted fibers are important
as they remain a vital tool for investigating the intrinsic properties
of nucleosome array folding and chromatin compaction in the
absence of other chromatin constituencies. Lastly, it is worth not-
ing that the same sets of regulatory proteins that influence nucle-
osome dynamics also alter chromatin higher-order structures and
dynamics.

3. Overview of histone variants

Unlike canonical histones expressed from gene clusters in a cell
cycle-dependent manner, most histone variants express through-
out the cell cycle [18]. Different variants also have distinct genome
localization patterns, further underlying their essential and spe-
cialized cellular functions. For example, the incorporation of vari-
ant H2A.Z at a particular genomic region is shown to facilitate
RNA Polymerase Il passing and transcription initiation [19]. In
addition, histone variant incorporation has many profound impli-
cations for the chemical and physical characteristics of the nucleo-
some [20], as it can erase the existing histone post-translational
modifications (PTMs) and affects non-histone proteins binding
and their functions. Multiple lines of evidence also show that his-
tone variant incorporations influence chromatin higher-order
structures both in vivo and in vitro [21-24].

Histone variant exchange, a process to deposit or evict the
specific variant, is energy-dependent and typically requires the
action of histone chaperones or the ATP-dependent chromatin
remodelers. Therefore, it is not surprising that the traditional
salt-dialysis protocol for in-vitro nucleosome reconstitution is inef-
ficient for some variant nucleosomes [24-26] in the absence of
these enzymes. Chaperons are structurally diverse proteins that
bind the histone dimer pair (H3-H4 or H2A-H2B) and facilitate
their deposition or eviction from nucleosomes. Though there are
variants-specific chaperones, it is important to note that the inter-
actions between chaperons and histones are not always exclusive
or binary. For example, chaperone Nap1 is shown to bind to three
different dimers, H2A-H2B, H2A.Z-H2B, and H3-H4 [26-29]. Chap-
erons Asf1, Daxx, and HIRA facilitate H3.3-H4 dimer deposition at
distinct genome localizations [29-31]. Centromere-specific histone
variant CENP-A, on the contrary, requires a specific chaperone for
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Table 1
Information and parameters for cryo-EM structures discussed in this review.

Sample EMD PDB Resolution Symmetry
canonical NCP EMD-23632 3.8 A Cc2
canonical NCP EMD-4297 6FQ5 38A c2
H2A.Z NCP EMD-23626 7M1X 3.7A C1
H2A.2.2 NCP EMD-30076 6M4D 44 A Cc2
H2A.B NCP EMD-30078 6M4H 39A c2
H2AX-F NCP EMD-22791 7KBE 35A C1
H3.3 NCP EMD-4692 6ROC 42 A C1
CENP-A NCP with Widom601 DNA EMD-10822 6SEO 39A C1
CENP-A NCP with alpha satellite DNA EMD-0586 601D 3.395A C1
H3mm18 NCP EMD-30631 7DBH 3.6 A C1
Cse4 NCP EMD-20839 6UPH 2.7A C1
Canonical 30 nm fiber EMD-23631 1A c1
H2A.Z 30 nm fiber EMD-23630 7.5 A C1
CENP-A with CENPN 30 nm fiber EMD-26333 125A

H3-CENP-A trinucleosome 22 bp linker EMD- 0768 6L49 18.7 A c2
H3-CENP-A trinucleosome 30 bp linker EMD- 0769 19.6 A C1
Canonical 12 x 177 30 nm fiber with H1.4 EMD-2600 1A C1
Canonical 12 x 187 30 nm fiber with H1.4 EMD-2601 11A C1
Canonical 4 x 177 array with H1.4 EMD-13356 7PET 95 A C1
Chromatosome with hH1.0 EMD-22683 7K5X 293 A C1
Chromatosome with hH1.4 EMD-22684 7K5Y 2.76 A C1
Chromatosome with hH1.10 EMD-22685 7 K60 3.12A C1
Chromatosome with xH1.8 EMD-22792 7KBF 442 A C1

its timely and precise deposit: HJURR in humans [31-33], Scm3 in
yeast [33-36] and Cal1 in the fly [36]. Compared to the core his-
tones, much less is known about chaperon-mediated linker histone
H1 dynamics, despite several proteins (such as Nap1, NASP, and
TAF1) being indicated in mediating linker histone H1 deposition
[37-40]. How specific histone is distributed among different chap-
erones and how functionally overlapping chaperons regulate the
dynamics of histone variants in cells remain a topic of future
research. Nevertheless, histone chaperones’ redundancy and speci-
ficity form a complex yet crucial regulatory system that con-
tributes to the spatial and temporal regulation of histone
functions in cells. A large amount of literature is available on the
roles and regulation of histone chaperons; therefore, we will not
discuss this topic further in this article. For those interested in
the topic, we would like to point them to a few excellent reviews
[40-43].

