
Review Article
Chromatin Structure
0022-2836/� 2021 The Autho
licenses/by/4.0/).
Beyond the Nucleosome: Nucleosome-
Protein Interactions and Higher Order
Vincenzo R. Lobbia, Maria Cristina Trueba Sanchez and Hugo van Ingen ⇑

NMR Spectroscopy, Bijvoet Center for Biomolecular Research, Utrecht University, Padualaan 8, 3584 CH Utrecht, the Netherlands
Correspondence to Hugo van Ingen: h.vaningen@uu.nl (H. van Ingen)
https://doi.org/10.1016/j.jmb.2021.166827
Edited by Anna Panchenko

Abstract

The regulation of chromatin biology ultimately depends on the manipulation of its smallest subunit, the
nucleosome. The proteins that bind and operate on the nucleosome do so, while their substrate is part
of a polymer embedded in the dense nuclear environment. Their molecular interactions must in some
way be tuned to deal with this complexity. Due to the rapid increase in the number of high-resolution struc-
tures of nucleosome-protein complexes and the increasing understanding of the cellular chromatin struc-
ture, it is starting to become clearer how chromatin factors operate in this complex environment. In this
review, we analyze the current literature on the interplay between nucleosome-protein interactions and
higher-order chromatin structure. We examine in what way nucleosomes-protein interactions can affect
and can be affected by chromatin organization at the oligonucleosomal level. In addition, we review the
characteristics of nucleosome-protein interactions that can cause phase separation of chromatin.
Throughout, we hope to illustrate the exciting challenges in characterizing nucleosome-protein interac-
tions beyond the nucleosome.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

As one of the cell’s biggest polymers, chromatin
structure is inherently a multi-scale structure. At
the lowest level is the well-known structure of the
nucleosome,1 while at the largest level is the divi-
sion between the A and B-compartments, corre-
sponding to the compacted heterochromatin and
more open euchromatin.2,3 In recent years the pic-
ture of what is in between these extremes has tilted
dramatically, from a well-defined packing of nucleo-
somes in a 30 nm chromatin fiber4 to a heteroge-
nous and dynamic arrangement of nucleosomes
without distinct long-range order.5–7 Super-
resolution light-microscopy and cryo-electron
tomography studies have demonstrated an irregular
in situ chromatin structure where nucleosomes
were found to compact together into so called
clutches or blobs with densities and sizes
r(s). Published by Elsevier Ltd. This is an op
dependent on histone modifications.8–14 Still,
higher-order chromatin structures may be present,
either as large, mobile domains (~150 nm),15 or as
a canonical 30 nm fiber present within an overall
heterogenous population of metaphase
chromatin.16

A second shift in our understanding of chromatin
organization has come from the recent
demonstration that chromatin is able to
condense through liquid–liquid phase separation
(LLPS).17–19 LLPS is a reversible process in which
a liquid fluid de-mixes into two distinct liquid-
phases with intrinsically different physical proper-
ties: one condensed phase and one diluted phase
and is excellently covered in several reviews.20–23

The ability of chromatin to phase separate was first
established for heterochromatin, with heterochro-
matin Protein 1 (HP1) as the main driver of conden-
sate formation.17,18 Later, Gibson and colleagues
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demonstrated that phase separation is an intrinsic
property of chromatin, i.e. a string of nucleosomes,
modulated by the linker DNA length, the presence
of linker histone H1, and the presence of histone
modifications and reader proteins.19 Together with
the discovery of condensate formation in actively
transcribed chromatin driven by RNA Polymerase
II,24,25 and transcription factors,26 these works have
led to the model that phase separation can create
distinct functional chromatin compartments within
the nucleus, enabling epigenetic processes, cova-
lent modifications, regulation of gene transcription
and maintenance of chromatin states.19,22,27–29

Phase separation is driven by multivalent
interactions between proteins and/or nucleic acids,
often involving intrinsically disordered proteins or
regions, forming a close interacting network of
molecules.22,30–34 The underlying microscopic
affinities between the interacting molecules can be
weak, resulting in dynamic assemblies without
strong long-range ordering. Thus, the lack of
large-scale chromatin ordering, mirrored in the
observation of polymer-melt or liquid-like properties
of chromatin,35–38 and chromatin’s ability to phase
separate could be two sides of the same coin, con-
sistent with the polymeric and polyionic nature of
chromatin. As many nucleosome-binding proteins
contain disordered acidic or basic tails to match
the charge of either DNA or histones, weak electro-
static and multivalent interactions are abundant
within chromatin.
After a brief overview of the interactions in

nucleosome-protein complexes, we examine in
the first part of this review in what way
nucleosomes-protein interactions can affect and
can be affected by higher-order chromatin
organization, focusing on the oligonucleosomal
level. In the second part, we review some of the
nucleosome-protein interactions that haven been
shown to be responsible for phase separation of
chromatin.
Meta-Analysis of Nucleosome Protein
Interactions

As a starting point to understand the potential
impact between nucleosome-protein interactions
and chromatin structure, we analyzed all current
published structures of unique nucleosome-protein
complexes available in the Protein Data Bank
(PDB) (107 structures of 44 unique proteins or
unique complexes, see Supplemental Table S1).
Not included in this analysis are the many
interactions to the histone tails.
By visualizing the center of mass of the interacting

protein chains a remarkably large volume around
the nucleosome is revealed (Figure 1(a) and (b)).
In most cases the occupied space is incompatible
with close packing of nucleosomes. For several
proteins, the interaction seems compatible with
close nucleosome packing. This includes the
2

linker histones that bind the dyad region and
transcription factors SOX2 and OCT4 that bind
the nucleosomal DNA.39,40 In other cases, such as
for chromatin factor PSIP1 that binds the H3 N-
terminal tail and the nucleosomal DNA,41,42 it is
harder to assess whether the nucleosome binding
mode is compatible with compacted chromatin as
the structures contain only parts of the protein or
the proteins could be part of larger complexes.
Hotspots emerge where many proteins contact

