Davie and Ausi6 Epigenetics & Chromatin (2026) 19:23 Epigenetics & Chromatin
https://doi.org/10.1186/s13072-026-00671-4

. ®
From chromosomal protein disorder s
to chromatin phase separation

James R. Davie'® and Juan Ausié®

Abstract
In recent years, two seemingly unrelated topics, protein disorder and phase separation, have become highly
significant in biology. In this way, intrinsically disordered proteins and liquid-liquid phase separation have become
two of the hottest topics in the field. In this review, we provide a brief description of intrinsic protein disorder
and its effects on the main protein constituents of chromatin, from histones to high-mobility group proteins,
heterochromatin HP1, the neuronal methyl-CpG binding protein 2, and the highly specialized arginine-rich
protamines of sperm. Following this, we provide a general overview of the role of their intrinsically disordered
regions (IDRs) in chromatin condensate formation and present the evolving understanding of the amino acid
sequence grammar of IDRs that determines their involvement in in the formation of chromatin condensates. After
a brief overview of the theoretical aspects beyond this process, we describe how it is connected to the folding
of somatic and male germ cell chromatin. Somatic cell chromatin is organized into compartments. We discuss
the characteristics of the phase-separated transcription condensate in compartment A (euchromatin), including
the specialized biomolecular condensate in which replication-dependent histone genes are transcribed, and the
differential structure and role of HP1 alpha in compartment B heterochromatin compaction across different species.
Highlights

- Protein disorder plays an important role in the LLPS-mediated formation of chromatin condensates.

- Alterations of intrinsically disordered regions of proteins have important disease implications and targeting

IDP/IDRs with de novo binders may have important therapeutic implications.
- Liquid-liquid phase separation is involved in the compartmentalization of both nucleosome - organized
chromatin and protamine-organized sperm chromatin.
- Liquid-liquid phase separation has a critical role in driving the condensate formation.
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Introduction

With approximately 40% of the protein residues located
in intrinsically disordered regions (IDRs) in proteins [1,
2], intrinsic disorder represents one of the most prevalent
secondary structure features of proteins. In contrast to
the unidirectional “lock-and-key” structure-to-function
paradigm that has pervaded biochemistry textbooks
in the past, IDRs enable greater functional multiplic-
ity by interacting with a wide range of partners, includ-
ing DNA, RNA, and proteins. It is through these kinds
of interactions that they can participate in the formation
of membrane-less structural condensates [1], which are
responsible for functional compartmentalization within
the cell [2]. The condensate formation often involves
liquid-liquid or solid-like phase separation (LLPS/SLPS)
(see below) [3], a process with health implications [4]. In
this review, we will focus on the intrinsic properties of
chromosomal proteins and their ability to form biologi-
cally relevant nuclear condensates, particularly as they
pertain to chromatin.

Intrinsically disordered proteins (IDPs)

The discovery of the important role of disorder in pro-
teins [5-8] represented an important cornerstone in the
field of protein chemistry [9]. By that time, in 2001, in
a paper published with Keith Dunker on IDPs, we pro-
posed the Protein Trinity concept, which suggests that
the native protein structure can encompass not only
ordered states but also random coil and molten globule
states, and that function may depend on any of these
states or transitions between them [6]. Despite the lack
of a fixed secondary or tertiary structure, many regions
within IDPs and within intrinsically disordered regions
(IDRs) of multi-domain proteins can adopt defined sec-
ondary structures and an ordered three-dimensional
organization upon interaction with their binding part-
ners (DNA, RNA, or other proteins) [10]. Although the
fundamental role of intrinsic protein disorder is now
widely recognized, it took some time to be incorporated
into textbooks [9] and to gain the mainstream acceptance
it has today.

IDR and biomolecular condensates

IDRs are regions in proteins that lack a fixed secondary
and tertiary structure (1, 11). They encompass dynamic
polypeptide regions that are often low in bulky hydro-
phobic amino acids, with a prominent presence of glycine
and proline helix breakers [11] and are often enriched in
polar and charged amino acids such as glutamic, lysine
and arginine [12]. IDRs usually refer to short polypeptide
stretches interspersed between other structurally orga-
nized domains of a protein (Fig. 1), whereas IDPs relate
to proteins with an entirely disordered sequence. While
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this last type of protein is relatively rare, Fig. 1C-E pro-
vide good examples of this definition.

Nuclear proteins (e.g., histones, RNA polymerase II)
are enriched in IDRs [1, 13]. Nuclear IDR-containing
proteins play a crucial role in the formation of biomo-
lecular condensates and the organization and function
of the nucleus and chromatin [14, 15]. Highlighting the
importance of the IDR are studies demonstrating that the
mutation or loss of an IDR results in human disease [16,
17].

Biomolecular condensates, which lack membranes
and are numerous in the interphase nucleus, have spe-
cific functions. These are formed by weak, multivalent,
noncovalent interactions between proteins with similar
functions [18, 19]. These weak interactions include Pi-Pi
interactions between aromatic (Phe, Tyr, Trp, His) and
non-aromatic (Gln, Asn, Glu, Asp and Arg) amino acids
[20, 21], ionic bonds, and hydrogen bonds. Examples of
nuclear biomolecular condensates include nuclear bodies
(such as the nucleolus, nuclear speckles, and promyelo-
cytic leukemia nuclear bodies), transcriptional conden-
sates, and heterochromatin [22-25].