At the protein sequence level, a wide range of differences exist
among different histone variants. Some variants differ from their
canonical counterpart by only a few amino acids, such as variant
H3.3. Others have significant variations, such as the existence of
an additional domain (in the case of variant macroH2A) or lacking
part of a conserved region (in the case of variant H2A.B). Alter-
ations in protein sequence result in changes in nucleosome stabil-
ity in vitro [43-45] and are proposed to contribute to distinct
chromatin functions in cells. Nevertheless, how such sequence
variations result in altered chromatin structures that cause lasting
effect on genome functions was not well understood until recently,
when multiple high-resolution cryo-EM structures of variant-
containing nucleosomes revealed previously undescribed struc-
tural changes on the nucleosome. A notable example is the H2A.Z
nucleosome, where two cryo-EM studies [25,45] show structural
changes in both DNA and histone surface that were not detected
by earlier crystallography studies [22,46]. The discrepancies are
likely the results of stabilizing effect on the complex induced by
crystal packing and the advantage of cryo-EM in resolving the con-
formational dynamics of protein complexes. Table 1 below lists the
nucleosome and chromatin fiber structures discussed in this arti-
cle, representing structures containing variants from two core his-
tone families (H2A and H3) and those of the linker histone H1
family. To our knowledge, no cryo-EM structure is yet published
for nucleosomes containing any H4 or H2B variant.
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3.1. Histone H2A family

The Histone H2A family has the largest number of variants
among core histones. H2A variants are also highly diverse, with
only ~48-60% sequence identity in general compared to canonical
H2A (Fig. 1A). Interestingly, H2A variants have divergent C-
terminus and acidic patches (Fig. 1A &D). The C-terminus of H2A
contains the docking domain crucial for nucleosome stability. It
interacts with the aN helix of H3 to stabilize the H2A interactions
with the H3-H4 tetramer and the last turn of DNA. On the other
hand, the conserved acidic patch on the H2A-H2B dimer has been
indicated to play an essential role in mediating nucleosome-
nucleosome interactions during chromatin folding [47] and is fre-
quently a site for interactions with many chromatin regulators
[48]. In addition, the two H2A molecules interact with each other
through the L1 loop region, providing additional stability to two
turns of DNA at the back face of the nucleosome. Taken together,
H2A plays an important role in nucleosome stability and assembly.
Therefore, diversification of the H2A family members confers
nucleosomes new characteristics and functions.

3.1.1. H2AZ

Variant H2A.Z is essential for the survival of mammals [49]. It is
also the most extensively studied and best-characterized histone
variant, with functions in many nuclear processes, including tran-
scription activation, DNA repair, heterochromatin boundaries, and
lineage commitment of embryonic stem (ES) cell [50]. Yet the role
of H2A.Z in vivo, especially in transcriptional regulation, remains
puzzling, as both facilitating and suppressing functions have been
reported [51-57]. In all eukaryotes, H2A.Z is predominantly found
at the distal end of the inducible promoter (the so-called +1 nucle-
osome adjacent to the nucleosome-free region at the promoter) to
poise the gene for rapid activation [54-57]. Upon induction and
transcription activation (through the action of transcription factor
and RNA polymerase), H2A.Z is removed and replaced by the
canonical histone H2A [57-60]. Consistent with this view, H2A.Z
is found to enrich at unwrapping +1 nucleosomes in mouse ES cells
[60]. Notably, H2A.Z is also located at heterochromatin regions
such as centromere and pericentromeric heterochromatin [61-
66]. Its accumulation in the gene body is linked to gene suppres-
sion in certain plants [51-53]. In addition, contrasting results from
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Fig. 1. Structural diversity of histone H2A variants, H2A.Z and H2A.B. A) Sequence alignment of human histone H2A variants prepared using Jalview 1). (B) Cryo-EM density
maps of canonical NCP (EMD-23632), H2A.Z.1 (EMD- 23626), H2A.Z.2.2 (EMD-30076) and H2A.B (EMD-30078 ) nucleosomes. Thedensities of H3 aN helix (blue)and H2A C-
terminus (red) are highlighted in canonical and H2A.Z.1 nucleosome, but are missing in H2A.Z.2.2 and H2A.B nucleosome. The canonical and H2A.Z.1 nucleosome contain 167
bp 601 Widom sequence, while 147-bp 601 sequence was used for the H2A.Z.2.2 and H2A.B nucleosomes. (C) The electrostatic potential on the nucleosome surface. The acidic
patch in each nucleosome is highlighted by a black square for comparison. PDB used: canonical NCP (6FQ5), H2A.Z.1 (7M1X), H2A.2.2 (6M4D), H2A.B (6M4H). (D) Variations
in the H3 (blue) aN helix and H2A (red) Cterminal docking domain. H3 in variant nucleosomes are colored in shades of blue. H2A variants are colored in shades of purple. Only
one of H3 and one H2A is shown for clarity. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this paper.)

in-vitro biochemical studies exist concerning H2A.Z nucleosome
stability [22,67-68]. More recent studies suggest that the stability
of H2A.Z nucleosome depends on the chromatin context [46,68]. It
is now clear that H2A.Z functions in vivo likely depend on multiple
factors such as local enrichment of H2A.Z, the presence of histone
post-translational modifications (PTMs), chromatin regulators, and
other histone variants.

