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Abstract: Epigenetic regulation of the chromatin landscape is often orchestrated through modulation
of nucleosomes. Nucleosomes are composed of two copies each of the four core histones, H2A, H2B,
H3, and H4, wrapped in ~150 bp of DNA. We focus this review on recent structural studies that further
elucidate the mechanisms used by macromolecular complexes to mediate histone modification and
nucleosome assembly. Nucleosome assembly, spacing, and variant histone incorporation are coordi-
nated by chromatin remodeler and histone chaperone complexes. Several recent structural studies
highlight how disparate families of histone chaperones and chromatin remodelers share similar fea-
tures that underlie how they interact with their respective histone or nucleosome substrates. Post-
translational modification of histone residues is mediated by enzymatic subunits within large com-
plexes. Until recently, relatively little was known about how association with auxiliary subunits serves
to modulate the activity and specificity of the enzymatic subunit. Analysis of several recent structures
highlights the different modes that auxiliary subunits use to influence enzymatic activity or direct spec-
ificity toward individual histone residues.
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Introduction
Eukaryotic nucleosomes are built from an octamer of
core histones containing two copies of each H3, H4,
H2A, and H2B wrapped in roughly 150 base pairs of
double stranded DNA, while additional DNA can
associate with linker histone H1 to aid in chromatin
compaction.1,2 In the years following the first high-
resolution crystal structure of a nucleosome, the

protocols for assembly and study of histone subcom-
plexes and nucleosomes in vitro have become wide-
spread.3 Many researchers have worked to determine
X-ray crystal structures of a variety of nucleosomes
containing different variant histones, histone modifi-
cations, and DNA sequences.3,4 While the nucleosome
is a substrate for a vast variety of enzymes and chro-
matin associated protein complexes, comparatively
few structures of these additional cellular factors
bound to nucleosomes have been determined.5–11

While X-ray crystallography has been used to deter-
mine the majority of nucleosome and nucleosome-
bound structures,4,6–9 the development of single
particle cryo–electron microscopy (cryo-EM) has lead
to a number of recent structures of cellular factors
bound to nucleosomes. Notably, structures have been
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reported for the nucleosome in complex with chroma-
tin remodelers Snf2,12 Chd1,13,14 and INO80.15,16

Chromatin remodelers contribute to proper nucleo-
some assembly/eviction, histone variant incorpora-
tion, and regulation of proper nucleosome positioning
along DNA.17 Comparison of these structures reveals
that separate families of chromatin remodelers use
similar mechanisms of nucleosome association.

Nucleosome assembly is orchestrated by histone
chaperone proteins in concert with enzymatic chro-
matin remodelers.18,19 Histone chaperones are a
diverse group of eukaryotic proteins that, unlike chro-
matin remodelers, bear little sequence homology and
serve a variety chromatin maintenance functions.
Histone chaperones are involved in transporting his-
tones from the cytosol to the nucleus, properly poising
histones for post-translational modifications, and
depositing histones onto DNA for nucleosome assem-
bly.18,20,21 A variety of histone chaperones have
evolved to associate with histone complexes harbor-
ing different histone variants to carry out their spe-
cific cellular functions.22 A detailed analysis of
several recent structures of histone chaperones in
complex with their histone substrates reveals that
many different histone chaperones, despite having no
sequence conservation, share structural and mecha-
nistic similarities in how they associate with the con-
served histone surface.

Post-translational modifications (PTM) such as
acetylation, methylation, phosphorylation, ubiquitina-
tion, and sumoylation regulate gene expression through
covalently modifying specific residues of histones as well
as other proteins. PTMs to histones can be introduced on
free histones or histones within an assembled nucleo-
some and can effect changes in gene expression in two
major ways. First, different classes of PTMs control the
distribution of the heterochromatin and euchromatin by
altering the electrostatic interaction between histone
proteins and surrounding DNA. Second, the chemical
moieties attached by histone-modifying enzymes can be
specifically recognized by histone-binding reader pro-
teins that help to recruit a variety of nuclear factors to
further modulate the surrounding chromatin.23–26 Many
of these histone-modifying enzymes function in multi-
protein complexes. In recent years various structural
and biochemical analyses have revealed the importance
of noncatalytic subunits for their ability to modulate sub-
strate specificity through differential substrate recruit-
ment and allosteric regulation of the active site.27–33

In this review, we cover recent structural studies
focusing on different nuclear complexes, which con-
tribute to epigenetic regulation of chromatin through
modulation of nucleosome assembly and post-
translational modification. First, we highlight several
recent cryo-EM studies that provide insight into the
interaction between chromatin remodeler complexes
and their nucleosome substrates. The second
section focuses on X-ray crystallographic analysis of

histone chaperone proteins in complex with different
histone subcomplexes. Comparison of several recent
histone chaperone structures reveals previously
uncharacterized structural similarity between differ-
ent histone chaperones and provides insight into
mechanisms of nucleosome assembly. In the final sec-
tion, we cover recent cryo-EM and X-ray crystallo-
graphic structures of histone modifying complexes
that are responsible for regulating the overall archi-
tecture of chromatin through acetylation and methyl-
ation. Analysis of these structures reveals that
nonenzymatic auxiliary subunits within these com-
plexes strongly contribute to modulation of the activ-
ity and substrate specificity of the catalytic subunit.