the nucleosome (Figure 1(c) and (d)). These
include the well-known acidic patch and the area
around the H3 a1 helix, as also seen in a recent
nucleosome interactome screen,43 and on the
DNA near super-helical location (SHL) 2, SHL 6,
the dyad and linker DNA. The nucleosome surface
formed by the H3 a3- and H4 a2-helices shows very
few protein contacts (Figure 1(d)). Interestingly, this
region also has a slightly positive electrostatic
potential (Figure 1(e)).
For histone tail binding proteins, which are not

part of the analysis in Figure 1, the effect of close
nucleosome packing will depend on the availability
of the histone tail. Within the context of
mononucleosomes, histone tail-DNA binding has
been observed to inhibit protein binding.44 On the
other hand, proximity of DNA or other tails may pro-
mote association, which also has been observed
within the context of mononucleosomes.41
Oligonucleosomal Structure and
Nucleosome-Protein Interactions

To account for the polymer nature of chromatin,
nucleosome protein interactions should be
considered within the context of oligonucleosomal
substrates. The finding that small clusters of and
short-range contacts between nucleosomes are
observed in situ,8,45,46 suggests that zig-zag
arranged oligonucleosomal structures may form rel-
evant functional units of chromatin.47,48 Akin to the
hierarchical description of proteins structure, two
secondary structure types for the packing of nucle-
osomes in a tetra-nucleosome have been proposed
as fundamental units of chromatin structure based
on a detailed analysis of Hi-C data.49 The closely
packed tetranucleosome structure as seen in the
crystal structure50 and the 30 nm cryo-electron
microscopy (cryo-EM) fiber structure51 may repre-
sent the ideal packing or a ground-state chromatin
structure. Whatever the precise arrangement, data
obtained on mononucleosomes indicate that many
proteins will interfere with close packing of nucleo-
somes and, vice versa, that their binding may be
impeded by close nucleosome packing. On the
other hand, other proteins such as HP1 and linker
histones promote inter-nucleosomal interactions,
inducing chromatin compaction and possibly long-
range ordering.



Figure 1. Overview of the nucleosome-protein contact interface. (a, b) Visualization of the protein-interaction space
around the nucleosome, showing a side (a) and front (b) view. Blue spheres represent the center of mass from all
protein chains in all structures of nucleosome-protein complexes deposited in the Protein Data Bank (PDB).
Nucleosome structure (model based on PDB 1KX5 extended to 167 bp DNA) is shown in dark grey, the
hexanuclesome structure (PDB 6HKT) is shown in light gray. (c, d) Visualization of the protein contact surface on the
nucleosome, showing side (c) and front (d) view. Color coding and position of key structural elements are indicated in
the figure. SHL is superhelical location. (e) Electrostatic potential on the nucleosome surface (PBD: 1KX5), color
coding indicated.
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General factors influencing oligonucleosomal
structure

Before going into the possible impact of
nucleosome-binding proteins, we describe some
important general factors that determine structure
and dynamics of oligonucleosomes, as the
background in which these proteins operate. First,
the relative orientation between two neighboring
nucleosomes depends strongly on the length of
the DNA linker between them, or in other words
the nucleosome repeat length. A DNA molecule of
90 bp, the maximum DNA linker length found
in vivo and approximately 30 nm long, behaves as
a stiff rod due to the long persistence length of
DNA (50 nm). This means that in principle the
relative orientation between two nucleosomes
changes by 36� for every bp of linker DNA,
strongly affecting the way nucleosome can pack.
In vivo, preference for linker lengths that make an
3

integral number of complete turns, i.e. DNA linker
length corresponding to 10n, as well as
preference for linkers imposing a 180� rotation,
lengths corresponding to 10n + 5, have been
reported.19,52 Combined with the length of linker
DNA, the rotational positioning is a main determi-
nant of oligonucleosomal folding.53–55

Second, the positive charge of the histone is
insufficient to compensate for the negative charge
of the nucleosomal DNA. The net negative charge
of the nucleosome and the unscreened charge of
the linker DNA make that folding of an array of
nucleosomes is intrinsically electrostatically
driven56,57 and thus very sensitive to amount and
type of mono- and divalent cations.58 At physiolog-
ical ionic strengths and in presence of divalent ions,
the screening of the negative charge is sufficient to
allow for favorable inter-nucleosome interactions.
Third, the dominant inter-nucleosome interaction

in folding of oligonucleosomal arrays is the
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interaction between the H4 tail basic patch and the
H2A/H2B acidic patch.59–62 This interaction is
required for compaction61 andmediates the packing
of tetranucleosomal building blocks in the structure
of 30 nm fiber.51 Since deacetylation of K16 in the
H4 tail is required for chromatin compaction in mito-
sis,63 this inter-nucleosomal interaction is expected
to be relevant in vivo as well. Other inter-
nucleosomal interactions are possible as well51,64

and may be especially relevant for long-range
inter-nucleosomal interactions.
Finally, nucleosomes and oligonucleosomes are

intrinsically dynamic structures, subject to
spontaneous breathing motions that alter DNA
wrapping, nucleosome packing and octamer
arrangement, as recently reviewed.65,66
Possible effects of nucleosome-protein
binding on oligonucleosome structure

In the following we will describe seven scenarios
for the impact of nucleosome-protein interactions
on oligonucleosomal structure, that either involve
binding to single or multiple nucleosomes. These
are schematically depicted in Figure 2.
Interactions that involve only one nucleosome can
influence higher-order structure by promoting
Figure 2. Possible effects of nucleosome protein interacti
ways in which proteins can alter nucleosome structure and in
nucleosome arrays (b). Histones are shown light blue, nucleo
the larger net negative charge.