Recent studies have identified the features of a protein
sequence that direct the protein to a specific nuclear con-
densate. Machine learning [18, 26] (ProtGPS) and high-
throughput pooled imaging with in situ sequencing [27]
(CondenSeq) approaches have shed light on the conden-
sate-targeting sequences.

IDR grammar

The amino acid sequence of the IDR has a grammar or
code that determines the properties of the IDR-contain-
ing protein, including its recruitment to specific conden-
sates, nuclear location, and cellular function [13, 15, 19,
28, 29]. A protein’s IDR can adopt a range of conforma-
tions and functions, which may be cell-dependent and
multifaceted depending on the protein’s interactome. Not
all IDRs will be involved in biomolecular condensate for-
mation and serve roles, for example, in protein-protein
interactions or chromatin binding. Understanding the
IDR code is an ongoing and essential research question
[9, 30]. IDRs that promote phase separation are often rich
in polar, charged residues (Arg, Lys, Asp, Glu) and aro-
matic amino acids (Phe, Tyr). The pattern of a sequence
or aromatic amino acid in an IDR is also involved in
phase-separated biomolecular condensates. In Shi et al’s
review [30], they identified three types of amino acids/
peptides in IDRs engaged in the formation of phase-sepa-
rated biomolecular condensates: amino acid stickers (e.g.
aromatic residues); short linear motifs that are involved
in weak multivalent interactions as a set of fixed residues;
and spacers which separate stickers, short linear motifs
or structural domains [30].
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Fig. 1 Intrinsic disorder of chromatin proteins. A core histone H2A, B chicken erythrocyte linker histone H5, C protamine-like (PL) protein from the surf
clam S. solidissima, DLoligo opalescens squid protamine (P), E human HMGNT1, F human MeCP2, G human HP1a. The three-dimensional organization of
the winged helix domain (WHD), histone fold (HF), methyl binding domain (MBD), chromodomain CHD) and chromoshadow domain (CSD) are also
shown. The images A-D and E and G were produced with the help of AlphaFold Protein Structure Database (see list of is references) and the image in F
was obtained using a combination of all-atom and coarse-grained simulations. H Graphic representation of the extent of protein disorder. IDR: intrinsically

disordered region; C: C-termini and N: N-termini

Martin et al. identified the sequence features that deter-
mined how intrinsically disordered prion-like domains
(PLD) promote liquid-liquid phase separation [31]. The
authors proposed a sticker (aromatic residues) and spacer
lattice model. They demonstrated that the number and
spacing of aromatic residues (stickers) were important

sequence features of the PLD. The nonrandom, uni-
form distribution of aromatic residues was observed in
IDRs of FUS, TAF15, EWSR1, hnRNPA2B1, hnRNPA3,
POLR2A, SUPT5H, DHX9, and GARI. Naderi J et al.
[32] analyzed 1,500 transcription factors and identified
531 with an IDR containing at least one block of four
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aromatic amino acids. These transcription factors IDRs
were enriched in aromatic residues (“Stickers”) and ser-
ines (“spacers”) and depleted in charged amino acids.
Most of these IDRs were distinct from the transcription
factor’s activation domain. The arrangements of these
aromatic residues were important to the transcriptional
activity of the transcription factor. Interestingly, the study
showed that the arrangement and number of aromatic
repeats were suboptimal for transcriptional activity and
could be improved. However, the factor’s DNA-binding
specificity was compromised. Tests with the HOXD4
IDR demonstrated that the dispersion of aromatic amino
acids was suboptimal. Increasing the periodicity by sub-
stituting non-aromatic with Y improved transactivation
activity but also altered gene specificity. Decreased het-
erodimerization and increased RNAP II interaction may
contribute to changes in gene specificity. Studies with
other transcription factor IDRs (HOXC4, OCT4, PDX1,
FOXA3, C/EBP«) demonstrated that increased aromatic
dispersion increased transcriptional activation. Optimiz-
ing the dispersion of aromatic residues enhanced tran-
scription-factor-driven reprogramming (e.g., C/EBPa
and macrophage reprogramming; MYOD1 and myotube
differentiation; NGN2 and neural differentiation). The
authors discuss that having a suboptimal dispersion of
aromatic residues in a transcription factor is the price to
pay for gains in specificity in transcriptional control.

Patil et al. applied the NARDINI+ algorithm to ana-
lyze the IDRs of the subunits of the mammalian SWI/
SNF family of chromatin remodelers [13]. The NAR-
DINI+ algorithm combines the NARDINI algorithm with
FAIDR. The NARDINI (Non-random Arrangement of
Residues in Disordered Regions Inferred using Numeri-
cal Intermixing) algorithm was developed to identify
significant binary patterns with IDRs [33]. A statistical
model named FAIDR (Feature Analysis of Intrinsically
Disordered Regions) was generated to exploit sequence-
distributed molecular features (repeats, biophysical prop-
erties, short linear motifs) to predict the function of an
IDR and associate the molecular feature(s) of the IDR
with a biological function [34].