Structural analysis of nucleosome/chromatin
remodeler complexes
Chromatin remodelers, which function individually or
as members of larger multiprotein complexes to
maintain proper chromatin structure, can be divided
into four subfamilies: SWI/SNF, CHD, ISWI, and
INO80.17 The SWI/SNF subfamily regulates chroma-
tin access by evicting nucleosomes or sliding nucleo-
somes along DNA to open up specific areas of DNA,
which can then be accessed by additional nuclear fac-
tors.34,35 CHD and ISWI chromatin remodelers func-
tion to aid histones, initially deposited by histone
chaperones, to develop into mature nucleosomes.36,37

Additionally CHD and ISWI regulate nucleosome
spacing by a nucleosome sliding mechanism.36,37

Modulation of H2A/H2B and variant H2A.Z/H2B
incorporation into nucleosomes is conducted by the
INO80 subfamily.38,39 Although the functions of chro-
matin remodelers are quite diverse, all chromatin
remodelers share a greater affinity for nucleosomes
over free DNA and use a conserved Swi2/Snf2
ATPase domain split into two RecA-like lobes to con-
duct ATP-dependent translocation of DNA from a
fixed point on the nucleosome.17,19 On binding to the
nucleosome, the two RecA-like lobes engage the same
strand of DNA and hydrolyze ATP to catalyze the
sequential binding and release of each individual lobe
to propel DNA around the nucleosome.17,19 The dis-
ruption of the DNA/histone contacts by remodeler-
catalyzed DNA translocation allows for remodelers to
propel DNA around the nucleosome to conduct vari-
ous nucleosome assembly/disassembly and position-
ing functions. All remodelers have been shown to
engage the nucleosome with primary DNA contacts
coming from the ATPase domain and additional con-
tacts from ancillary domains or subunits depending
on the subfamily.17 DNA footprinting experiments
have revealed that remodelers associate with fixed
regions of nucleosomal DNA; these regions are gener-
ally reported as specific SuperHelix Locations (SHL)
that represents the number of double helical turns
away from the nucleosome dyad at SHL 0.4 The
major groove faces in toward the histones at full
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integer SHL values and the minor groove faces
inward at one-half SHL values, while � values denote
symmetric locations relative to the twofold symmetry
axis through the dyad.4 Footprinting data indicate
that SWI/SNF, CHD, and ISWI remodelers associate
with nucleosomal DNA at SHL �2,40–42 while INO80
has been reported to associate at the SHL +3, +5,
and + 6 positions.38 Additional contacts between the
ATPase motor domain and the N-terminal tail of H4
have been reported to modulate the activity of ISWI
chromatin remodelers but had not been observed for
other families of remodelers to this point.43 Here, we
discuss the recently reported cryo-EM structures of
Saccharomyces cerevisiae Snf2 bound to a
nucleosome,12 Saccharomyces cerevisiae Chd1 bound
to a nucleosome,13,14 and a human INO80 subcom-
plex bound to a nucleosome16 (Fig. 1). Another cryo-
EM structure of an INO80 subcomplex from Chaeto-
mium thermophilum bound to a nucleosome has also
been reported;15 as this structure is comparable with
the human complex, we will focus our discussions
largely on the nucleosome-bound structure of human
INO80 for simplicity.

Snf2/nucleosome complex
The 4.69 Å structure for the Snf2/nucleosome complex
reveals that the ATPase motor domain associates
with the nucleosome at the SHL +2 position, in good
agreement with previous biochemical studies [Fig. 1
(a), top/bottom]. Interestingly two additional cryo-EM
classes were observed. One depicts a separate binding
site for Snf2 at SHL +6, and a fractionally smaller
class shows the nucleosome simultaneously engaged
by two molecules of Snf2 at both SHL +2 and SHL+
6.12 While the study did not discuss either of these
additional binding sites at length, it is interesting
that a small fraction of the sample had a nucleosome
simultaneously engaged by two enzymes. This may
have implications for the activity of the enzyme as a
dimer, as there have been reports of other chromatin
remodelers functioning as dimers engaged with a sin-
gle nucleosome.42,44,45 Comparison with a recently
reported 2.33 Å crystal structure46 of the ATPase
motor domain of Snf2 in the absence of the nucleo-
some reveals that binding to nucleosomal DNA allows
Snf2 to adopt an active conformation by stimulating
rotation of the two RecA-like lobes of the ATPase
motor. This nucleosome-induced rotation brings the
catalytic “arginine fingers” into a conformation poised
for ATP hydrolysis. Additionally, it is observed that
binding of the ATPase motor domain to the nucleo-
some induces the formation of additional brace heli-
ces that help to stabilize this active conformation of
the ATPase domain.

Chd1/nucleosome complex
The 4.8 Å structure of Chd1 bound to a nucleosome
also strongly reflects the reported biochemical

characterization of the interaction [Fig. 1(b), top/bot-
tom]. Crosslinking and low-resolution negative stain
EM experiments suggest that the Chd1 ATPase
motor and chromodomain likely associate with nucle-
osomal DNA at SHL +2 and SHL +1 locations,
respectively, while the C-terminal DNA-binding
SANT/SLIDE domain associates with and influences
the partial unwrapping of exit DNA on the opposite
gyre of the nucleosome.42 The Chd1/nucleosome
structure reveals that the ATPase motor associates
with nucleosomal DNA at SHL +2 and the chromodo-
main at SHL +1. The SANT/SLIDE DNA-binding
domain is associated with partially unwrapped exit
DNA at the SHL −7 position on the opposite gyre.
Similar to observations from the Snf2/nucleosome
structure, comparison with the 3.7 Å crystal structure
of the Chd1 ATPase motor domain alone reveals that
binding to nucleosomal DNA induces rotation of the
two RecA-like lobes into an active conformation that
is favorable for ATP hydrolysis.47 Another cryo-EM
analysis of S. cerevisiae Chd1 bound to the nucleo-
some identified an EM class in which one nucleosome
is simultaneously engaged by two molecules of
Chd1.14 The 4.5 Å structure demonstrates that the
respective ATPase motor, chromodomain, and SANT/
SLIDE domains of each Chd1 molecule occupy the
same SHL positions on the opposing � sides of the
nucleosome, further verifying data that suggest chro-
matin remodelers may function as dimers engaged
with a single nucleosome.42

H4 tail interaction is a common feature of
chromatin remodelers
Interestingly, the structures of Snf2 and Chd1 bound
to the nucleosome reveal a previously uncharacter-
ized interaction between the H4 N-terminal tail and
the C-terminal RecA-like lobe of the ATPase motor
domain. Binding of the H4 tail to the ATPase domain
has been reported to modulate activity for the ISWI
family of chromatin remodelers through competition
with an inhibitory loop from the ISWI AutoN regula-
tory domain43,48 [Fig. 1(c), top]. It has been postu-
lated that the H4 tail may serve to anchor the
ATPase motor domain to the correct location on the
nucleosome given the proximity to the SHL �2 site.48