4

compaction or decompaction of the linker DNA,
promoting wrapping or unwrapping of nucleosomal
DNA, repositioning nucleosomes, and evicting or
assembling nucleosomes. Proteins or protein
complexes that can bind at least two nucleosomes
could bridge nucleosomes either short-range
(between nucleosomes relatively close on the
DNA sequence) or long-range (between distant
parts of the fiber). Such protein could also orient
nucleosomes or promote stacking or unstacking of
nucleosomes.
Importantly, nucleosome-binding proteins could

exert these effects directly or indirectly, through
binding the nucleosomal or linker DNA, the
histone core and/or the histone tails. For example,
linker histones bind nucleosomal and linker DNA
to compact the linker segments directly (see next
section). For transcription factor Sox2 it was
recently shown that by binding to the nucleosomal
DNA it can move the H4 tail to a position that is
incompatible with the H4 tail-acidic patch
interaction between nucleosomes.39 Vice versa,
interactions between nucleosomes could occlude
protein-binding interfaces on DNA, histone core
and tails or create new binding surfaces. For
instance, proximity of linker DNA segments within
interdigitated fibers can create new binding sites
ons on chromatin structure. (a,b) Schematic view of the
fluence inter-nucleosome interactions (a) and packing of
somal DNA in gray, linker and free DNA in red to indicate



V.R. Lobbia, Maria Cristina Trueba Sanchez and H. van Ingen Journal of Molecular Biology 433 (2021) 166827
for linker histones (see next section), whereas
increased interaction of histone tails with DNA in a
dense fiber may impede binding of many regulatory
proteins.
Below we discuss general features of these

scenarios and highlight relevant examples from
the literature with a particular focus on linker DNA
(de)compaction and nucleosome bridging.

Linker DNA (de)compaction. Since the two linker
DNA arms that protrude from the nucleosome core
are the connectors to the neighboring
nucleosomes, their relative orientation is a crucial
factor in higher-order chromatin structure. Unlike
the nucleosomal DNA, the linker DNA is not
screened by the core histone proteins, resulting in
electrostatic repulsion between when the two
linkers are brought close together. The main
factors in stabilizing a compacted linker DNA
conformation are the linker histones. Linker
histones are able to condense chromatin and are
important in many biological processes, including
apoptosis, cell cycle progression, transcription,
and DNA repair.67,68 Other nucleosome binding
proteins antagonize linker histone function, by com-
peting either directly for the nucleosome binding site
as in the case of FoxA,69 or indirectly interfering with
linker histone function as in the case of HMGN
proteins.70

Mammals have several isoforms of linker
histones that consist of a globular winged-helix
domain, a short intrinsically disordered N-terminal
tail (NTD) and a long basic C-terminal domain
(CTD). Several structures of linker histone bound
to a mononucleosome have been solved,71–73 as
also reviewed recently.74,75 The linker histone glob-
ular domain binds the nucleosomal DNA right at or
slightly away from the central base-pair in-
between the linker DNA arms, the so-called on-
dyad or off-dyad mode (the on-dyad mode is
depicted in Figure 3(a) and (b)). These different
binding modes are linker histone isoform specific
as substitution of DNA binding residues between
isoforms can alter the dyad binding mode.76 Nota-
bly, on-dyad binding showed higher compaction
than off-dyad binding,71 indicating the importance
of linker histone isoform in the higher-order struc-
ture in chromatin. Recently, a third binding mode
of the globular domain was discovered.73 In this
so-called non-dyad mode, the linker histone does
not position itself at the dyad but on the DNA of
neighboring nucleosomes in interacting fibers, in
an overall configuration that is very similar to on-
dyad binding (Figure 3(d) and (e)).
The study by Bednar et al. showed that the CTD

can bind to one of the DNA linkers, rationalizing
how linker histones can stabilize the repulsion
between linker DNA arms.77 A systematic study
by the Bai lab revealed that the CTD of different lin-
ker histone isoforms compacts linker DNA to differ-
ent degrees, with compactness correlated with the
5

charge and amount of T/SPKK motifs present in
the CTD72 (Figure 3(c)). As of yet, there is no exper-
imental data on the structural role of the linker his-
tone NTD in nucleosome binding. Computational
modelling studies predicted that the NTD becomes
helical upon binding, enhancing the binding affin-
ity.78 Linker histone isoforms with higher helicity
for the NTD showed increased binding affinities in
the simulations.78

Comparing the various “on-dyad” linker-histone-
nucleosome complexes, clear differences in linker
arm position can only be observed when the CTD
was included in the linker histone construct
(Figure 3(b) and (c)). Structures of
oligonucleosome complexes with linker histones
show even more variation. Song et al. solved the
cryo-EM structure of a crosslinked compacted 12-
mer nucleosomal array with linker histone H1.4,
showing clearly a zig-zag packing of nucleosomes
as tetranucleosomal units in a helix with ~30 nm
diameter.51 While the resolution of this structure
(11�A) did not permit to pinpoint the position or con-
formation of the CTD, the structure showed that the
globular domain of H1.4 was bound in an off-dyad
position. Experiments performed without cross-
linking showed that H1.4 was bound on-dyad, illus-
trating the sensitivity of the H1-oligonucleosome
complex to experimental conditions.72,79

An even more striking example of this sensitivity
was observed by Garcia-Saez et al. in a study of
H1.0-bound hexanucleosomes, an array of six
nucleosomes.80 The crystal structure obtained
under physiological conditions without crosslinker
did not show clear electron density for the linker his-
tone, indicating either a heterogenous or a highly
dynamic binding. The linker DNA in the hexanucle-
osome structure is more strongly bent compared to
the linker DNA of mononucleosomes, but neverthe-
less still compatible with linker histone-DNA con-
tacts as observed with mononucleosomes
(Figure 3(c)). Interestingly, the nucleosomes in this
structure are packed in a zig-zag ladder-like
arrangement, i.e. as an untwisted helix. In solution,
both unfolded, ladder-like and Song-type 30 nm
fiber structures were found to coexist at the same
time. Strikingly, a small increase in Mg2+-
concentration, from 0.3 to 0.6 mM, was sufficient
to predominantly obtain a twisted helical struc-
tures.80 Another type of ladder-like arrangement
was proposed for ~172 bp-arrays compacted by lin-
ker histone H5, based on the crystal packing of H5-
bound mononucleosomes.79 In this arrangement,
the stacking of nucleosome follows the opposite
handedness compared to the 187 bp-array ladders
seen for the hexanucleosome structure, resulting in
different inter-nucleosomal interactions between
the two structures (Figure 3(f)).
The flexibility in oligonucleosomal structure upon

linker histone binding underscores that it may be
better to consider linker histone complexes as
ensembles of different conformations that are