Recently, Ruff and coauthors reported a resource called
Grammars Inferred using NARDINI+ (GIN) to clas-
sify IDRs into 30 clusters, created by analyzing 24,508
human IDRs [35]. As examples, long D/E tracks (cluster
7), patches of R (cluster 26), and A patches (cluster 20).
The protein IDRs within a specific cluster were pres-
ent in distinct subcellular locations. For example, blocks
of Ks (cluster 23), long D/E tracks (cluster 7), and large
blocks of negatively and positively charged amino acids
(cluster 18) were enriched in the nucleoli, while IDRs
with patches of R (cluster 26) were enriched in nuclear
speckles (also known as interchromatin granule clusters).
The authors note that the specific grammar of the IDRs is
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insufficient to direct proteins to particular locations. Spe-
cific biological functions were enriched in an IDR cluster.
Transcription regulation was enriched in Q tracts (clus-
ter 11 IDRs), and chromatin organization was enriched
in large blocks of negatively and positively charged amino
acids (cluster 18 IDRs).

Adding to the complexity of the IDR grammar are post-
translational modifications (PTMs). IDR PTMs can alter
charge or hydrophobicity, thereby changing the proper-
ties of the IDR, its structure, and its interactome [36—38].
For examples, the IDRs of MED1 and lysine acetyltrans-
ferase 3 A/B (KAT3A/B) undergo acetylation, which
alters the properties of the proteins and their interac-
tome in the condensate [39, 40]. In the case of chroma-
tin, global IDR N-terminal acetylation of histones alters
the compaction of the chromatin nucleofilament, and its
ability to aggregate [41], and phosphorylation of prot-
amines modulates the efficiency of DNA condensation
[42].

De La Cruz and coauthors demonstrated that swap-
ping IDRs of the MED1 and FUS proteins redirected the
proteins to different condensates and established a spe-
cific protein interactome in that condensate [19]. MED1
is a subunit of a multiprotein complex named Mediator,
which plays a critical role in the transcription of genes.
FUS is an RNA-binding protein also involved in tran-
scription and RNA splicing. The FUS IDR1 is rich in Q,
S, G and Y, while the MED1 IDR is rich in positively and
negatively charged amino acids.

IDRs and disease
Nonsense and frameshift mutations of IDRs (e.g.,
KAT3A’s cluster 11 IDR) are present in cancer-driving
genes, including fusion oncogenes [43]. The mutation in
a protein’s IDR could potentially alter the protein’s modi-
fication states, nuclear localization, ability to form or
dissolve condensates, and/or alter the protein’s interac-
tome (protein-protein, protein-DNA, protein-chromatin,
protein-RNA). The KMT2A-MLLT3 fusion oncopro-
tein is frequently found in acute myeloid leukemia and
is a driver of this cancer. In the fusion protein, KMT2A
retains the IDRs in the N-terminal part of the protein
but has lost multiple IDRs in the protein’s C-terminus,
while in MLLTS3, several of the fusion events result in the
truncation of MLLT3’s IDR. Together, these alterations in
the IDRs will impact condensate formation and protein
interactions. MLLT3 is a member of the YEATS family,
which are readers of acetylated and crotonylated lysines.
The MLLT3 IDR is located in its C-terminal part. Dis-
order to ordered folding occurs when the IDR binds to
partner proteins (AF4, KMT4, BCOR, CBX8) [44].

The altered grammar/code of HMGB1’s IDR targeting
the frameshift mutant to the nucleolus, resulting in dis-
ruption of the nucleolar structure and function and cell
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death [16]. The frameshift mutation resulted in the gram-
mar of the HMGB1’s C-terminal tail IDR from an acidic
E/D rich sequence to a K/R rich basic sequence with a
hydrophobic patch at the C-terminus of this sequence.
The frameshift is proposed to be the mechanism underly-
ing the rare genetic diseases brachyphalangy, polydactyly,
and tibial aplasia/hypoplasia syndrome.

Highly disordered structural chromatin proteins

IDPs are overrepresented in the nucleus [45] and chro-
mosomal proteins provide one of the best examples. This
is no surprise, as their disordered organization allows
these proteins to interact with a plethora of different
binding partners within the nucleus.

In this review, we will focus our attention on some of
the most abundant structural chromatin proteins [46]
whose commonality is the presence of IDRs, leading to
varying degrees of protein disorder (Fig. 1H).

Histones

Histones are amongst one of the most abundant chromo-
somal proteins and are responsible for the architectural
organization of chromatin [47]. They are rich in arginine
and lysine, and range in mass from 10 to 25 kDa. They
can be classified into two main groups: core histones and
linker histones. The former are responsible for organizing
DNA into nucleosomes (the basic subunit of chromatin),
and the latter bind to the linker DNA connecting them
[47]. Core histones H2A and H2B consist of a folded his-
tone fold (HF) [48] flanked by N-terminal and C-terminal
IDRs [49, 50] (Fig. 1A), whereas histone H3 and H4 lack
the C-terminal IDR. Linker histones (histone H1 family)
consist of a central winged helix fold domain (WHD) [51]
as in histone H5 [52] (Fig. 1B), and their N- and C-termi-
nal ends are also intrinsically disordered. The structures
shown in Fig. 1 were obtained from the AlphaFold Pro-
tein Structure Database [53, 54], except for F, which was
determined using a combination of all-atom and coarse-
grained simulations [55]. Core histone IDRs have been
shown to be involved in LLPS, for instance, the N-ter-
minal tail lysine residues of histone H4 have been shown
to be the main drivers of LLPS of nucleosome arrays [56]
and that nucleosomes can be brought together by histone
H1 into phase-separated droplets [57, 58].