The nucleosome bound structures for Snf2 and Chd1
show that H4 tail residues 15–18 occupy the same
binding pocket as in ISWI [Fig. 1(c), middle/bottom],
although Snf2 and Chd1 lack the AutoN regulatory
domain with which these H4 residues compete for
binding. H4 tail binding is important for proper ISWI
activity, as mutation of H4R17 or acetylation of
H4K16 have been shown to negatively impact ISWI
remodeling activity.48 While these structures reveal
that binding to the H4 N-terminal tail is a shared
feature of several families of chromatin remodelers,
further study is necessary to verify the biological role
of this interaction and explore the effects that any H4
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Figure 1. Cryo-EM structures of Snf2, Chd1, and INO80 chromatin remodelers bound to nucleosomes. (a) Front and top view of
4.69 Å structure for S. cerevisiae Snf2 bound to a nucleosome, details of the interactions with nucleosomal DNA and the H4 tail
are highlighted (PDB: 5X0Y). (b) Front and top view of 4.80 Å structure for S. cerevisiae Chd1 bound to a nucleosome, details of
the interactions with nucleosomal DNA and the H4 tail are highlighted (PDB: 5O9G). (c) Comparison of the interaction between H4
N-terminal tail residues 15–18 and the ATPase motor domains from Snf2 (top), Chd1 (middle), and ISWI (bottom) (PDB: 5JXT).
(d) 4.8 Å structure of the human INO80 complex bound to a nucleosome (PDB: 6ETX). A rotated view details the assembly of the
RUVBL1/2 heterohexamer and additional subunits on the INO80 insertion domain and highlights the locations of the INO80
ATPase motor domain and ARP5 subunit. (e) Front and top view of the INO80 ATPase motor bound to a nucleosome with addi-
tional domains and subunits removed for simplicity. Details of the interactions with nucleosomal DNA and the H3 tail are
highlighted. (f ) Alignment of the histone octamer from the INO80 complex structure (PDB: 6ETX) with the histone octamer from the
crystal structure of the nucleosome alone (PDB: 1AOI) detailing the rearrangement on INO80 binding.
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PTMs have on Chd1 and Snf2 chromatin remodeling
activity.

INO80/nucleosome complex
The structures of Snf2 and Chd1 bound to the nucleo-
some contain only domains from the enzymatic chro-
matin remodeler in complex with a nucleosome. The
4.8 Å structure of human INO80 in complex with a
nucleosome contains a large INO80 sub-complex com-
posed of the INO80 enzymatic subunit and additional
RUVBL1/2, IES2, IES6, and ARP5 subunits [Fig. 1
(d), left/right]. Association of these subunits with the
catalytic INO80 subunit is necessary for proper chro-
matin remodeling activity.49,50 Assembly of the
INO80 subcomplex is mediated by a large insertion
domain between the N and C-terminal lobes of the
INO80 ATPase motor that associates with the
RUVBL1/2 AAA+ heterohexamer, onto which the
other subunits assemble [Fig. 1(d), left/right]. Differ-
ing from Snf2 and Chd1 that bind to the nucleosome
at SHL +2, the structure reveals that the INO80
ATPase motor binds to a region of DNA by the entry
point spanning SHL −6 to SHL-7 [Fig. 1(e), top/bot-
tom]. This is in relatively good agreement with
in vitro footprinting experiments that report
S. cerevisiae INO80 protects nucleosomal DNA at
SHL −6, −5, and −3.38 The positioning of the ARP5
module proximal to the SHL −3 site helps to account
for the reported protection of nucleosomal DNA in
this region. While it is in close proximity, the ARP5
subunit does not appear to be in direct contact with
nucleosomal DNA at the SHL −3 site in the human
structure [Fig. 1(d), right]. However, analysis of the
4.3 Å structure of the Chaetomium thermophilum
INO80 complex bound to a nucleosome reveals that
the ARP5/IES6 module is in a direct interaction with
the DNA at the SHL −2 and SHL −3 and makes addi-
tional contacts with H2B. It has been reported that
ARP5 is essential for nucleosome sliding activity of
the INO80 complex.49 Comparison of the DNA bound
and unbound states of ARP5 in the two structures
indicates that ARP5 may contribute to sliding
through a process of dynamic binding and release of
nucleosomal DNA at the SHL −3 position to aid in
translocation of DNA around the histone octamer.

The structure of human INO80 bound the nucleo-
some additionally reveals that the N-terminal H3 tail
is proximal to the N-terminal RecA-like lobe of the
INO80 ATPase motor domain [Fig. 1(e), top/bottom].
Although there is no electron density for the H3 tail
residues directly binding to the domain, the authors
postulated that the H3 tail could possibly bind and
modulate ATPase activity of the INO80 complex simi-
lar to the H4 tail interaction with the C-terminal
RecA-like lobes of ISWI, Snf2, and Chd1. Deletion
experiments identify a region spanning residues
30–39 of H3, removal of which results in a significant
decrease in the Hill coefficient for nucleosome binding

as well as nucleosome sliding activity. As INO80 has
been shown to function as a cooperative dimer in
solution45 this decrease in Hill coefficient indicates
that H3 binding to the INO80 ATPase motor plays a
role in regulating cooperativity between the INO80
subunits within a functional dimer.

Comparison of the arrangement of the histone
octamer between the INO80/nucleosome structure to
the histones in the crystal structure of the nucleo-
some alone reveals that there are minor conforma-
tional rearrangements in H2B and H3 [Fig. 1(f )].
This histone rearrangement is likely due to INO80
binding to the nucleosome and causing a conforma-
tional distortion of the DNA wrap where one of the
DNA gyres is slightly moved away from the other,
pulling portions of the histones along with it. This
rearrangement of the histones reflects the results of a
recent study that reports that rearrangements within
the histone octamer are necessary for proper nucleo-
some sliding activity by SNF2.51 Additionally, a
recent cryo-EM study identified several classes of
partially unwrapped nucleosomes that have minor
rearrangements in the histone octamer as a result of
the DNA unwrapping.52 These rearrangements of his-
tone positions are not evident in the structure of
Chaetomium thermophilum INO80 bound to a nucleo-
some, further indicating that these two structures
may represent two conformations of a dynamic
complex.