Figure 3. Linker DNA compaction by linker histones. (a) Overlay of linker histone globular domain structures
observed in different on-dyad nucleosome complexes, with DNA binding lysine and arginine residues shown as sticks.
Color coding indicated next to panel (c). (b) As (a), but with structures superimposed on the nucleosome, showing
small variations in positioning on the dyad and linker DNA conformation. (c) Overlay of dyad and linker DNA of various
linker histone-nucleosome complexes. Color coding indicated on the right-hand side. (d, e) Schematic view of a single
(d), or three interdigitated fibers (e) with linker histones in on- and non-dyad positions. The inset shows the non-dyad
binding mode in more detail. Color coding indicated in the panels. (f) Comparison of nucleosome stacking in the
hexanuclesome-H1.0 structure (blue) and the proposed H5-nucleosome array structure (green). The H2A/H2B
dimers are colored red and yellow, respectively, to highlight the different handedness and inter-nucleosomal contacts.
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particular sensitive to the fine characteristics of the
systems and environmental conditions.74,75 Never-
theless, the precise binding mode is important also
for other nucleosome-protein interactions because
the different higher-order structures obscure and
expose different parts of the nucleosome. In addi-
tion, binding and compaction of nucleosomes by lin-
ker histones decreased the dynamics of the H2A C-
terminal and H3 N-terminal tail, likely by promoting
their binding to DNA.72 This can affect subsequent
protein binding, as was shown for the ATP-
dependent chromatin remodeler ISWI.72 Finally,
destabilization of nucleosome-nucleosome con-
tacts in either arrangement may cause large-scale
changes in structure, just as an H4R23A mutant
caused untwisting of the 30 nm-helix to a ladder-
like arrangement.51

Nucleosome (un)wrapping, eviction/reassembly
and repositioning. Similar to linker DNA length
decompaction, unwrapping of the nucleosomal
DNA can be expected to have profound impact on
nucleosome packing, leading to a more open
chromatin structure. A recent exciting example is
the demonstration that binding of the pioneer
transcription factor Sox alone or in complex with
partner Oct4 to the nucleosomal DNA can cause
6

DNA unwrapping from entry/exit site to the
transcription factor binding site.39,40 This opening
effect may in part explain their gene-activating
function.
Nucleosome remodelers, often aided by histone

chaperones,81 are the main group of proteins that
reposition, completely evict, or partially unwrap
nucleosomes. Remodelers can both enhance or
decrease accessibility to genomic sites by interfer-
ing or promoting chromatin packing. Nucleosome
remodelers have been extensively reviewed else-
where,82 detailing the different structures83 and
interactions,84 possible translocation mecha-
nisms,85 impact on nucleosome positioning,86 and
their role in nucleosome unwrapping to facilitate
transcription factors.87

Nucleosome bridging and orienting. Many
chromatin-binding proteins have multiple
nucleosome binding domains, often for a specific
post-translational modification on one of the
histone tails. As a result of this multivalency, these
proteins can in principle bind multiple
nucleosomes simultaneously. Such bridging effect
may be important in compacting or stabilizing a
certain chromatin configuration or in simply
sequestering nucleosomal substrates for further
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modification. In theory, bridging of nucleosomes
could also result in imposing or stabilizing a
specific relative orientation between nucleosomes.
The resulting structure could subsequently form a
specific binding epitope for chromatin binding
protein. However, in many of these multivalent
proteins the nucleosome-binding domains are
separated by flexible linker regions, thus allowing
them to adapt to different nucleosome orientations.
A prime example of a flexible, multivalent protein

that can bridge nucleosome is HP1. HP1 is highly
conserved dimeric protein that is present in
different isoforms with each slightly different
functions and localization.88 HP1a proteins drive
and expand chromatin condensation,89–91 which is
essential for the function of heterochromatin in gene
silencing.92 HP1 proteins consist of two folded
domains, a chromodomain (CD) and a chro-
moshadow domain (CSD), that are connected by
a flexible linker or hinge region and extended at
the N- and C-terminus with a disordered tail (see
also Figure 5 below). The CD is a specific reader
of the H3K9me2 and H3K9me3 epigenetic marks93

and thus essential for recruitment of HP1 to hete-
rochromatin. Due to the CSD-CSD dimeriza-
tion,94–96 HP1a is a bivalent reader protein
capable of binding two H3K9me3 histone tails.
Recently, a cryo-EM structure from the Kurumizaka
lab demonstrated that HP1 is indeed able to bridge
two nucleosomes.97 Using dinucleosomes con-
nected by a 15 bp linker and decorated with
thioether mimics of H3K9me3, three types of struc-
tures could be resolved, with all three showing dis-
tinct density for the HP1a dimer in between the
two nucleosomes. The path of the linker DNA and
thus the relative orientation of the two nucleosomes
differed, indicating a flexibility in the binding mode.
Dinucleosomes with longer linker lengths (48 and
58 bp) also resulted in HP1-mediated nucleosome
bridging. As longer linker lengths decrease binding
specificity for the H3K9me mark,90 it is not clear
whether both H3K9me3 tails were bound in these
Figure 4. Nucleosome bridging by heterochromatin prote
HP1 bound to a dinucleosome (EMDB 6738) superimpose
structure of the HP1 chromoshadow domain (CSD) dimer
nucleosomes surrounding a central density that fits well to th
to the complex of the CSD dimer with a H3.1 tail peptide co