The core histones and H1 undergo a variety of PTMs,
which are catalyzed by writers (enzymes that add the
PTM) and removed by erasers (enzymes that remove
the PTM). Readers are proteins/enzymes that bind to a
specific modified site(s) on the histone. Together, the
writers, readers, erasers, and histone PTMs establish a
“histone code” [59]. Adding to the complexity of the his-
tone, the five histones have variants that are the prod-
ucts of different genes [24]. Histone variants and PTMs
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generate a variety of nucleosome structures with func-
tional consequences.

High mobility group proteins

High mobility group (HMG) proteins can be classified
into three different families: HMGA, HMGB, and HMGN
(A = AT-hook binding; B = box; N = nucleosome bind-
ing) [60]. They are a family of chromosomal architectural
proteins that are extractable from chromatin with 0.35
M NaCl and 2-5% perchloric acid (PCA) and are often
extracted together with histone H1 under these condi-
tions. Their amino acid composition consists of approxi-
mately 50% hydrophilic amino acids, with the number
of basic residues being slightly higher, and they exhibit
higher interspecific variability than histones. HMGAs
and HMGNs (Fig. 1E) provide good prototypes of IDPs as
they exhibit very little, if any, secondary structure in solu-
tion [61, 62]. HMGBs consist of a short N-terminal IDR
followed by two globular DNA-binding domains, linked
by a second short IDR and a 40-50 IDR, highly enriched
in E/D residues, at their C-terminal end [63]. The molec-
ular mass of HMGs is lower than 30 kDa, and hence, they
have high mobility in polyacrylamide gels. They contrib-
ute to mediate accessibility to DNA within chromatin and
therefore play a role in the regulation of multiple nuclear
processes such as replication, transcription, DNA recom-
bination and repair [64, 65]. In this regard, HMGN1 and
HMGN?2 have been shown to participate in the establish-
ment of chromatin DNase I hypersensitive sites (DHSs),
which are landmarks of genes poised for and/or activated
transcription, and are present in promoters and enhanc-
ers [66].

After histones, they are the most abundant of the non-
histone proteins associated with chromatin [65], with
an approximate average of 10° molecules per cell [47].
In rat tissues, HMGA and HMGB are each present at
an approximate ratio of 0.2 molecules per nucleosome,
and HMGN is present at approximately 0.5 molecules
per nucleosome [67]. Although initially thought to be
ubiquitously distributed throughout eukaryotes, HMGN
canonical sequences have only been described in verte-
brates, where they constitute a family of rapidly evolv-
ing nucleosome-binding proteins [68], while HMGA
and HMGB have also been described in Drosophila [69]
and in plants [70]. Nucleosome binding IDRs containing
short HMGN sequences have recently been described
in tardigrades, where they were preferentially found in
enhancers and promoters [71]. Interestingly, the motif
found in tardigrades corresponds to the RRSARLSA
motif, which is present in MGN proteins. It is responsi-
ble for the recognition and binding to the acidic patch of
the nucleosome, suggesting it to be an ancestral motif for
chromatin binding [72].
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So far, only HMGAL, in particular its HMGAla iso-
form, has been shown to nucleate into foci within the
nucleus and to undergo LLPS in vitro readily [73].
Although initially only AT-hooks 2 and 3 have been
involved, the process likely involves all three of them
within the protein IDR, as AT-hook 1 has been shown to
play a critical role in the binding of HMGA to neighbour-
ing DNA molecules [74].

Protamines

Protamines are relatively small (~ 3,000-10,000 Da)
arginine-rich proteins [75] that are ubiquitously present
in the sperm in the chromatin of many vertebrate and
invertebrate organisms [76] [see [77] for a brief recent
overview] and in some plants [78]. Quite often, they arise
from post-translational cleavage of a larger protamine-
like (PL) precursor (Fig. 1C) that is evolutionarily related
to the replication-independent histone H5 (Fig. 1B) [79],
which is present in the nuclei of the terminally differen-
tiated erythrocytes that retain the nuclei in vertebrate
species.

Protamines are highly disordered proteins (> 80% dis-
order) (Fig. 1D, H), and as it is characteristic of proteins
consisting of IDRs, these regions can often adopt second-
ary structure upon interaction with their binding part-
ners (i.e. DNA) [80].

Intrinsically disordered protein regions, and in par-
ticular their PTMs (i.e., phosphorylation), are involved
in phase separation [81-84] and structural chromatin
proteins are not an exception. For instance, histones and
protamines have now been well documented to impart
LLPS on chromatin, as will be discussed in the next
section.

Chromatin readers

Histones, and in particular their IDRs, are subject to a
plethora of PTMs [85, 86] that include, amongst others,
acetylation, methylation, phosphorylation and ubiquiti-
nation. The unmodified core histone tail collapses onto
the nucleosome, potentially increasing the alpha-helicity
of the tail [87]. In the acetylated state, the core histone tail
exhibits increased alpha-helicity [88] and extends from
the nucleosomal DNA, making it available for binding by
readers such as BRD4. In vitro studies provide evidence
that the contribution of the core histone tail to phase
separation is dependent on the charge and position of
the PTM [89]. In addition to histone PTMs, DNA in the
nucleosome is read by proteins that bind to methylated
DNA, in particular methylated CpG, a DNA modification
that regulates gene expression in a contextual sequence-
dependent way [90]. Several readers carry enzymatic
activity (e.g. KAT3, reader-writer; BRD4, reader-writer;
KDM5A, reader-eraser; CHDI1, reader-chromatin
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remodeler). We will highlight a few chromatin readers in
which the IDR has a biological role.