Structural analysis of histone chaperone
mediated nucleosome assembly

The tyrosine key to H3/H4
Although histone chaperones and histone binding
proteins do not generally share sequence similarity,
structural analysis reveals that many of these pro-
teins have convergently evolved structurally similar
features for histone interaction, likely due to the
strong evolutionary conservation of histones. For
example, the arginine anchor,5 an interaction
between an arginine residue or residues from a his-
tone binding protein and the acidic patch on H2A,
has been observed as a common feature of several
nucleosome-binding proteins such as viral proteins,53

guanine exchange factors,6 and histone modifying
enzymes.8,54 Despite widely varying sequence and
overall structure, the insertion of an arginine residue
into the deep, acidic pocket formed by H2A residues
E61, D90, and E92 is seen in many nucleosome-
bound structures. This phenomenon establishes a
platform for competitive binding that allows for the
association of a maximum of two factors per nucleo-
some at a time to help ensure orderly chromatin
dynamics. This being the case, it follows that a simi-
lar mechanism may help provide for the specificity of
different histone chaperones competing for the same
pool of available histone proteins.
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Through comparison of several structures of
H3/H4 bound to different histone chaperones, we
have identified a structurally similar feature where a
tyrosine residue extends from the histone chaperone
into a deep surface pocket on histones H3/H4; we
name this interaction the “tyrosine key.” Comparison
of the structures of UBN1,55 a subunit of the
replication-independent H3.3/H4-specific HIRA-
containing histone chaperone complex, DAXX,56 an
H3.3/H4-specific chaperone associated with chroma-
tin compaction at pericentromeres and telomeres,
and MCM2,57 an H3/H4 chaperone that is part of the
replicative helicase complex, bound to H3.3/H4
reveals the presence of a tyrosine residue in the same
H3/H4 surface binding pocket. Although UBN1,
DAXX, and MCM2 share no sequence conservation
and are overall structurally dissimilar, Y132 of
UBN1, Y222 of DAXX, and Y90 of MCM2 each insert
into the deep surface pocket formed by H3 residues
K64, Q68, S86, I89, and Q93 [Fig. 2(a)]. Here, the
hydroxyl group of the tyrosine residue forms a hydro-
gen bond with H3 Q93 and the tyrosine aromatic ring
establishes van der Waals interactions with the ali-
phatic side chain of H3 K64. Comparable with the
arginine anchor, the tyrosine key likely serves to aid
in recognition of the conserved histone surface and
may help regulate H3/H4 binding and deposition
through competition among multiple different histone
chaperones for the same binding site.

DNA-competitive binding of H2A/H2B
chaperones
A number of structures featuring H2A/H2B dimers
bound to different histone chaperones demonstrate
that a wide variety of proteins which make multiple
contacts with different surfaces of H2A/H2B have
also evolved some common binding features. Compar-
ison of the structures for H2A/H2B bound to Nap1,
H2A/H2B bound to Hif1, H2A.Z/H2B bound to YL1,
and H2A.Z/H2B bound to Swr1 reveals one common
binding feature is a cluster of acidic residues that
interact with the basic, DNA-binding surface of
H2A/H2B, presumably to compete for DNA binding
and promote histone sequestration until nucleosome
assembly.

Nap1, a histone chaperone tasked with escorting
H2A/H2B dimers to the nucleus, shields two of the
three DNA-binding surfaces of the H2A/H2B dimer to
prevent aberrant DNA association.58 These interac-
tions are mediated by Nap1 C-terminal residues
194–205, which associate with residues 16–21 of the
H2A N-terminal alpha helix, and E328-E336 of
Nap1’s α8 helix that bind to H2A loop 2 [Fig. 2(b), top
left]. This second interaction region mimics an acidic
strand of DNA and thereby binds mutually exclu-
sively with DNA by engaging basic lysine and argi-
nine residues on the histone surface.

Hif1 is a histone chaperone that can interact
with both H3/H4 and H2A/H2B. The structure of Hif1
has been determined in complex with H2A/H2B and
reveals that Hif1 associates with the H2A/H2B DNA-
binding surface to mask it from unfavorable interac-
tions, similarly to Nap1.59 Acidic residues of Hif1
interact with H2A and H2B residues on the same face
as Nap1 [Fig. 2(b), top right]. Hif1 can bind H3/H4
tetramers in addition to H2A/H2B dimers, but bio-
chemical studies suggest that interaction is largely
mediated by residues outside of the acidic stretch
used for binding the H2A/H2B DNA-binding sur-
face.59 Interestingly, however, H2A/H2B dimers are
displaced by H3/H4 tetramers in an in vitro
competition-binding assay,59 suggesting that Hif1
plays a pivotal scaffold role in chromatin dynamics,
as may other histone chaperones capable of binding
to multiple core histones.

The catalytic Swr1 subunit of the SWR1
nucleosome-remodeling complex, which exchanges
H2A/H2B dimers for variant H2A.Z/H2B dimers, con-
tains a C-terminal Z domain that functions as an
H2A.Z/H2B-specific histone chaperone and binds to
the same H2A/H2B face60 [Fig. 2(b), bottom left]. The
1.7 Å crystal structure of the Swr1-Z domain bound
to H2A.Z/H2B reveals that the Swr1-Z domain binds
to both the DNA-binding and H3-binding sites of the
dimer, suggesting that it may serve the role of a his-
tone chaperone in the H2A.Z/H2B exchange process
catalyzed by Swr1. The crystal structure reveals that
a stretch of acidic amino acids, D614-D622, parallels
the interactions seen across the other H2A/H2B chap-
erones. In vitro biochemical studies reveal that the
Swr1-Z domain facilitates H3/H4 tetrasome to nucleo-
some formation and its absence impairs nucleosome
formation. This demonstrates the essential role of the
histone chaperone function of this domain in the
remodeling complex.60

YL1, an H2A.Z/H2B-specific histone chaperone,
also uses similar engagement with the DNA binding
surface of H2A.Z-H2B [Fig. 2(b), bottom right]. Resi-
dues D55-E65 of its C terminal region interacts inti-
mately with almost the entire DNA binding surface
of H2A.Z.61 These residues act largely as a steric hin-
drance to DNA binding and echo the utility of
H2A/H2B chaperones harboring acidic stretches that
inhibit unfavorable chromatin interactions prior to
nucleosome assembly.