In mammals, there are three H2A.Z isoforms. H2A.Z.1 and H2A.
Z.2 are two nonallelic isoforms [69], while the third isoform, H2A.
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Z.2.2, is a splice variant of H2A.Z.2 [70]. H2A.Z.2.2 is exclusive to
primates and preferentially enriched in the brain [71]. Variant
H2A.Z.2.2 contains the shortest C-terminal tail among the three
and forms a significantly less stable nucleosome [71]. Nevertheless,
all three isoforms display a shorter C-terminal tail than their
canonical counterpart. An early study in Drosophila shows that
most of the C-terminal region in His2AvD (H2A.Z in Drosophila),
especially the M6 cassettes, is essential for His2AvD function
[72]. A recent study further confirms this finding by showing the



V. Sokolova, S. Sarkar and D. Tan

M6 region is responsible for H2A.Z deposition [73]. The acidic
patch in all three isoforms is highly conserved, with three residue
substitutions and insertion extending this positively charged
nucleosome surface (Fig. 1A &C). Zhou et al. recently reported a
4.4 A cryo-EM structure of H2A.Z.2.2 nucleosome [25]. In the struc-
ture, the last 11-bp DNA on each end is missing in the EM density
map (Fig. 1B). Accordingly, the atomic model shows only 125 bp of
DNA protected by the octamer. In addition, densities for the 14-
residue in its C-terminus and the H3 aN helix are absent, indicating
their mobile nature. Our cryo-EM structure of variant H2A.Z.1
nucleosome [45] is similar to the H2A.Z.2.2 nucleosome structure
but with a better-resolved H3 aN helix and H2A.Z.1 C-terminal tail
(Fig. 1B). Since the C-terminus of H2A is known to coordinate the
interactions between the H3 aN helix and the major groove of
DNA between SHL —6 and SHL -7, these structures indicate that
the shorter C-terminus of H2A.Z variants weakens the interaction
with H3 aN helix and subsequently the histone-DNA interaction
near the entry/exit site (Fig. 1D). Using mutagenesis and restriction
enzyme digestion, we demonstrated that the last six residues of
H2A.Z.1 are the main structural feature responsible for the
enhanced DNA accessibility and nucleosome instability observed
in H2A.Z.1 nucleosome [45]. Residue swapping experiments in
the docking domains and the L1 loop, on the other hand, show
no detectable effects on end-DNA accessibility, indicating that
these H2A.Z.1-specific residues do not contribute to the H2A.Z-
specific DNA flexibility.

3.1.2. H2A.B

Variant H2A.B (also known as H2A.Bbd) was found in mammals
but not in invertebrates. It represents one of the lowest similarities
(~48 % identical to H2A) to its canonical counterpart among the
H2A family. H2A.B was first identified in a screen for genes
involved in female X-chromosome inactivation and was thought
to be excluded from the inactive X-chromosome [74]. However,
subsequent studies in the mouse testis revealed that it is in fact,
present on the inactive X chromosome following meiotic sex chro-
mosome inactivation [75]. Later ChIP-Seq and RNA-Seq experi-
ments revealed that H2A.B is localized at the transcription start
site (TSS) of prior activated genes, and such localization correlates
with the higher expression level of the genes [75-79]. More recent
studies also revealed H2A.B functions in mRNA processing [79],
DNA synthesis, and DNA repairs [80].

H2A.B is one of the four classes (H2A.B, H2A.L, H2A.P, and H2A.
Q) of short H2A variants [81], which lacks part of the H2A C-
terminal tail and its characteristic docking domain (Fig. 1A). It is
not surprising that biochemical studies showed that H2A.B-
containing nucleosome is less stable than the major type nucleo-
some in vitro and only organizes 118 bp of DNA [82]. The flexible
and accessible DNA ends were confirmed by Zhou et al. recently
with a 2.9 A cryo-EM structure of NCP containing variant H2A.B
[25]. In the study, the DNA-binding domain (DBD) of poly(ADP-
ribose) polymerase 1 (PARP1) was used to stabilize the H2A.B
nucleosome for structural study. 3D classification revealed a class
showing that PARP1-DBD tethers the DNA at SHL 6 - SHL 7 to
DNA at SHL -2, likely preventing the DNA from unwrapping. This
interaction was speculated to stabilizes H2A.B nucleosome to
enable the complex being resolved to a much higher resolution
than the complex without bound PARP1 [25]. Nevertheless, the
two density maps are very similar in overall architecture, indicat-
ing that PARP1 binding does not perturb the H2A.B nucleosome
structure. Probably the most notable feature of the structure is that
H2A.B compacts significantly less DNA around the octamer than
other known nucleosome structures. The structure shows the
last ~5-bp DNA at each end, tilting outward from the octamer
[25]. Through Micrococcal Nuclease (MNase) digestion, the authors
showed that ~ 103 bp of DNA was protected in the H2A.B nucleo-
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some. Similar to the two H2A.Z nucleosome structures described in
the previous section, the H3 aN-helix and the C-terminal region
(residues 109-114) of the H2A.B docking domain are both absent
from the density map (Fig. 1B &D). Though H2A.B and H2A.Z have
not been studied simultaneously under the same setting, based on
these cryo-EM structures and the shorter DNA in the H2A.B nucle-
osome, it is reasonable to speculate that the H2A.B nucleosome is
less compact and more unstable than variant H2A.Z nucleosome.
In addition, densities for the H2B N-terminal region (residue 1-
32) are absent, and the H2A.B-H2B dimer tilts away from the H3-
H4 tetramer. These structural features were speculated to disrupt
the interactions between H2B residues 26-32 and DNA, negatively
affecting H2A.B-H2A dimers and other core histones [25].

Through multiple mutagenesis and domain-swapping experi-
ments, the authors validated the structural prediction. They con-
firmed that seven H2A.B-specific residues at the N-terminal
domain and the lack of H2A-like 19 residues of its C-terminus
are mainly responsible for the highly unstable H2A.B nucleosome.
Notably, H2A.B incorporation also altered the nucleosome surface,
with its specific residue replacement that renders a more neutral
acidic patch (Fig. 1C). Though it did not cause detectable differ-
ences in the overall structure of the nucleosome, it likely has far
more implications on chromatin folding and higher-order structure
maintenance. Future studies on H2A.B chromatin fibers and H2A.B
nucleosomes in complex with chromatin-associated factors are
required to test these hypotheses.