BRD4, an acetyl lysine reader

BRD4, a bromodomain reader, plays a significant role
in transcription, participating in multiple protein-pro-
tein interactions that mediate communication between
enhancers and promoters [24]. BRD4 has two isoforms,
the products of alternative splicing, distinguished by the
presence or absence of a C-terminal tail extension. The
BRD4 long isoform (BRD4-L) has a long C-terminal tail
absent in the short isoform (BRD4-S). The BRD4 iso-
forms have different roles in cancer (e.g., BRD4-S has
oncogenic activity, while BRD4-L has tumor growth sup-
pressive activity in breast cancer) [91, 92] and in the reg-
ulation of viral gene expression [93]. On their N-termini,
the BRD4 isoforms have two bromodomains followed
by IDR domains. The bromodomains bind to acetylated
lysines on the H4 tail [94]. The organization of the mod-
ules in the BRD4 N-terminus is: two bromodomains,
followed by the N-terminal cluster of phosphorylation
sites (NPS), a basic residue-enriched interaction domain
(BID), an extra-terminal (ET) domain, and a C-terminal
cluster of phosphorylation sites (CPS). The NPS and CPS
IDR domains are rich in serine residues, whereas the BID
IDR contains multiple lysines. These IDRs and the bro-
modomains are involved in LLPS formation. BRD4 forms
puncta in nuclei. The BRD4-S and BRD4-L puncta colo-
calized with H3K27ac and MED]1 (a subunit of the Medi-
ator complex). Han et al. presented evidence that BRD4-S
plays a greater role than BRD4-L in forming BRD4 con-
densates within chromatin [95]. The IDR of BRD-S was
shown to contribute to BRD4’s transcriptional func-
tion. Further, the authors show that the transcriptional
requirement for BRD4-L or BRD4-S may be gene-specific
[95].

Spindlin1, a methyl lysine reader

Spindlinl (SPIN1) is a methyl-lysine reader (H3K4me3,
H3K9me3) that plays a role in tumorigenesis. SPIN1
localizes to the nucleolus and in condensates in the
nucleoplasm. SPIN1 has an N-terminal IDR, which is
required to form SPIN1 condensates and enhances SPIN1
binding to H3K4me3. The SPIN1 IDR also contributed to
the localization of SPIN1 to promoter regions [96] and
the activation of tumorigenesis-related genes [56]. His-
tone methyltransferase MLL1 is recruited to the phase-
separated SPIN1, with the activity of MLL1 increasing
H3K4me3.

MeCP2

Methyl CpG binding protein 2 (MeCP2) is a chromo-
somal protein that, as its name indicates, binds prefer-
entially to methylated CpG regions of the genome of
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vertebrates [97]. Mutations in MeCP2 are the primary
cause of RETT syndrome [98]. However, the protein
can also bind to non-methylated CpG [99, 100] and to
non-CG methylated DNA [101, 102] in addition to bind-
ing to methylated [103, 104] and unmethylated histones
[105]. In most somatic cells, the protein represents a
small chromatin component. Nevertheless, in cortical
neurons, the protein is present in almost equal amounts
as histones, and hence, in these brain cells, the protein
constitutes a bona fide chromosomal protein in terms
of its abundance. The protein consists of a methyl-bind-
ing domain (MBD), which is surrounded by two highly
unstructured N- and C-terminal domains that amount to
approximately 60% disorder [106] (Fig. 1F-H).

The involvement of MeCP2 in LLPS has been recently
studied quite extensively [107, 108] (reviewed in [109]).
Such an involvement is not surprising given the highly
disordered nature of MeCP2 (Fig. 1F-H) and of its large
number of PTMs [110-112]. In addition to its IDR-2
domain [113], the process involves MeCp2 self-interac-
tion and is restricted by DNA methylation [114].

NuRD

The nucleosome remodelling and deacetylase (NuRD)
multiprotein complex (about 2 MDa) serves as a core-
pressor and coactivator [115] and has seven core sub-
units, each with multiple paralogs [116]. NuRD plays a
role in development, cancer and aging [116]. The NuRD
subunits and paralogs include chromodomain helicase
DNA-binding protein (CHD1/2/3), metastasis-associ-
ated protein (MTA1/2/3), GATA2A/B, methyl-CpG-
binding domain-containing protein (MBD2/3), histone
deacetylase (HDAC1/2), RB binding protein (RBBP4/5),
and cyclin-dependent kinase 2-associated protein
(CDK2AP1/2). MBD2 and MBD3 have distinct IDRs and
can promote LLPS [117]. IDRs within the NuRD subunits
are involved in protein interactions within the NuRD
complex or with protein networks. The MBD2 IDR serves
as a protein-interaction region that recruits the HDAC
core to the NuRD complex [73]. The N- and C-termini
of the CHD proteins contain multiple IDRs. Tabar et al.
reported that the IDRs establish distinct protein interac-
tions [118]. The proteins interacting with the N-termini
of the CHD proteins varied. The CHD1 N-terminus
interacted with the TAT-binding associated factors, while
the CHD3 N-termini interacted with the casein kinase II
complex subunits. Similarly, the C-termini of the CHDs
interacted with different proteins.