Multimerization of H3/H4-depositing chaperones
The HIRA histone chaperone complex, composed of
the proteins HIRA, UBN1, CABIN1, and transiently
ASF1a, drives replication-independent deposition of
H3.3/H4 onto DNA.62 A structure of a fragment of
UBN1 bound H3.3/H4/Asf1 has been determined and
demonstrates, together with previous Asf1/H3/H4
crystal structures, that Asf1 binds to the tetrameriza-
tion interface of the H3/H4 dimer.55 Asf1 must
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ultimately be released prior to deposition, as it is pre-
venting assembly of the H3/H4 heterotetramer that is
likely formed prior to deposition onto DNA and nucle-
osome formation.63 To this end, it has been previously
suggested that multimerization of the HIRA complex
could aid in proper H3/H4 tetramer formation prior
to deposition. Recent structural, biophysical, and

cellular evidence demonstrate that trimerization of
the HIRA subunit [Fig. 2(c)] is essential for proper
H3.3/H4 deposition function of the complex.64 Muta-
tions that abolish HIRA trimerization impair associa-
tion with CABIN1 as well as H3.3/H4 deposition
activity of the complex. Although further study is nec-
essary to fully understand the biological role of HIRA
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trimer formation, this multimerization may play a
role in regulating the formation of the H3.3/H4
tetramer.

While structural information is not yet available,
biochemical data for CAF1, a replication-dependent
H3/H4 chaperone, has demonstrated that a 1:1:1:1:1
complex is formed between its three subunits (Cac1,
Cac2, Cac3) and histones H3 and H4.65 This stoichi-
ometry implies that this chaperone sequesters H3/H4
dimers until tetramerization is induced for DNA
deposition. Two distinct DNA binding domains on
Cac1 have been identified, and binding to DNA allows
two CAF1/H3/H4 complexes to come into close prox-
imity and induce deposition of a newly formed H3/H4
tetramer from the chaperone complex onto DNA.65

This mechanistic insight implies that multimeriza-
tion or at least close colocalization of multiple CAF1
chaperones binding to DNA must be necessary for
H3/H4 tetramer deposition into chromatin.

These recent studies echo the trend demon-
strated by the histone chaperone HJURP, which has
been shown to dimerize to assemble and deposit his-
tone variant CENP-A/H4 tetramers at the centro-
mere66 as well as the chaperone Vps75, the structure
of which has been determined as both a dimer67 and
as a tetramer.68 Interestingly, it has been shown
that, in equimolar concentrations of Vps75 and
H3/H4, Vps75 forms tetramers that associate with
histone dimers, while, in the presence of excess his-
tones, Vps75 tetramers associate with histone tetra-
mers. This observation suggests that Vps75 may
have self-chaperoning activity that enables it to mul-
timerize and drive H3/H4 tetramer formation on
DNA.68

Multiple histone-binding domains within the
FACT complex
FACT is a heterodimeric histone chaperone complex
containing two subunits, Spt16 and SSRP1(human)/
Pob3(yeast), that play a role in chromatin remodeling
during transcription, replication, and DNA repair.63

FACT has been shown to interact with both
H2A/H2B dimers and H3/H4 tetramers,21 suggesting

it likely functions in multiple steps of nucleosome
reorganization during these processes. Two different
x-ray crystal structures of FACT in complex with
H2A/H2B have been determined: one in which the
middle domain (Spt16M) from Chaetomium thermo-
philum Spt16 is in complex with H2A/H2B,69 and one
in which a peptide from the C-terminal domain of
Saccharomyces cerevisiae Spt16 (Spt16C) is in com-
plex with H2A/H2B.70 A third structure contains the
human Spt16M in complex with human H3/H4.71

Hondele et al. first biochemically identified
Spt16M as the minimum domain necessary for
Spt16-H2A/H2B interaction, but also reported the
presence of another electrostatic interaction between
H2A/H2B and Spt16C identified using Isothermal
Titration Calorimetry (ITC)69 [Fig. 2(d), top].
Histone-DNA aggregation, however, is only prevented
in the presence of Spt16M, suggesting that this
domain is relevant to chaperone function. The 2.35 Å
structure of Spt16M in complex with H2A/H2B
reveals that a U-turn motif at the C-terminal end of
the Spt16M domain engages helix 1 of H2B. Specifi-
cally, H2B residues I36 and Y39 form hydrophobic
interactions with the surrounding hydrophobic resi-
dues of Spt16M [Fig. 2(d), middle left]. Cell-based
deletion and mutation studies indicate that both
Spt16M and Spt16C are essential for FACT function.

Kemble et al., however, report that only Spt16C
confers histone binding and determined a 1.8 Å crys-
tal structure of a peptide from this domain in com-
plex with H2A/H2B.70 The structure reveals major
contacts between three Spt16C residues, the N-
terminus of H2B helix 2, and one residue on H2A
[Fig. 2(d), middle right]. Biochemical studies from
this study fail to reproduce any contribution of
Spt16M to relevant FACT/H2A/H2B binding. A full-
length structure of Spt16 is not available, but a com-
parison of the two structures suggests that interac-
tions of both domains with an H2A/H2B dimer could
not coexist [Fig. 2(d), middle]. Further biochemical
analysis is needed to settle the binding capabilities of
these two domains to H2A/H2B dimers. It is possible
that both domains could be in competition for