7

complexes. The resolution of the resulting struc-
tures was unfortunately insufficient to create an ato-
mistic model. The observed density for the HP1
dimer roughly matches the dimensions of the
CSD-CSD dimer (Figure 4). Density for the chro-
modomain is not apparent, suggesting a flexible
linkage of the CD-H3K9me3 complex. Thus, it
remains unclear how the different parts of HP1
cooperate in bridging nucleosomes and to what
extent this is impacted by presence of DNA linker
between the nucleosomes.
Another clear example of how proteins can make

use of nucleosome bridging for their function is the
polycomb repressive complex 2 (PRC2). PRC2 is
a methyltransferase that is able to methylate
H3K27 leading to gene silencing.98 Besides the cat-
alytic domain, PRC2 also contains a H3K27me3-
binding domain, allowing propagation of the
H3K27me3 mark. PRC2 is thus a multivalent
nucleosome-binding protein. Interestingly, PRC2
shows higher activity on dinucleosomes compared
to mononucleosomes.99 A recent cryo-EM structure
using a specially crafted dinucleosomal substrate
containing one H3K37me3 nucleosome and one
unmodified nucleosome showed how PRC2 sits
between the two nucleosomes, binding to both the
modified and unmodified tail and the nucleosomal
DNA.100 Within the complex, the unmodified
H3K27 tail is positioned on the surface of the cat-
alytic domain. The increased DNA binding sites on
dinucleosomes and the positioning of the substrate
are most likely what increase the binding affinity
and activity of PCR2 on dinucleosomes compared
to mononucleosomes. Strikingly, PRC2 is able to
adapt to different linker lengths and different orienta-
tions between the two nucleosomes due to a flexible
hinge in one of the subunits.100 A similar preference
for di-nucleosomal substrates has been observed
for several other proteins, including ZMET2, a
DNA methyltransferase that recognizes methylated
H3K9,101 and Rpd3S, a histone deacetylase com-
plex recruited by RNA polymerase II.102
in HP1. (a,b) Cryo-electron microscopy density map of
d with the nucleosome structure (PDB 1KX5) and the
(PDB 3P7J/5T1I). The density map (light gray) fits two
e CSD dimer structure in the free state (PDB 3P7J) and
ntaining a PxVxI/L motif (PDB 5T1I).
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Nucleosome (de)stacking. From the analysis in
Figure 1 it will be clear that many proteins that
bind to the histone octamer surface, for example
via the acidic patch, are incompatible with close
nucleosome stacking. However, even compacted
nucleosomal arrays show spontaneous and
dynamic opening allowing transient access and
binding of chromatin factors.66 Towhat extent acidic
patch binding proteins would subsequently destabi-
lize nucleosome packing and alter higher-order
structure will also depend on their residence times
in the bound states. The Fierz lab demonstrated
that pioneer transcription factor Rap1 can tran-
siently invade and disrupt stacking of neighboring
nucleosomes without drastically altering nucleo-
some conformation, while requiring the cooperation
of RSC remodeler for stable binding.103 Both linker
histones and HP1 are proteins that stabilize the
stacking of nucleosomes. Linker histone stabilizes
compacted conformations of the compacting linker
DNA, thereby removing a barrier for close proximity
of nucleosomes and formation of favorable inter-
nucleosome interactions. By bridging neighboring
nucleosomes in an oligonucleosomal array HP1
can transiently stabilize stacking of nucleo-
somes.104 Whether a protein exists that tightly
clamps packed nucleosomes together remains to
be seen.
Protein-Protein Interactions in
Chromatin Condensates

The formation of a dynamically cross-linked
network of biomolecules in condensates impacts
the formation of protein–protein or protein-nucleic
acid interactions at several levels.105 First, the inter-
nal crowding and the confinement of interaction
partners in the condensate will affect the binding
affinity. On one hand diffusion rates will be reduced
due to the increased viscosity, potentially lowering
binding affinities. Indeed, diffusion of both H1 and
HP1 are reduced roughly two-fold in heterochro-
matin condensates.18 This effect, however, is in
general overshadowed by the reduced available
free volume in a condensate that promotes inter-
molecular interactions due to depletion interac-
tions.106,107 Also, the high local protein
concentrations in the condensate, with reports of
up to 30 mM in vitro,108 will promote the formation
of protein complexes. For chromatin, the nucleo-
some concentration in cells has been estimated
by Weidemann et al. to average to 140 lM, with
maxima around 250 lM, corresponding to an aver-
age packing density of nucleosome of ~10%.109

This would mean that a nucleosome binding protein
with dissociation constant KD of 0.2–0.3 mM would
still be bound for 50% of the time when inside a
dense chromatin region, supporting the importance
of weak interactions in chromatin organization.110

Second, the network of interacting molecules in a
condensate may work as a sieve or filter, either pre-
8

venting molecules above a certain size to enter111

or enriching for binding partners.112 A sieve-like bar-
rier has been proposed for dense chromatin
domains,113 and a recent study of HP1-
heterochromatin condensates showed exclusion
of TFIIB in vitro.27 However, in-cell studies show
that even dense heterochromatin regions are
accessible to proteins of 500–600 kDa and dextran
polymers with radius of gyration of 10 nm,114 which
is aided by intrinsic chromatin dynamics.115 The
boundary of heterochromatin domains has recently
been shown to strongly reduce diffusion of an inert
probe.18 Thus, the specific characteristics of a pro-
tein (affinity for a certain chromatin state, including
histone modifications and associated proteins)
may be critical for enrichment within specific con-
densates. A third general factor is that the con-
stituent proteins in a condensate may impose a
distinct physiochemical environment influencing
molecular stability, activity or folding. For example,
the hydrophobic environment of Ddx4 condensates
was shown to be able to melt double-strand
DNA.116 Recently, it was found that the proteins
required for H2B mono-ubiquitination form a spe-
cialized droplet that resulted in an increased rate
of ubiquitination compared to a non-phase sepa-
rated state.117

The protein interactions that drive condensate
formation in chromatin-related systems, i.e. the
scaffold proteins, in many cases involve a
combination of a well-defined ‘anchoring’
interaction and dynamic interactions from an
intrinsically disordered region.26,118–120 Intrinsically
disordered regions are well known to form multiva-
lent cation-pi, pi-pi or charge-charge interactions
in phase separation.32,121–123 In the next section
we will focus on the phase separation promoting
interactions from intrinsically disordered regions in
the core histones, linker histones and HP1
(Figure 5).