Wei et al. demonstrated that the MBD2 condensate
plays an essential role in the assembly of the NuRD com-
plex, the formation of MBD2-NuRD condensates, the
enhancement of NuRD enzymatic activity, and chroma-
tin condensation of targeted genomic regions. The MBD2
condensates were often positioned next to H3K9me3
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foci; H3K9me3 is a mark of heterochromatin. In can-
cer cells, MBD2-NuRD was bound to methylated CpG
islands associated with tumour suppressor genes. The
methyl-binding domain, IDR, and C-terminal coiled-coil
domain contributed to the coacervation of MBD2. The
MBD2 coacervation was reversibly regulated by redox
status. Treatment of cancer cell lines with pro-oxidative
drugs (elesclomol, nelfinavir) diminished MBD2 puncta.
These pro-oxidative drugs have shown utility in treating
cancers with elevated MBD2 protein expression. Disrup-
tion of the MBD2-NuRD condensate by pro-oxidative
drugs increased the expression of tumour suppressor
genes. Oxidation of Cys 359 resulted in dispersion of the
MBD2 condensate. Redox regulation is one mechanism
that modulates condensates by altering IDR conforma-
tion and protein interactions [119, 120].

Heterochromatin proteins

H3K9me3 and H4K20me3 are repressive marks asso-
ciated with constitutive heterochromatin. KMT1B
(SUV39H2) and KMT5B (SUV420H1) catalyze the for-
mation of H3K9me3 and H4K20me3, respectively. The
H3K9me3 reader, HP1{, recruits KMT5B [24].

Initially discovered in Drosophila [121, 122], HP1 now
constitutes a family of proteins (mammalian HPla, f,
and y) [123, 124]. The different isoforms, in particular
their globular chromodomain (CHD) and chromoshadow
(CSD) domains, are highly conserved through evolution
from Saccharomyces to mammals [124]. Their molecular
mass ranges from 20 to 46 kDa [125], and their folded
N-terminal (CHD) and C-terminal (CSD) domains [126]
are connected and flanked by three IDRs [49] (Fig. 1G).
They interact with chromatin through the interaction
of their CHD with histone H3 tri-methylated at lysine 9
[127-129]. They participate in gene silencing and hetero-
chromatin formation, in particular pericentric hetero-
chromatin (PCH), through preferential interactions with
histone variant H2A.Z [130]. Indeed, although members
of the HP1 family have similar structures, their multi-
functionality [131] relies on their ability to interact with
different protein complexes [123].

Guthmann et al. applied a bioinformatic approach to
identify proteins involved in constitutive heterochroma-
tin [132]. Tapping into mass spectrometry data sets that
had information about proteins binding to H3K9me3,
H3K9me3 nucleosomes (+/- methylated DNA) or pres-
ent in a sonication-resistant fraction of chromatin, the
investigators identified 148 proteins that were present in
several mass spectrometry studies. Among the 148 pro-
teins, a search for orthologs in Danio rerio, Saccharomy-
ces pombe, Drosophila melanogaster and Caenorhabditis
elegans identified HP1 isoforms as a common hetero-
chromatin protein. The 148 proteins were further charac-
terized for IDRs using the prediction algorithms IUPRED
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and PONDR. Strikingly, these heterochromatin proteins
were rich in IDRs, with a mean percentage of total pro-
tein length occupied by IDRs of 44%, which was higher
than that of nuclear proteins. The investigators reported
that proteins binding to DNA or chromatin had longer
lengths of disordered segments than most nuclear pro-
teins. An analysis of known heterochromatin proteins
for features supportive of phase separation identified a
prion-like domain in ATRX and CBX5. The authors point
out that, in addition to heterochromatin proteins with
IDRs, RNA interactions with these proteins may also play
arole in establishing a phase-separated domain.

Chromatin liquid-liquid and solid-like phase separation

In this section, we are going to focus mainly on the
involvement of LLPS/SLPS in the formation of chromatin
condensates in somatic and spermiogenic cells, as they
represent the two extremes of chromatin organization
resulting from the nucleosome structure imparted by his-
tones and the non-nucleosome structure resulting from
the drastic replacement of histones by protamines dur-
ing spermiogenesis. LLPS/SLPS refer to the formation
of chromatin condensates in which the chromatin fiber
(nucleosomal or nuceoprotamine) undergo a phase sep-
aration-mediated association that results in either highly
fluidic (liquid-liquid) or highly constrained immobile
(solid-like) condensates The main structural components
of somatic chromatin and in the female gamete (oocyte)
are DNA and histones [47]. By contrast, in the sperm,
the situation is more complex. Indeed, the main sperm
nuclear basic proteins (SNBPs) that associate with DNA
to result in the male gamete chromatin consist mainly of
three different protein types: histones (H type), as some
organisms retain histones in their sperm, protamine-like
proteins (PL type) and protamines (P type). Therefore,
while the nucleosome organization is maintained in the
H type, in the PL or P type, no nucleosome structure
results from their association with DNA. The reader is
referred to [76, 133] for comprehensive reviews on this
topic.

The theory behind phase separation

Liquid-liquid phase separation refers to the process by
which a homogeneous liquid mixture of several compo-
nents (one phase regime) spontaneously separates into
two different phases of varying concentrations [i.e. C;
and Cp, in Fig. 2A-B [134] ]. The process is affected by
the physical conditions of the environment such as pH,
ionic strength, temperature or other biomolecules in the
media that affect the concentrations at which the phases
separate [see [135] for a more detailed description]. Over
the years, LLPS has been shown to play a very important
role in the compartmentalization of functionally relevant
membrane-less biological condensates within the cell
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[136]. More recently, interest has grown in the study of
its role in the organization of somatic chromatin [137]
where a distinction has been made between LLPS and
SLPS [138].