Figure 2. Molecular comparison of different histone chaperone proteins. (a) UBN1 (PDB: 4ZBJ), DAXX (PDB: 4HGA), and MCM2
(PDB: 5BNV) in complex with H3/H4. UBN1 Y132, MCM2 Y90, or DAXX Y222 fit into a surface pocket on H3 where it forms a
hydrogen bond with H3Q93 and van der Waals interactions with H3K64. This deep association likely drives competition for H3/H4
binding to ensure orderly histone trafficking in a crowded cellular environment. (b) At least four uniquely functioning H2A/H2B
chaperones, Nap1 (PDB: 5G2E), Hif1 (PDB: 5BT1), YL1 (PDB: 5FUG), and Swr1 (PDB: 4M6B), utilize patches of acidic residues to
interact with the same basic residues on the negatively charged DNA-binding surface of an H2A/H2B dimer to sequester the his-
tones from DNA until the final step of nucleosome formation. (c) 2.45 Å crystal structure of the C-terminal domain of HIRA (resi-
dues 644–1017; PDB: 5YJE) reveals homotrimer formation. (d) Top: Spt16 with identified H2A/H2B- and H3/H4-binding domains.
Middle: 2.35 Å resolution structure of Spt16M in complex with H2A/H2B (PDB: 4KHA) versus 1.8 Å resolution structure of Spt16C
in complex with H2A/H2B (PDB: 4WNN) reveals that these two domains compete for some of the same H2B residues and may
represent two unique interactions with H2A/H2B relevant to the FACT mechanism. Bottom: 2.98 Å resolution structure of Spt16M
in complex with an H3/H4 tetramer (left; PDB: 4Z2M) overlayed with the Spt16M/H2A/H2B structure (right; H2A/H2B-bound
Spt16M in gray) demonstrates an additional, distinct histone binding domain associated with H3/H4, a feature potentially useful in
H3/H4 tetramer stabilization and H2A/H2B dimer shuttling during chromatin reorganization.
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H2A/H2B binding, which may be relevant in the
mechanism of nucleosome assembly mediated
by FACT.

A 3.0 Å structure reveals that Spt16M also inter-
acts with an H3/H4 tetramer utilizing two different
contact sites: one where a short antiparallel beta
sheet is formed between residues 745–750 of Spt16,
residues 44–48 of H4, and residues 117–119 of H371

[Fig. 2(d), bottom left]. The second site of contact
includes the other H3/H4 dimer of the complex,
where Spt16 residues R847-D856 form a combination
of hydrophobic and hydrophilic interactions with resi-
dues on both H3 and H4 [Fig. 2(d), bottom left]. This
second site falls on the H2A binding surface of the
H3/H4 tetramer. Alignment of the different H2A/H2B
and H3/H4 bound Spt16 structures reveals that
Spt16 can potentially bind both H2A/H2B and H3/H4
simultaneously with different interaction surfaces
[Fig. 2(d), bottom right]. This structural overlay may
represent a mechanistic intermediate where Spt16
can bind to and stabilize H3/H4 tetramers as
H2A/H2B dimers are deposited or shuttled out
through interactions with Spt16M and/or Spt16C.

Auxiliary subunits serve a variety of molecular
functions within enzymatic histone modifying
complexes

Role of auxiliary subunits within histone
acetyltransferase complexes
Lysine acetylation is one of the most extensively
studied histone modifications, and its function in
chromatin accessibility has been well established.72

The histone acetyltransferases (HAT) enzymes that
mediate this modification can be classified into four
major families based on sequence conservation; Gcn5/
PCAF, MYST, p300/CBP, and Rtt109. HATs typically
function as members of multi-protein complexes
where catalytic activation and substrate specificity
can be modulated by other subunits within the
complex.73,74

The NuA4 complex, containing catalytic subunit
Esa1 as well as additional subunits Epl1, Yng2, and
Eaf6, is the main player in global H4 acetylation in
S. cerevisiae, where Esa1 serves as the only HAT
essential for cell cycle.75 Recent crystallographic and
low-resolution EM analyses of the yeast NuA4 com-
plex suggest that Esa1 recognizes its target residues
on the histone tail through a mechanism of substrate
specificity that depends on the other subunits of the
complex. The tetrameric core of the NuA4 complex
consists of Esa1, Epl1, Yng2 and Eaf6, where the
scaffold protein Epl1 serves as the platform for
assembly of the complex [Fig. 3(a)]. Esa1 and the N-
terminus of Epl1 associate to form the catalytic core,
while Yng2, Eaf6, and the C-terminus of Epl1 form a
helical bundle. The catalytic core and the helical bun-
dle regions are connected by a loop in Epl1 referred

to as the dual function loop (DFL), as it plays a key
role in both active site rearrangement and in nucleo-
some binding. The 2.0 Å crystal structure of Esa1 in
the absence of Epl1 suggests that a α2–β7 loop in the
active site is highly conserved among MYST acetyl-
transferases and is important for catalysis and for
substrate binding76 [Fig. 3(b)]. In the absence of Epl1,
residues within the Esa1 α2–β7 loop interact with
several α2 residues. The recent 3.5 Å crystal struc-
ture of the tetrameric NuA4 core complex reveals
that α2–β7 loop residues R249, L264, and Y265 inter-
act with a highly conserved FRR (F312, R313, R314)
motif in Epl1 to reshape its substrate binding sur-
face.30 This new binding surface has a preference for
a substrate with a small residue (G or A) at the P-1
position, allowing Esa1 to specifically target H4 (K5,
K8, K12, K16). Additionally, low-resolution cryo-EM
studies and biochemical assays reveal that substrate
specificity of the Nua4 complex is further achieved
through the N-terminal portion of the Epl1 DFL,
which associates with the nucleosome and helps posi-
tion the Nua4 complex on the dish face of the nucleo-
some with the active site proximal to the H4 tail
[Fig. 3(a)].

The human MYST family of HATS, comprised of
MOZ, Tip60, HBO1, MORF, and MOF, are evolution-
arily conserved with S. cerevisiae Esa1 and character-
ized by a highly conserved MYST fold within the
catalytic domain.73 The structure of the Gcn5 and
PCAF catalytic HAT domain bound to an
H3K14-containing peptide reveals extensive back-
bone interaction with surrounding residues on the H3
tail, thus demonstrating that the catalytic Gcn5/
PCAF HAT domain can bind its lysine substrate
independently.77 In contrast to the Gcn5/PCAF
HATs, MYST family HATs are thought to have lower
affinity toward their substrates and are generally
more promiscuous toward multiple lysine residues
with in the same histone tails. MYST HATs often use
other subunits of their respective complexes to provide
substrate specificity.73,77 For example, HBO1 can form
two different tetrameric HAT complexes through asso-
ciation with JADE1/2/3, ING4/5, and hEaf6, or
BRPF1/2/3, ING4/5, and hEaf6 to target H4 K5/K8/
K12 or H3 K14/K23 for acetylation, respectively. The
scaffold proteins BRPF and JADE serve as the plat-
form for assembly and help determine substrate speci-
ficity of these different HBO1 complexes.31,78,79