3.1.3. H2AX-F

H2A.X, a variant that shares 90 % homology with the canonical
H2A, is best known for its function in DNA damage response. H2A.
X is subjected to numerous post-translational modifications,
including the rapid phosphorylation at its Ser-139 upon DNA
double-strand break (DSB). The phosphorylated H2A.X, called
YH2AX, is important for initiating the DSB repairs cascade [83].
The formation of YH2AX was first discovered in yeast where the
loss of the H2A C-terminus, which contained Ser-129 (the yeast
homolog of mammalian Ser-139), led to impairment of non-
homologous end joining [84]. In-vitro functional studies suggested
that YH2A.X contributes to the efficient recruitment of down-
stream repair factors [85] by destabilizing nucleosomes and
enhancing DNA accessibility [43-45]. A recent cryo-EM study of
nucleosomes isolated from Xenopus egg extracts showed that
H2A.X-F1/F2 (a H2A.X isoform in Xenopus) nucleosome are identi-
cal to the canonical nucleosome [86], indicating that H2A.X variant
itself does not alter the nucleosome structure. It remains to be seen
whether future cryo-EM studies of phosphorylated H2A.X nucleo-
somes will reveal enhanced DNA flexibility near the nucleosome
DNA entry/exit site. Furthermore, how YH2AX influence array
folding and chromatin secondary structure is largely unknown
and remains a subject for future studies.

3.2. Histone H3 family

Histone H3 partners with H4 to form a tetramer, which is incor-
porated into nucleosome immediately after DNA synthesis and
before H2A-H2B dimers incorporation [2]. Histone H3 has the lar-
gest number of PTMs among the four core histones. Contrary to
H2A variants, most histone H3 variants contain minor sequence
differences, often with only a few amino acid substitutions within
the globular domain of the protein (Fig. 2A). An exception to this
rule is the centromeric-specific H3 variant CENP-A, which harbors
a large degree of sequence variation (~50 % identity) compared to
canonical H3.1. This likely reflects its special cellular localization
and function. Structures of CENP-A nucleosome alone and in com-
plex with specific centromeric proteins are widely available in PDB
and EMDB. We will discuss recent development in understanding
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CENP-A, variant H3.3, and a less-known H3.3 derivative variant
H3mma8.

3.2.1. CENP-A (also known as cenH3)

The centromere-specific histone H3 variant CENP-A (CENP-A in
metazoan and Cse4 in yeast) is an essential component of the
eukaryotic centromere, the specialized chromosome regions that
connect with mitotic spindles [87-89]. CENP-A is only found in
centromeric nucleosomes and serves as the epigenetic mark of
centromere. The primary function of the CENP-A nucleosome is
to recruit centromere-specific proteins to form a complete and
functional kinetochore complex to ensure accurate chromosome
segregation during cell division. It is found that a decrease in
CENP-A level in cells impairs kinetochore assembly [89-92]. On
the other hand, overexpression of CENP-A has been linked to mul-
tiple aggressive cancers, and mislocalization of CENP-A leads to
chromosome instability, a hallmark of cancers [92-94]. CENP-A is
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the most extensively studied H3 variant for its specialized and
essential function in cells and has garnered much interest among
chromatin structural biologists. Early crystallographic and bio-
chemical studies showed that the CENP-A nucleosome contains
several unique features, including a truncated aN helix and substi-
tution of the R49 residue essential for DNA binding [94]. These fea-
tures confer an unstable CENP-A nucleosome in vitro. For a
comprehensive overview on centromere chromatin and kineto-
chore assemble, we recommend readers to other excellent reviews
[95-97].

CENP-N and CENP-C are both CENP-A interaction proteins and
components of the inner kinetochore CCAN (constitutive cen-
tromere associated network) complex. CENP-N bound CENP-A
nucleosome forms a critical part of the CENP-A targeting domain
(CATD) responsible for directing CENP-A to centromeres. CENP-C
has also been shown to promote CENP-A nucleosome targeting
in vivo. High-resolution cryo-EM structures of CENP-A nucleosome
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alone [97-99], in complex with human CENP-C [99], or complex
with human CENP-N, have been reported [100-103]. These cryo-
EM structures reveal a similar structural fold, with poorly ordered
DNA densities from each end of the CENPA nucleosome (Fig. 2B).
Flexible DNA ends are essential for the proper function of CENP-
A, as mutants that abolish the terminal DNA flexibility also cause
a severe defect in the centromere in cells [103]. Another feature
that differentiates metazoan CENP-A from the canonical H3 nucle-
osomes is the aN helix in CENP-A, which comprises only two heli-
cal turns compared to three in H3.1 (Fig. 2C). This shorter aN helix
and its specific N-terminal tail are shown to be responsible for the
terminal DNA flexibility in the CENP-A nucleosome [99]. In addi-
tion, CENP-A contains a unique insertion of three CENP-A specific
residues (R80, G81, V82) in the L1 loop (also known as RG loop)
(Fig. 2D). The RG loop is seen protruding from the CENP-A nucleo-
somal DNA to allow direct contact with CENP-N in the cryo-EM
structures of the CENP-N-CENP-A nucleosome complex [99,102].
The RG loop, together with a2, forms the so-called CENP-A target-
ing domain (or CATD), which binds CENP-N and its specific chaper-
one HJURP [31-33]. It is worth noting that in the cryo-EM structure
of yeast CCAN-CENP-A-nucleosome complex, CENP-N binding is
also through an additional feature of CENP-A nucleosome, the
entry/exit DNA [104]. Interestingly, this interaction was not
observed in the cryo-EM structure of the human CCAN-CENP-A-
nucleosome complex [105].