Figure 2 summarizes the fundamental aspects of LLPS
[134] adapted to chromatin and its surrounding nucleo-
plasm within the somatic (Fig. 2A-C) and spermiogenic
(Fig. 2D-F) cell nuclei.

For somatic cell LLPS, Fig. 2A was adapted from Fig.
3 of [139]. In this representation, the diagram shows a
plot of the inverse of the nucleosome binding energy (E)
as a function of the nucleosome concentration using a
multiscale coarse-grained chromatin model with 12-mer
nucleosome arrays and 25 bp linker DNA. The nucleo-
some binding energy E, is defined as the nucleosome
binding energy which scales all the inter-nucleosomal
interactions. Beyond the critical point (E, = 1.7 for the
nucleosome array), no phase separation takes place. The
color gradient of the area within the bimodal line depicts
the transition from the liquid-like (LLPS) at E, < 3.0 to
the solid-like (SLPS) at E, = 4.0 of the chromatin conden-
sates in the D phase [139]. It is important to add here that
the nucleosome spacing as measured by the length of the
linker DNA plays a very important fine-tunning role in
all of this [140]. Experimental observations have recently
justified the utility of using in vitro models with short
DNA fragments [141].

With the spermiogenic chromatin (Fig. 2D-F), the dia-
gram shown in Fig. 2D adopted and modified from Fig.
4 in [76] shows a plot of the inverse of the interaction
parameter X (chi) as a function of concentration, where
x expresses the strength of the energetic interaction
between the nucleoplasm and nucleoprotamine compart-
ments. Spinodal decomposition (SD) is a very dynamic
LLPS process that is observed in liquid crystals [142,
143] and in polymers [144, 145]. Spinodal decomposi-
tion has been also observed in organisms, where, during
spermiogenesis, a sequential post-translational cleav-
age of a protamine PL precursor occurs, resulting in the
smaller protamines present in the mature sperm (Figs.
2F and 3A-(d)) [76]. Thus, it is likely that this process is
an important component in triggering the SD separation
(Fig. 3A). In many organisms, SD is often followed by a
further nucleation transition also involving LLPS (Figs.
2D and 3A-(b) 2), before reaching the full chromatin
compaction observed in mature sperm (Figs. 2E-F and
3A-(c) 2.

Spinodal decomposition of spermiogenic chromatin

We begin with this chromatin type because, to the best
of our knowledge, it provided the first description of
a potential connection between chromatin and LLPS.
In 2005, a very unusual chromatin organization was
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Fig. 2 Sketch of phase diagrams for somatic and sperm chromatin. A Schematic diagram for the liquid-liquid and the solid-like phase separation (LLPS/
SLPS) of nucleosome organized chromatin. The bimodal line (blue) separates the one phase and two phases domains as a function of the nucleosome
binding energy E, (see text for more details). No phase separation takes place beyond the critical point. Within the two phases regime, at a critical high E,
a transition takes place from a liquid-liquid to a solid like phase separation of chromatin (see text). B At any different condition E, within the two-phases
region on a single tie line (for instance on the red dotted line shown in (A)) the system disperses into light and dense phases of concentrations C; and
Cp with only their volume changing relatively to each other (a - d). (C) Molecular model of the chromatin condensation in the a to d transition shown
in (A-B). Yellow color: Chromatin (nucleosomes); light blue background: interchromatin compartment. C, is the concentration above which the phase
separation starts to take place. D Sketch for the LLPS of protamine/ protamine like (PL) spermiogenic chromatin. As in (A), the bimodal blue line separates
the phase domains but as a function of the interaction parameter x (chi). The spinodal (dashed blue line) encompasses the unstable region of instability
where the system separates int two phases by spinodal decomposition (SD). A system at composition S above the phase separation curve at 1/x; exists
as one phase. However, if suddenly brought to 1/x, (depicted by the sequential little arrows) it will split into two phases of compositions P1 and P2. In the
area (in orange color) between the bimodal and spinodal line to the right, the system de-mixes by nucleation in a metastable state. E and F same as in
(B-C). A protamine PL precursor is shown as a green-red molecule to be processed into a protamine (red) during spermiogenesis

observed in the transmission electron micrographs
(TEM) cross-sections of the late spermatids of the gas-
tropod snail Murex brandaris (spiny dye murex) (Fig.
3A-(a)) [146]. This unique chromatin organization was
attributed to and demonstrated to be the result of spi-
nodal decomposition [99], as described in the previ-
ous section. In sperm, this is a biochemically complex
phenomenon that leads to the formation of a fluid-like
highly dynamic lamellae (Fig. 3A-(a) 2-3, blue arrows).