A recent 2.4 Å crystal structure of the HBO1 HAT
domain in complex with an N-terminal fragment of
BRPF2 reveals that BRPF2 binding modulates HBO1
substrate specificity through a mechanism differing
from the Epl1/Esa1 interaction. The structure reveals
that BRPF2 wraps around the C-terminal part of the
HBO1 HAT domain with the interaction stabilized by
a network of hydrogen bonds and Van der Waals inter-
actions between the two proteins [Fig. 3(c)]. Unlike
Esa1 in the NuA4 complex, the active site of HBO1
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Figure 3. X-ray crystallographic and cryo-EM structures of enzymatic histone modifying complexes. (a) 2.0 Å crystal structure of the
S. cerevisiae NuA4 complex containing Esa1, Epl1, Yng2 Eaf6. The active site of Esa1, DFL of Epl1 and the position of the NuA4
complex relative to nucleosome are indicated. (PDB: 5J9U). (b) Active site comparison of Esa1 in the NuA4 complex versus the free
state. (PDB: 3TO9). (c) 2.4 Å crystal structure of the human HBO1 HAT domain in complex with an N-terminal fragment of BRPF2
(PDB: 5GK9) overlayed with MOF (PDB: 2GIV) bound to A-CoA with substrate binding site indicated. (d) The Chaetomium thermo-
philum PRC2 complex containing Eed, Suz12, Ezh2 in H3K27me3 peptide unbound (PDB: 5KJI) and bound state (PDB: 5KJH).
(e) Cryo-EM structure of the human PRC2 complex in complex with both auxiliary subunits, JARID2, and AEBP2 (PDB: 6C23).
(f ) Crystal structure of the human PRC2 complex in complex with both auxiliary subunits, JARID2 and AEBP2, featuring additional
foot region (PDB: 5WAI).
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does not undergo any conformational change when in
complex with BRPF2. Further biochemical analysis
highlights two different acidic patches within BRPF2
consisting of residue E41/E43/E45 and E62/D63/D64
that are responsible for binding and positioning the
H3/H4 substrate proximal to the HBO1 active site.32

The crystal structure of the HBO1-BRPF2 complex
indicates that the histone binding site of BRPF2 is
~40 Å away from the active site. This suggests that
BRPF2 may bind to the core of the H3/H4 histone,
which positions the H3 tail in close proximity to the
active site of HBO1.32 Supporting this observation is a
recent biochemical analysis of the interaction between
HBO1 and an N-terminal fragment of JADE1, which
highlights the importance of the N-terminal fragment
of JADE1 in recruiting the histone substrate to the cat-
alytic domain.33 Biochemical studies also support the
role of the histone core domain for JADE1-mediated
HBO1 recruitment for substrate-specific acetylation. A
more detailed molecular mechanism likely must await
a structure of a more substantial HBO1 complex.

Roles of auxiliary subunits within of the PRC2
histone methyltransferase complex
Polycomb repressive complex 2 (PRC2) promotes the
propagation and maintenance of heterochromatin for-
mation through incorporating and promoting local
spreading of the transcriptionally repressive
H3K27me3 mark.27,28 The PRC2 complex consists of
four core subunits: EZH2, EED, SUZ12, and
RBAP44/48. EZH2 serves as the catalytic subunit of the
PRC2 complex, although the isolated catalytic SET
domain from EZH2 remains in an inhibited state where
both the substrate-binding groove and cofactor-binding
pocket are inaccessible. Association with SUZ12 and
EED bound to a pre-existing H3K27me3 mark mediates
allosteric rearrangement of the EZH2 SET domain for
activity toward substrate H3K27 lysine residues.80–83

In this way, the PRC2 complex functions through a posi-
tive feedback mechanism where H3K27me3 is the enzy-
matic product, while also serving to activate and recruit
additional PRC2 complexes to the local area of chroma-
tin through specific interaction of H3K27me3 (with an
aromatic cage containing residues F97, Y148, Y365 in
EED).84 This feedback mechanism contributes to the
local spreading of heterochromatin. The RBAP48 subu-
nit has a similar structural motif to that of EED and can
further activate the PRC2 complex by binding to a dif-
ferent region of the H3 tail, through specific contacts
with H3R2 and H3K4. H3K4 must be unmodified for
association with RBAP48 as H3K4me3, which is associ-
ated with transcriptionally active chromatin, inhibits
substrate binding through steric hindrance with the
H3K4 binding pocket of RBAP48.85 These two lysine-
binding pockets in the PRC2 complex have a synergistic
effect to ensure that the PRC2 complex functions in the
correct chromatin region.

Recently several high-resolution crystal struc-
tures of the PRC2 core complex containing EZH2,
EED, and SUZ12 from Chaetomium thermophilum29

and human86 bound or unbound to various H3 or
JARID substrate peptides have been reported. Analy-
sis of these structures reveals how substrate binding
to the aromatic cage in EED and the stimulation-
responsive motif (SRM) in EZH2 activates the PRC2
complex through allosteric rearrangement of the
active site of EZH2 [Fig. 3(d)]. These crystal struc-
tures reveal that in the absence of substrate peptide
the SRM of EZH2 is in an unstructured form that
cannot be traced in the electron density map. Binding
of H3K27me3 or JARID2 K116me3 to the aromatic
cage (F97, Y148, Y365) of EED and the SRM of EZH2
stimulates a rearrangement within the SRM, leading
to formation of a new helix that interacts with the
catalytic EZH2 SET domain to influence rearrange-
ment of the catalytic pocket for activity toward unmo-
dified H3K27 residue [Fig. 3(d)].29

In addition to the core subunits, the human
PRC2 complex contains additional auxiliary subunits
JARID2 and AEBP2 that function to localize the com-
plex to target genes as well as to modulate PRC2
complex activity.87,88 Both JARID2 and AEBP2 have
DNA binding properties, which may help the PRC2
complex to anchor itself on the correct region of chro-
matin. JARID2 helps recruit the PRC2 complex to
target genes with high GC content, as it contains a
DNA binding domain with specificity toward these
sequences.89,90 JARID2 K116me3 structurally mimics
H3K27me3 and has been shown to bind to the aro-
matic cage of EED and stimulate the PRC2 complex
in the same manner as H3K27me3. AEBP2, which
was initially identified as a transcriptional repressor,
is a zinc-finger protein with a nonspecific DNA bind-
ing activity that may also be involved in recruiting
PRC2 to chromatin.91 AEBP2 also assists in overall
structural stability to the PRC2 complex by making
contacts with several subunits within the com-
plex.80,92 Similar to JARID2 association with EED,
AEBP2 can also bind to the H3 binding pocket of
RBAP48, using residues R295 and K294 to mimic the
interactions from R2 and K4 in the H3 tail.85