322 H33

H3.3 is nearly identical (96 % sequence identity) to canonical
histone H3 (H3.1 and H3.2), with only five amino acids difference
(Fig. 2A). These amino acids are the binding site for histone chap-
erone Daxx, responsible for H3.3 deposition [106] and the proper
genome localization of H3.3 in vivo. Variant H3.3 is mainly found
in the promoter region of actively transcribed genes and is best
known for its role in transcription activation [29,107]. Such nuclear
localization is not exclusive, as H3.3 is also found in heterochro-
matin regions [106,108]. Enrichment of H3.3 at the promoters
and gene enhancers is proposed to keep the sites open and acces-
sible for transcription factor binding [109]. However, H3.3 alone
does not seem to affect nucleosome structure [110] and stability
in vitro [111]. It is also worth noting that nucleosomes containing
both variants H2A.Z and H3.3 have recently been identified and
found to be enriched at the TSS in human cells [112-114], suggest-
ing the potential interplay and positive reinforcement between the
two variants in transcription regulation.

Cryo-EM structure of H3.3 containing nucleosome has been
reported recently [53]. The structure is identical to that of the
canonical NCP and the crystal structure of H3.3 NCP [110], an
observation not surprising given the minor sequence alteration in
H3.3 and the fact that H3.3 alone does not impart detectible struc-
tural alteration to the nucleosome [110]. It remains to be seen
whether the presence of both variants H3.3 and H2A.Z would
induce structural changes on the nucleosome beyond those
observed in the H2A.Z nucleosome. In addition, further cryo-EM
studies are needed to elucidate the structural mechanism of how
variant H3.3 impairs chromatin compaction and counteracts H2A.
Z-mediated array folding [111].

3.2.3. H3.3 H3mm18

During an in-silico hybridization screening in mice, Maehara
et al. discovered 14 mouse-specific H3 variants. Except for one,
all these variants are highly similar to H3.3 [114]. One of these
mouse H3.3-derived variants, H3mm18, is expressed in skeletal
muscle and brain [114] and is suggested to function in regulating
gene expression during muscle differentiation [24]|. However, its
precise functions remain to be determined. Compared to H3.3, it
contains 12 amino acid differences (Fig. 2A), many of which replace
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basic Arginine in H3.3 with neutral residues in H3mm18. A recent
cryo-EM study by Hirai et al. reveals that the incorporation of
H3mm18 also leads to a drastically disordered DNA ends on nucle-
osome [24] where the histone octamer protects ~ 125-130 bp of
DNA (Fig. 2B). Similar to the CENP-A nucleosome, the aN helix of
H3mm18 was poorly resolved in the cryo-EM density map
(Fig. 2B). The authors also showed the substitution of four Arginine
residues at helix aN, and a1 on canonical H3.1 with the H3mm18-
specific neutral residues (R40C, R53C, R72L, and R83C) (Fig. 2C)
enhances the end-DNA flexibility, further validating the cryo-EM
structure. On the other hand, mutations on the H3.3 C-terminus
and substitution of 1124T did not substantially affect the MNase
digestion pattern of the DNA ends. Overall, results from the studies
of the two H3 variant members underlie the importance of the his-
tone H3 aN helix in mediating interactions with entry/exit DNAs
and the structural and stability of the nucleosome.

3.3. Linker histone H1 family

Linker histones are structural components of chromatin, whose
primary function is to control chromatin compaction and gene
accessibility through the formation of higher-order structures.
They have also been implicated in DNA replication, recombination,
and repairs [3]. The existence of multiple copies of linker histone
H1 inside the cells presented a challenge to pinpoint their precise
function in cells. Early cell biology studies led to the belief that lin-
ker histone H1 is nonessential for an organism’s survival until a
study demonstrated that triple knockout of all three H1 subtypes
causes embryonic lethality in mice [115]. The study further shows
that reduced H1 in embryos leads to a global reduction in nucleo-
some repeat length and local decompaction of chromatin. Together
with several subsequent studies, these results established the cru-
cial role of linker histone H1 in maintaining chromatin structure.
Regarding transcription, studies in organisms from Tetrahymena
to vertebrates indicate that H1 depletion does not alter global gene
expression but affects the expression of a subset of genes [116-
122].