Inter-nucleosome interactions in phase
separation

The work from the Rosen lab showed that histone
tails are responsible for the intrinsic phase
separation of nucleosomal arrays, in particular the
H4 tail, and that lysine acetylation by p300 can
reverse condensate formation.19 Interestingly, the
interaction between H4 tail and the H2A/H2B acidic
patch, which promotes nucleosome packing, was
not involved in driving phase separation. This indi-
cates that the tails mediate interactions between
arrays, most likely by binding DNA.
All histone tails are known to bind DNA by virtue of

their overall high positive charge, formed by
patches of positive residues interspersed with
neutral residues and near absence of negatively
charge residues (Figure 5(a)). The affinities of the
histone tail-DNA interactions within the
nucleosome have been probed by measuring the
accessibility of tail cysteine mutants for chemical



Figure 5. Amino acid composition in the intrinsically disordered regions of the core histones, linker histone H1 and
HP1. Each small circle indicates one residue in the tail regions of human core histones (a), human H1.0 (b) and
human HP1a (c). Folded domains are represented as grey blobs. The core histone tails have a net positive charge.
Residues K16, R17, R19, and K20 in the H4 tail are boxed. The H1.0 NTD and CTD have a high density of positively
charged residues while lacking negatively charged residues. N-terminal domain (NTD), C-terminal domain (CTD), N-
terminal tail (NTE), C-terminal tail (CTE). Figure (c) was adapted from Ackermann and Debelouchina.124.
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attack.125,126 These experiments showed that at
150 mM NaCl, the H2B is bound to the DNA 90–
95% of the time with a 15/0.4 sec lifetime of the
bound/unbound state,125 and that the H3 tail is
90% bound.126 Extensive molecular dynamics sim-
ulations showed that lysine and arginine residues in
the tails bind mainly to the DNA minor groove, in
many different conformations.127 As such the his-
tone tails can be considered as an electrostatic
glue.128

While the affinities of inter-nucleosomal tail-DNA
interactions are not known, their role in array
oligomerization has been probed. While only the
H4 tail is required for folding of arrays,59 all histone
tails and in particular the H3 and H4 tails are
required for salt induced array oligomeriza-
tion.129,130 The inter-array interactions of the H4 tail
are not dependent on the acidic patch, indicating
DNA binding instead.131,132 Thus it is likely that in
the phase-separated droplets of nucleosomal
arrays both H3 tail-DNA and H4 tail-DNA interac-
tions contribute to forming a dynamic network of
arrays, consistent with experimental findings.19
9

To get a clearer picture on how these inter-array
tail-DNA interactions would influence the
condensation and arrangement of the arrays in
the droplet, it is important to consider two factors.
First, phase separation was readily induced in
arrays with linker DNA lengths corresponding to
10n + 5, and much less so in arrays with 10n
linkers. While 10n arrays can fold into compact
30 nm-fibre structures,51 10n + 5 arrays are less
compact and show less nucleosomes stacking.53

The more open structure of the 10n + 5 array could
promote the formation of inter-array contacts. Sec-
ond, the phase separated droplets were found to
have a 10,000x fold enrichment in nucleosome con-
centration over the solution, reaching a concentra-
tion of 340 lM in the droplet.19 This compares
favorably with the observed cellular range.109 Fur-
thermore, following the ideas of Weidemann et al.,
we can estimate that the average packing density
of nucleosomes in the droplet is ca. 30%. This is
based on the volume per nucleosome in the most
compacted state for linked nucleosomes, the 30-
nm structure, resulting in a maximum nucleosome
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concentration of 1.2 mM.109 The 30% packing den-
sity translates into 1 to 2 inter-array contacts per 12-
mer array. Also, it can be estimated that the aver-
age distance between arrays is ~75 nm, when
accounting for the fact that arrays must contact
each other. Together the nucleosome arrangement
in the phase-separated droplet can be imagined as
in Figure 6. Inter-nucleosomal, inter-array interac-
tions dynamically link one array to the next, result-
ing in an overall rather open, fluctuating network.
Linker histone in chromatin phase separation

The work by Gibson et al. also established that
linker histone H1.4 promotes the phase separation
of nucleosome arrays, lowering the salt
concentration required to induce phase
separation.19 They also found that the linker histone
decreased the overall dynamics within the sepa-
rated phase. Both findings suggest increased
inter-array interaction due to linker histones. A pre-
vious study showed that the C-terminal tail (CTD) of
H1 can phase separate together with DNA.133 The
CTD domain of linker histones is highly basic (Fig-
ure 5(b)) and electrostatic interactions most likely
play an important role in linker histone phase sepa-
ration.133 Several residue in the CTD are post-
translationally modified in linker histone regula-
tion,134 some introducing negative charges that
decrease DNA binding affinity.133 The CTD is
known to be dynamic in structure135 and remains
dynamic and unstructured upon binding of
DNA.133 The CTD is expected to be the driving fac-
tor of the linker histone-nucleosome interaction as
removal of the CTD causes a 10 to 200x drop in
Figure 6. Schematic representation of a possible nucleoso
interdigitation of three fibers. The arrangement of the main fib
from Bass et al.,53 here using a longer linker to account for th
array contacts is based on the experimentally observed nucle
per 12-mer, here only 6 of the 12mer-are shown). Inter-nucle
to-face nucleosome stacks, stabilized by H4-tail DNA conta
illustrate the average nucleosome density in the droplet, ass
and an overall packing density of 30%. The average distan
background indicate 16 theoretical positions of compact fibe
these 16 positions are occupied.