A recent 3.9 Å cryo-EM structure of the human
PRC2 complex with JARID2 and AEBP2 and a larger
fragment of SUZ12 containing both the VEFS-box
and a newly identified neck region (NR) reveals the
role of SUZ12 in overall architecture and stability of
the PRC2 complex [Fig. 3(e)]. SUZ12 makes contacts
with every subunit and serves as a scaffold for assem-
bly of PRC2 and its auxiliary subunits. In this struc-
ture, the K116me3 of JARID2 and K294 of AEBP2
mimic the binding of H3K27me3 and H3K4 at their
respective binding sites. SUZ12 contains a zinc-finger
domain within the NR at the bottom of the PRC2
complex that plays an important role in an overall
structural stability of the PRC2 complex by providing
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a platform for JARID2 and AEBP2 to bind and prop-
erly fold. The interaction between SUZ12 NR, helical
segment, and K and R rich region of AEBP2 allows
AEBP2 to function as the bridge between RBAP48
and the SET domain of EZH2 adding extra stability
of the PRC2 complex. A recent 2.9 Å crystal structure
of a smaller PRC2 sub-complex containing SUZ12,
RBBP4, JARID2, AEBP293 also reveals a previously
uncharacterized foot region with additional contacts
between SUZ12, JARID2, and AEBP2 [Fig. 3(f )]. Bio-
chemical data demonstrate competitive binding of
additional auxiliary subunits EPOP and PHF19 with
JARID2 and AEBP2, respectively, within the foot
region. This binding competition may have a role in
modulating complex activity and specificity. Together,
these structural analyses suggest that the catalytic
lobe containing, EZH2, EED, and VEFS of SUZ12 is
sufficient for catalysis. Altogether the neck and foot
regions of the PRC2 complex containing SUZ12 and
RBAP48 further assists the recruitment and activa-
tion of the PRC2 complex through interaction with
JARID2, AEBP2, and other auxiliary proteins.

Discussion and future directions
The cryo-EM structures determined for Snf2, Chd1,
and INO80 have significantly extended the findings
of previous biochemical characterization of remode-
ler/nucleosome interactions. Each remodeler associ-
ates with the nucleosome at the SHL location
predicted by prior footprinting analysis. Interestingly,
the structures reveal previously uncharacterized
interactions with histone tails that may regulate
proper nucleosome binding and chromatin remodeler
activity. It is possible that post-translation modifica-
tion of the histone tails may influence remodeler
binding and activity, as has been shown for ISWI, but
further experimentation is necessary to explore the
role of histone PTMs in regulation of Snf2, Chd1, and
INO80.

Comparison of several structures of histone chap-
erones bound to their histone substrates exemplifies
the evolutionary power of the conserved histone sur-
face. Several different H3/H4 and H2A/H2B chaper-
ones have converged on structurally homologous
methods of histone binding, although these histone
chaperones share little sequence conservation. We
introduce the recent crystal structure of the HIRA C-
terminal domain trimer and discuss a possible role
for HIRA trimerization in the formation of an H3.3/
H4 tetramer prior to deposition onto DNA. Although
further exploration is necessary to fully characterize
the biological role of HIRA trimer formation. Analysis
of several structures of the FACT subunit Spt16
bound to either H2A/H2B or H3/H4 reveals a possible
mechanism of histone chaperone function in which
Spt16 can associate with and stabilize an H3/H4 tet-
ramer while a separate domain can simultaneously

bind to a molecule of H2A/H2B for nucleosome assem-
bly or disassembly function.

Analysis of several structures of enzymatic his-
tone modifying complexes has revealed differing
mechanisms through which nonenzymatic auxiliary
subunits modulate the assembly and activity of the
complex. The Epl1 subunit in the NuA4 HAT complex
serves as a scaffold for assembly of other subunits
and rearranges the active site of the catalytic Esa1
subunit to enhance activity toward specific lysine res-
idues in the H4 tail. Conversely, association of the
auxiliary subunit BRPF with the catalytic HBO1
HAT subunit does not mediate an active site rearran-
gement, but instead appears to recruit the histone
substrate to the complex through binding to the
H3/H4 core domain. Although further structural stud-
ies are necessary to reveal the molecular basis for
BRPF binding to the H3/H4 core. PRC2 is a large his-
tone methyltransferase complex comprised of the
enzymatic EZH2 subunit, the scaffold protein SUZ12,
and several different auxiliary subunits that modu-
late the activity of the complex. Several recent cryo-
EM and crystal structures have detailed a mecha-
nism through which the EED and RBAP48 subunits
associate with different regions of the H3 tail to
induce a conformational rearrangement of the EZH2
active site for specific methylation of H3K27. Recent
cryo-EM and crystal structures have revealed the
molecular details of how additional subunits, JARID2
and AEBP2, associate with PRC2 and mimic regions
of H3 to activate the complex in the absence of H3.
Interestingly binding of EED to an existing H3
K27me3 or JARID2 K116me3 is essential for proper
activation of the complex, although both of these
modified residues are also products of the complex
and further experimentation is necessary to fully
understand how the complex is initially activated.

Analysis of several recent structures of proteins
and protein complexes that modulate the epigenetic
regulation of chromatin, we have illuminated struc-
tural similarities in how different families of chroma-
tin remodelers and histone chaperones associate with
their respective nucleosome and histone substrates.
We have also reviewed several mechanisms through
which auxiliary subunits can modulate the specificity
and activity of enzymatic chromatin modifying com-
plexes. Nonetheless, this is only the tip of the iceberg
of what structures of multiprotein chromatin regula-
tory complexes, still to come, will teach us about the
molecular basis for chromatin assembly and
modification.
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