Members of the linker histone H1 family are highly divergent in
sequence (Fig. 3A). In mammals, there are 11 isoforms of H1, seven
expressed in somatic cells and four in germ cells. The protein level
of the somatic linker histones appears to be tissue- and cell-type
specific, suggesting the existence of H1 isoform-specific functions
in vivo [122]. These seven somatic linker histones all share a con-
served tripartite structure: a basic N-terminal tail (~20-35 aa), a
central globular domain (~70 aa), followed by a long and disor-
dered C-terminal tail (~100 aa). On the other hand, the four linker
histones in germ cells do not have the corresponding globular
domain. The globular domain of H1 is sufficient for binding and
protecting the nucleosome’s entry/exit DNA from nuclease diges-
tion, while the N-terminal tail contributes little to nucleosome
binding [123-125]. On the other hand, the C-terminal tail
enhances the interactions of H1 to nucleosome further and stabi-
lizes chromatin secondary structure [123,125]. Recently, Zhou
et al. reported the cryo-EM structures of chromatosomes contain-
ing 197-bp DNA and three full-length human H1 variants, H1.0,
H1.4, and H1.10 [126]. These variants have diverse C-terminal
domain sequences but a conserved globular domain. Another study
using endogenous nucleosomes isolated from Xenopus egg
extracts revealed a 4.4 A cryo-EM structure of chromatosome with
linker histone H1.8 [86]. We will discuss the revelation from these
studies regarding domain-specific functions and how variations in
linker histone H1 domains influence chromatosome structure and
functions.
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Fig. 3. Structural diversity of linker histone H1 and chromatosome. (A) Sequence alignment of human H1 histone variants and Xenopus H1.8. (B) cryo-EM density maps of
nucleosomes (EMD- 23632), and H1.0 (EMD- 22683), H1.4 (EMD-22684), H.10 (EMD-22685) and xH1.8 (EMD-22792) chromatosome. Nucleosome dyad is indicated with a
dotted line. The Globular domain of H1 in each structure is in red, with the octamer in blue and DNA in purple. The antibody scFv used stabilize chromatosome is colored grey.
(C) Closeup view of the atomic coordinates of nucleosomes, chromatosome with H1.0, H1.4, and H1.10 linker histone respectively, showing the interactions between the H1
globular domain and the linker DNA. (D) Linker DNAs adopt different angles (relative to the dyad) and conformations in different chromatosomes, Figure adapted from [127].

3.3.1. Globular domains

Earlier crystallographic studies were done on chromatosomes
containing only the H1 globular domain. These studies show that
all human somatic linker histone adopts the on-dyad binding mode
[126-128], where H1 binds at the center of the nucleosome DNA.
The cryo-EM structure of frog H1.8 chromatosome reveals a similar
on-dyad binding of linker histone H1.8 [86]. Drosophila H1, on the
other hand, binds off-centered of the nucleosome DNA, adopting
the so-called off-dyad model [128]. Yet, how the C-terminal
domains of linker histone H1 contribute to nucleosome binding
and linker DNA conformation remain poorly understood. The
cryo-EM structures of chromatosome show that all three somatic
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linker histone H1 isoforms (H1.0, H1.4, and H1.10) bind on the
dyad through the globular domains (Fig. 3B), make close interac-
tions with the nucleosomal DNA via their L1 loop and with linker
DNA through their a3 helix. Comparison of the structures also
reveals small differences in the orientation of the globular domains
between H1.10 and H1.0 chromatosome, which supports the fluo-
rescent recovery results after photobleaching (FRAP) experiment
showing a highly dynamic globular domain in chromatosome
[129]. Overall, this binding mode is consistent with the crystal
structures of chromatosome containing the globular domain of
chicken H5 (cH1.0) [130] and that of chromatosome containing
full-length Xenopus H1.0 (xH1.0) [131].
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Interestingly, when the density maps were low-pass filtered
to ~ 6 A, additional densities were observed between the DNA
gyres of SHL 1 to 2 and —6 to —7. Based on their location and with
support from the NMR experiments, the authors attributed the
extra densities to part of the histone H3 N-terminal tail and the
C-terminal tail of H2A [126].

3.3.2. C-terminal tail

The most notable difference among the three chromatosome
cryo-EM structures is the different conformations adopted by the
linker DNAs. The two DNA linkers in the H1.10 chromatosome have
a more open conformation than those in the H1.0 and H1.4 chro-
matosome, though it is still closer to each other than those in the
free nucleosomes (Fig. 4D). The authors performed tail-swap
experiments and showed that the C-terminal tails control the exit
angle and openness of the two DNA linkers. The study further indi-
cated that the T/SPKK motifs in H1.0 and H1.4 chromatosomes are
responsible for controlling the linker DNA angle. They suggested
that the closer linker DNA conformation implies a tighter associa-
tion of H1 to the nucleosome, consistent with the observation that
chromatin with H1.0 and H1.4 have a much longer residence time
measured by FRAP [129,133-135]. Notably, a frameshift mutation
in the H1.4 C-terminal tail disrupted chromatin structure and
nuclear lamina organization [135]. Furthermore, clinical studies
of a large cohort of individuals sharing these mutations suggest a
strong link between mutations in H1.4 C-terminus to autism and
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premature aging [135-137]. Taken together, these studies underlie
the importance of linker histone H1 C-terminal tails in mediating
linker DNA conformations in chromatin. Since linker DNA confor-
mation is an important player in chromatin compaction, linker his-
tone H1 variants with diverse C-terminal tails likely evolve to meet
the need of the cell to fine-tune the chromatin structures and
functions.

3.4. Histone variants and chromatin higher-order structures.

3.4.1. Reconstituted chromatin fibers

As mentioned earlier, nucleosome arrays reconstituted with
tandem-repeat nucleosome positioning sequence can condense
and form 30-nm fibers in vitro under carefully tuned conditions
in the presence of divalent cations [137] or stochiometric amount
of linker histone H1 [138]. Factors such as linker DNA length and
the incorporation of histone variants are known to influence the
architecture of 30-nm fibers and chromatin higher-order struc-
tures in vivo.