10
affinity for either DNA or nucleosomes (see Table 1
and S2). Interestingly, the CTD is required for
increased density of, and reduced internal diffusion
in phase separated nucleosome arrays.19 More-
over, this effect is independent of the presence of
the globular domain as a fusion of the CTD to the
LANA peptide, targeting the CTD to the acidic
patch, showed similar effects. This indicates that
the linker histone can bridge different arrays by
anchoring on one nucleosome in the first array with
its globular domain and binding to the linker DNA in
the second array through the CTD. The electrostatic
screening of the linker DNA by the CTD also
explains how linker histones can condense arrays
with long linker DNA lengths to similar high densities
as arrays with short linker length.19 It should be
noted that the impact of linker histones on nucleo-
some array phase separation was studied in this
work within the context of 10n + 5 arrays. It would
be interesting to see if linker histones can also pro-
mote phase separation of nucleosome arrays with
10n linker DNA lengths. In this case the formation
of inter-array bridging interactions of the CTD may
be in competition with formation of intra-array inter-
actions that stabilize the folding of the array.
A recent study showed that H1 was found to

colocalize with HP1 and compact DNA,
condensing in an average of 10 puncta in the cell
nucleus of Hela cells during the interphase.136

These puncta were found to be dynamic and able
to coalesce when they come into contact, support-
ing phase separation within the nucleus of live cells.
However, the authors also observed that these
puncta where not always spherical and further
found that H1-nucleosome array condensates were
me arrangement in a chromatin droplet. (a) Packing and
er in darker blue is based on the model for 183 bp arrays
e 46 bp linker used in Gibson et al.19 The number of inter-
osome concentration as outlined in the text (1–2 contact
osomal interactions are here shown as head-to-tail face-
cts. Other arrangements are possible. (b) Schematic to
uming each array occupies a cylinder of 30 nm diameter,
ce between array, d, is 75 nm. The white circles in the
rs in a maximally packed state. At 30% packing ca. 5 of



Table 1 Affinities of H1-nucleosome interaction

Type Domain Low [I] (<100 mM)a High [I] (>100 mM)a

DNA CTDb 19 nM 101–133 nM

Globular n/a 1446 nM

Full length 10–18 nM (c7) 140–313 nM

Mononucleosome Globular n/a c123–1300 nM

Full length 2 nM c0.013 nM

Dinucleosome Full length 7.4 nM n/a

Trinucleosome Full length n/a c0.046 nM

a Affinity depends strongly on ionic strength of the buffer, dropping with higher ionic strength. References are listed in Table S2.
b C-terminal domain.
c Measured using a fluorescence-based methods to probe short lived, high affinity interactions.
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irregular in shape in vitro. It should be noted that
these experiments used arrays isolated from
nuclear extracts and can thus be expected to be
heterogenous in nucleosome positioning and his-
tone tail modifications. Still, this may be a sign that
phase separation of nucleosomal arrays and chro-
matin in general is not purely an LLPS process, as
that should result in spherical droplets. As a poly-
mer with intrinsic affinity between its subunits, chro-
matin phase separation may be better described by
a polymer–polymer-phase separation (PPPS) or
other mixed liquid/polymer models.137,138 Such
mechanisms are also in-line with the absence of a
strong boundary-based exclusion effect to other
protein factors. The irregular droplet shape
observed points to reduced internal dynamics of
the array and increased inter-array contacts. This
could be the result of ‘maturation’ of initially liquid
droplets to more dense gels or solids, which will
alter the material properties of the condensate.30

In the cell, the degree of long range chromatin con-
tacts needs to be regulated as there is a require-
ment for liquid like properties to allow access for
diverse protein machineries,115 as well as a need
for structural support of the nucleus through dense
chromatin domains.139,140
Heterochromatin HP1 in phase separation

The work of Strom et al. showed that
establishment of heterochromatin domains in
Drosophila embryos proceeds through a phase
separation mechanism driven by HP1.18 As men-
tioned above, the HP1 dimer can bridge nucleo-
somes due to its bivalent reading of the histone
H3K9me mark. Thus, HP1 proteins can be
expected to be able to promote formation of a
dynamic chromatin network which would be
required for phase separation. Indeed, mutations
in the dimerization domain abolish phase separa-
tion of HP1a proteins with chromatin.17,18,141 In con-
trast to the tight, but highly dynamic, H1 chromatin
interaction, the interaction of HP1 with the
H3K9me site on the nucleosome is rather weak,
with KD ‘s in the micromolar range (Table 2 and
S3). This anchoring interaction relies on intermolec-
ular b-sheet formation and capture of the methy-
11
lated K9 sidechain in an aromatic cage.142 In
addition, the hinge region in HP1 can bind DNA
through a basic region (see Figure 5(c)) with micro-
molar affinity, increasing the effective chromatin
affinity.143 The modular nature of these weak inter-
actions render HP1 proteins sensitive to regulation
by post-translational modifications and interactions
with additional protein factors.144,145

The relatively low affinities are in line with the
observed highly dynamic mode of chromatin
binding by HP1a both in vitro and in vivo.104,146–148