While the detailed architectures of chromatin in the nucleus
remain somewhat controversial, it is clear that chromatin is highly
dynamic at all hierarchical levels. The mechanisms that regulate
mono-nucleosome structure-function also influence chromatin
higher-order structures. Over the years, many attempts have been
made to obtain high-resolution structures of various forms of
reconstituted 30-nm fibers to understand the intrinsic properties
of array folding and to infer chromatin condensation in the
nucleus. An early crystal structure of tetra-nucleosomes com-
pacted by using a high concentration of divalent cation was
resolved to 9 A resolution by Richmond et al. [139]. The structure
revealed two-stack di-nucleosomes connected by a zigzagging lin-
ker DNA, one straight and one bent [140] (Fig. 4A left). It is unclear
if the difference in linker DNA conformations results from the high-
concentration (25 mM) of Mg2 + used or due to crystal packing.
Dodeca-nucleosome fiber with the same 167-bp nucleosome-
repeat-length (NRL) but compacted under lower divalent cation
concentration (2 mM Mg2 + ) shows only straight DNA linkers in
our cryo-EM study [45] (Fig. 4C). The two-start helical tetra-
nucleosome structure seems to be a common feature for reconsti-
tuted 30-nm fibers, as a more recent crystallographic study (Fig. 4A
right) also reported similar two-start models of compact tetra-
nucleosomes with a range of linker DNA lengths [141]. This study,
however, further revealed structural heterogeneity in compact
tetra-nucleosomes. These studies, combined with our cryo-EM
analysis of the canonical fiber that displays a range of conforma-
tions (from a flat array to a twisted compact form) [45], underlie
the structural plasticity of reconstituted chromatin fibers.

Using cryo-EM, Song et al. resolved the structure of dodeca-
nucleosome 30-nm fiber containing linker histone H1 to 11 A res-
olution. [142] (Fig. 4B). The study shows that despite different NRL
used (177-bp and 187-bp), fibers form a left-handed zigzag two-
start helix, similar to the tetra-nucleosome crystal structure. The
overall structure of the dodeca-nucleosome H1 fibers comprises
three tetra-nucleosome units that are twisted against each other
with straight linker DNA connecting the adjacent nucleosomes.
Compared to the tetra-nucleosome crystal structures, the diameter
of the H1 fiber increases with longer NRL, while the rotation angle
between two nucleosome stacks is smaller. Notably, a relatively
strong density was detected at the inter-nucleosome interface
where the H4 N-terminus meets the adjacent H2A-H2B dimer.
The author attributed the density to the H4 tail-acidic patch inter-
action, which is also known to play a role in chromatin folding. A
recent structural study on hexa-nucleosome fiber containing linker
histone H1 further revealed the existence of conformational
heterogeneity in the H1 fiber [143], similar to the canonical fiber
without H1 observed in our study [45]. Taken together, these find-



V. Sokolova, S. Sarkar and D. Tan

ings confirm the polymorphic nature of the reconstituted 30-nm
fibers and underlie the importance of linker DNA angles in chro-
matin compaction. A major limitation of these studies is the low
resolution of the EM maps due to the structural mobility within
the fiber, which is insufficient to resolve features (such as the H4
tail-acidic patch interaction) deemed critical for chromatin com-
paction. Future studies that can resolve sample homogeneity are
required to push the resolution and obtain atomic structural infor-
mation at the inter-nucleosome interface. Compared to the struc-
tural information available on 30-nm fibers from the major-type
nucleosome, much less is known about how histone variants alter
chromatin higher-order structures. We will summarize the two
available studies below on variants H2A.Z and CENP-A.

34.2. H2AZ

We have recently determined a 10.8 A resolution structure of
H2A.Z dodeca-nucleosome fiber using single-particle cryo-EM [1]
(Fig. 4C). Compared to the H2A dodeca-nucleosome fiber in the
same study, the H2A.Z fiber is more homogeneous in conformation
where all 3D classes adopting a twisted structure. This suggests
that H2A.Z incorporation stabilizes inter-nucleosome interactions
to facilitate a regular fiber formation. The H2A.Z fiber also follow
a zigzag two-start helical organization similar to the tetra-
nucleosome crystal structure [2] and the cryo-EM structure of
the H1 fiber [3]. In both the H2A and H2A.Z fiber structures, di-
nucleosome is the structural unit. Detailed analyses on the rotation
and shift between nucleosome stacks reveal that H2A.Z fiber is
more twisted and thus more compact than the H2A fiber, though
it is less compact than the tetra-nucleosome crystal structure [1].
Our study suggests that variant H2A.Z alone can significantly alter
the structure of chromatin fibers, where it enables nucleosome
arrays to fold into a regular and condensed structure. This explains
why H2A.Z is also found to enrich in heterochromatin regions and
is linked to transcription repression.

Notably, densities in interface between nucleosome-stacks
where the H4 N-terminal tail meets the H2A-H2B acidic patch of
adjacent nucleosome are observed in our H2A.Z fiber map, despite
the limited resolution [3]. We speculate that the distinct H2A.Z fea-
tures of flexible DNA ends and the extended acidic patch are
responsible for its role in mediating chromatin compaction. It
remains to be seen how the H4 tail-acidic patch interaction con-
tributes to chromatin compaction and how modification of the
acidic patch found in some histone variants could fine-tune the
structure-dynamics of chromatin fiber.