Notably, Strom et al. also identified a significant
fraction (up to 50%) of immobile HP1a uponmatura-
tion of the heterochromatin domain in cells.18 This
may reflect the intrinsic phase separation property
of HP1a,17,18 promoting the formation of a dense
network HP1a through HP1-nucleosome as well
as HP1-HP1 interactions. To what extent HP1-
driven phase separation also promotes inter-
nucleosomal interactions, for example whether
there are increasedH4 tail-DNA contacts in the con-
densate, remains yet unclear. Work by the Fierz lab
showed that HP1a can transiently stabilize nucleo-
some stacking in nucleosomal arrays.104 Possibly,
HP1 could also stabilize long-range “inter-array”
contacts in condensates, as schematically illus-
trated in Figure 6. The abundance of such long-
range contacts could be a decisive difference
between the more liquid and more immobile hete-
rochromatin regions.
Recently, the yeast paralog of HP1, Swi6, was

found to induce a conformational change in the
nucleosome upon binding.141 This “reshaping”
event increased solvent exposure of buried histone
octamer regions, likely by weakening histone-
histone and histone-DNA interactions. Weakening
of these intra-nucleosomal contacts would be the
effect of the tripartite Swi6-nucleosome interaction:
the CD can bind to H3K9me3, the hinge to DNA,
and the CSD to H2B a1-helix. Notably, the CSD-
H2B interaction would involve unfolding of the
H2B a1 helix which is positioned close to the nucle-
osomal DNA. A possibly related reshaping event
has also been suggested for mammalian HP1a,
where the CSD domain bind the H3 aN helix which
is also close to nucleosomal DNA.149,150 In either
case, the increased exposure of histone proteins



Table 2 Affinities of the HP1-nucleosome interaction

Type Domain Mm/Dm/Hsa Sca

Anchoring CDb-H3K9me3 2 lM 10–12 lM
CD-H3K9me2 2–6 lM n/a

CD-H3K9me0 n/a 170 lM
Dimerization CSDc-CSD 3 lM < 17 nM

CD-CD (closed state) n/a 50 nM / 110 lM
DNA binding HP1-DNA 0.4 lM 15 lM
Additional interactions NTEd-H3K9me3 2 lM n/a

CSD-H3 tail 60 lM n/a

a Sc and higher eukaryotes are presented separately since there are key differences in their structure and in their phase separation

behavior. References are listed in Table S3.
b Chromodomain.
c Chromoshadow domain.
d N-terminal extension.
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due to reshaping could result in an increased reper-
toire of inter-nucleosomal or HP1-nucleosome bind-
ing modes and thus critically contribute to phase
separation.
The CSD domain of HP1 proteins also provides

the interactions surface for a wide variety of
factors, via a hydrophobic surface on the CSD-
CSD dimer surface. Recently, it was shown that
both a HP1 scaffolding protein (TRIM28) and the
H3K9me2/3-writer enzyme (Suv39H1) are
enriched in HP1 foci in cells and that these
proteins enhance condensate formation in vitro.27

Together with the hydrophobic CD-H3K9me2/3
interaction, these interactions could explain the sen-
sitivity of HP1a droplets in cells to treatment with
hexane-diol, a compound that interferes with
hydrophobic interactions.18 Notably, both Suv39H1
and TRIM28 effectively enhance themultivalency of
HP1 by sequestering multiple copies of HP1 dimers
in one complex and this effect was shown to be
responsible for the enhanced phase separation.27

Another intriguing finding is that AuroraB, which
also binds the CSD-CSD dimer, can be enriched
in HP1 droplets.17 AuroraB phosphorylates H3S10
during mitosis and thereby disrupts the CD-
H3K9me3 interaction.151 Thus, both heterochro-
matin promoting (Suv39H1) and inhibiting proteins
(AuroraB) can be recruited to HP1/heterochromatin
condensates, illustrating how the intricate balance
of opposing activities can regulate condensate for-
mation.152 Finally, HP1a and H1 have been found
to interact through the linker domain of
HP1a.153,154 Towhat extent they enforce each other
in promoting phase separation is yet unclear.
Conclusion

When looking beyond the nucleosome, chromatin
structure and the way proteins interact with it
becomes significantly more complex. Structural
studies on mono-nucleosomes lay the foundation
for our understanding these interactions. To
understand the interplay between chromatin
12
binding factors and chromatin as an array of
nucleosomes, there is a need for structural studies
of nucleosome-protein complexes with a di- or
oligo-nucleosomal complex. For such studies
in vitro, the experimenter faces many difficult
questions, on top of the stiff challenge to prepare
homogenous samples. The studies on linker
histones have illustrated the pronounced
sensitivity of nucleosomal arrays to choices on
DNA linker length and salt conditions, and the
increased dynamics of the bound protein. As of
yet only few structures at the oligonucleosomal
level have been solved, but with the continuous
advances in cryo-EM and sample preparation, we
expect to see more of these structures in the
future. One of the biggest challenges will be to
capture the structural details of the interactions
occurring in (hetero)chromatin droplets, due to
their intrinsic dynamics. Especially in these cases,
integration throughout the structural, biophysical
and cell biological range is needed to bring these
critical mechanisms into focus. It may seem like a
hopelessly complicated endeavor, but at the same
time the challenges can also be taken as
motivation. It is through rigorous studies as those
highlighted here that we increase our
understanding.
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(2015). Chromatin compaction under mixed salt

conditions: opposite effects of sodium and potassium

ions on nucleosome array folding. Sci. Rep., 5 https://doi.

org/10.1038/srep08512.

59. Dorigo, B., Schalch, T., Bystricky, K., Richmond, T.J.,

(2003). Chromatin fiber folding: Requirement for the

histone H4 N-terminal tail. J. Mol. Biol., 327 (1), 85–96.

https://doi.org/10.1016/S0022-2836(03)00025-1.

60. Sinha, D., Shogren-Knaak, M.A., (2010). Role of direct

interactions between the histone H4 tail and the H2A core

in long range nucleosome contacts. J. Biol. Chem., 285

(22), 16572–16581. https://doi.org/10.1074/jbc.

M109.091298.

61. Shogren-Knaak, M., Haruhiko, I., Sun, J.-M., Pazin, M.J.,

Davie, J.R., Peterson, C.L., (2006). Histone H4–K16

acetylation controls chromatin structure and protein

interactions. Science (80-.), 311 (5762), 844–847.

https://doi.org/10.1126/science.1124000.

62. Chen, Q., Yang, R., Korolev, N., Liu, C.F., Nordenskiöld,
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