3.4.3. CENP-A

CENP-A nucleosomes are found to be interspersed among H3
nucleosomes along the centromeric DNA [144]. In three-
dimension, CENP-A nucleosomes likely form clusters in the cen-
tromere chromosome [145]. Despite extensive biochemical and
structural studies on this centromeric-specific H3 variant, the
molecular mechanism of how CENP-A facilitates the assembly of
centromeric chromatin remains elusive. Two recent cryo-EM stud-
ies shed light on this question by investigating the effects of CENP-
A on chromatin higher-order structures. One study presented a
mononucleosome stack formed by two CENP-A nucleosomes con-
nected by two copies of CENP-N. It showed that CENP-N promotes
the stacking of CENP-A nucleosomes through a previously unde-
fined interaction between its a6 helix and the DNA of the neigh-
boring nucleosome at SHL 4 &5 [146]. Using Analytical
Ultracentrifugation (AUC), the authors showed that single muta-
tions in the a6 helix affect nucleosome-nucleosome interactions.
The structure indicates the importance of the histone H4 tail in
mediating nucleosome compaction by promoting CENP-A nucleo-
some stacks. This study also presented a cryo-EM structure of
CENP-A dodeca-nucleosome fiber compacted by CENP-N, showing
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a two-start helix-like structure (Fig. 4D). Notably, the interaction of
a6 helix of CENP-N with the DNA from adjacent nucleosomes in
the fiber is distinct from those in the CENP-A mononucleosome
stack. Compared with the H1 canonical fiber, it was also found that
the relative orientation of n and n + 2 nucleosomes are conserved
between the two fibers. Yet, the inter-nucleosome distance
between the di-nucleosome stacks is larger in the CENP-A fiber.
This likely reflects the need to accommodate the extra CENP-N pro-
teins between the nucleosomes. The study also shows that the
CENP-A nucleosome array without CENP-N forms a more relaxed
parallel structure, confirming that CENP-N promotes the stacking
of CENP-A mononucleosome and the compaction of CENP-A arrays.
The former may reflect the interactions between distanced CENP-A
nucleosomes clustered in the centromere. In contrast, the latter
may reflect how CENP-A interacts with neighboring nucleosomes
at the centromere to promote centromeric-specific chromatin
structure [146].

On the other hand, the cryo-EM study by Takizawa et al. used
reconstituted tri-nucleosomes containing CENP-A nucleosome
flanking by two H3 nucleosomes to mimic the interspersed
CENP-A nucleosome arrangement in vivo [147]. The subsequent
cryo-EM structure shows that the H3-CENP-A-H3 tri-nucleosome
array is flexible and similar to H3-H3-H3 arrays in vitro without
divalent cations. When the physiological concentration of Mg2+
was added, the H3-CENP-A-H3 tri-nucleosome array adopted a
more compact structure where the CENP-A nucleosome exhibits
an untwisted conformation with an outward-facing linker DNA
path (Fig. 4D). The H3-H3-H3 tri-nucleosome arrays, on the other
hand, use an inward-facing DNA path and adopt a twisted confor-
mation under the same condition. The authors propose that the
untwisted organization allows the CENP-A nucleosome to be
exposed to solvent and thus be accessible to interacting partners
in a condensed centromere chromatin environment.

4. Concluding remarks and future perspectives

Histone variant exchange is a major mechanism the cell uses to
diversify the chromatin building block and to fine-tune the struc-
ture and dynamics of chromatin. Some variants serve as a specific
binding site for chromatin regulators and chromatin-modifying
enzymes. Other variants play a more active role in transcription,
replication, and DNA repair by modulating genome accessibility
through differential recruitment of trans-associated factors.
Despite their well-established functions, much remains unan-
swered regarding the molecular mechanism of histone variants’
action and their regulation. In this review, we highlighted recent
work on histone variants involving cryo-EM to dissect their versa-
tility in structures and functions. The cryo-EM studies provide
direct structural evidence to support the long-standing speculation
that variant-specific sequence alterations lead to structural
changes in chromatin. These structural changes, primarily in
regions that directly influence the dynamics of entry/exit DNAs,
are more substantial than those reported by previous crystallo-
graphic studies. These regions, including the histone H2A C-
terminus and the histone H3 aN helix, are highly divergent among
variants from the H2A and the H3 families. They are also hotspots
for histone PTMs. Interestingly, the recent cryo-EM study on
endogenous nucleosomes isolated from Xenopus egg extract indi-
cated that linker DNA and H2A C-terminal tail are among the struc-
tural variations observed across different nucleosome samples
[86]. Diversifying and modulating these structural elements
appears to be a common principle shared by various epigenetic
mechanisms to control gene accessibility and functions.

Recent advances in single-particle cryo-EM are instrumental to
the remarkable progress we have experienced in histone variant
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research. With more advancements and the rise of cryo-electron
tomography, the technique will continue to play an important role
in the histone variant field, especially for mechanistic questions
that have proven challenging to tackle by other structural meth-
ods. For example, nucleosomes containing full-length (FL) variant
macroH2A have proven challenging for structural studies due to
their flexible linker region and the unique macro domain outside
its histone fold. Single-particle cryo-EM may be able to capture
intermediate structural states of nucleosome and chromatin fiber
containing FL-macroH2A, which is expected to provide valuable
insights into the mechanism-of-action of macro-H2A related to
X-chromosome inactivation. In addition, cryo-EM is an ideal tool
to investigate how different PTMs and oncogenic mutations on his-
tone variants modulate chromatin structure and how the changes
infer their functions. Finally, it remains to be seen how interplays
of histone variants with each other and with non-histone proteins
affect the structure and dynamics of chromatin at the molecular
level.
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