As for the fluidic aspects, a very recent publication has
shown that double stranded dsDNA protamine conden-
sates are liquid in the presence of single stranded ssDNA
[147]. This has led to the hypothesis that the association
of protamines with the numerous dsDNA breaks that
are present in elongating spermatids, to remove the
DNA supercoils [148] during the histone to protamine
transition, form liquid condensates at this spermiogen-
esis stage [147]. Moreover, it has been shown that the
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Fig. 3 Occurrence of chromatin LLPS in spermiogenic and somatic cells. A Widespread occurrence of chromatin spinodal decomposisition during sper-
miogenesis in several organisms. a Transmission electron microscopy (TEM) micrograph of a transverse section of the nucleus of an elongated spermatid
of the gastropod M. brandaris [1] depicting the lamellar chromatin organization that is characteristic of spinodal decomposition (SD). Also shown are the
dynamic disruption and reassembly involved in the process of remodelling of these structures corresponding to an internal region of the nucleus [2] and
to the association of the lamellae with the nuclear envelope [3]. The blue and red arrowheads point to the lamella and to the interchromatin compart-
ment respectively. eNE: external nuclear envelope; iNE internal nuclear envelope. b TEM of cross sections of late spermatids from the spider Steatoda
grossa at different stages of chromatin condensation undergoing SD [1] and nucleation [2]. N, nucleus. ¢ Electron micrographs of a condensing spermatid
of M. polymorpha showing chromatin undergoing SD [1] and of a mature sperm cell [2] with highly condensed coiled nucleus (N) and flagellae (F). (d)
Schematic representation of the protein processing from a PL precursor (pLP) into the final protamine P1-P3 during spermiogenesis. The (blue) arrows
symbolize the cleavage sites. Other post-translational modifications such phosphorylation and cysteine oxidation are also indicated. WHD: winged helix
domain. e Schematic cartoon representation of the dynamic lamellae seen in 3 A (a-c). The red arrowhead corresponds to the same arrowheads shown in
(a) 2-3. (B) Phase separation of somatic chromatin in vitro and in vivo. a Chromatin reconstitution approach to reconstitute chromatin templates used in
the in vitro analyses of LLPS/SLPS in solutions consisting of chemically defined environments. b Under these experimental conditions the reconstituted
chromatin oligomers undergo SLPS/LLPS forming droplets as a result. (c) Immunofluorescence image of a nucleus from ReNCell neuronal cell line show-
ing a characteristic punctuate pattern corresponding to chromatin condensates containing histone H1.4. DNA shown as a blue DAPI stain and the error
bar is 10 um. (d) Schematic representation of the corresponding chromatin condensate

packaging of DNA by protamines is a highly reversible
process [149] that is likely impacted by the nucleoplasm
through enzymes involved in protamine precursor cleav-
age and protamine PTMs (e.g. phosphorylation) hence
affecting the two compartment interactions (Figs. 2F and
3A (d)). The interchromatin compartment (Fig. 3A-(a)
2-3, red arrows and Fig. 3A-(e)) [150] plays a crucial role,
participating in both the formation of lamellar structures
and shaping the functional organization of the spermio-
genic nuclei. In M. brandaris, the process starts with the
formation of fibro-granular structures of 15 nm of diam-
eter [151] that coalesce into dynamic lamellae of approxi-
mately 25 nm thickness as those shown in Fig. 3A-(a) and
schematically shown in Fig. 3A-(e). Interactions with the
nuclear envelope play an important role (Fig. 3A-(a) 3)

[151] in the appearance of the lamellar pattern. As shown
in Fig. 3A-(b) and Fig. 3A-(c), spinodal decomposition
has been observed in many other organisms, such as in
the evolutionarily distant spider Steatoda grossa [77] and
in the liverwort Marchantia polymorpha [78]. Figure
3A-(b) 1-2 correspond respectively to stages III and IV
(nucleation) in Fig. 2E. In the liverwort (Fig. 3A-(c) the
stages shown correspond to those of Fig. 2E, III and V
(highly compacted chromatin in mature sperm). Beyond
these three representative species, the process of spi-
nodal decomposition is observed in the sperm of many
other organisms from plants like algae [152] and the liv-
erwort Marchantia [78] and in many invertebrate [77,
146, 153] and vertebrate organisms [76, 154] that exhibit
an extensive post-translational processing of protamine



Davie and Ausié Epigenetics & Chromatin (2026) 19:23

Phase-separated

transcriptional Entiancer
condensate KAT3A/B IDR
KMT2C/D IDR H3K27, H2BK20ac

~ . IDRs

Transcription factor ﬁ—'
IDRs

Promoter

H3K27, H2BK20ac (\o\
‘y\ Transcription factor

1
.?— Mediator, MED1 IDR

7 "/L - D )

Page 11 of 21

Pre-initiation
complex (Transcription
factors and RNAPII)

Gene Transcription

H2BK120ub H3K36me3
H3K4me3 H3K79me2
H3K27ac

H3K9%ac

<
/\KAT3A/B IDR

Created with Biorender.com

Fig. 4 Transcription condensates. Representation of enhancer-promoter interaction and the players involved in a transcriptional condensate. An ac-
tive enhancer is associated with transcription factors, writers [KAT3A/3B (also known as CBP/p300); KMT2C/D (also known as MLL3/4)], erasers (NuRD),
coactivators/readers (Mediator, KAT3A/3B, BRD4), active histone PTMs (H3K27ac, H4K20ac, H3K4me1), and chromatin remodelers (BAF and NuRD com-
plexes). KAT3A/3B catalyzes the production of H3K27ac and H2BK20ac. KMT2C/D’s product is H3K4me1. The upstream promoter region is associated with
transcription factors and KAT3A/B. The pre-initiation complex is bound to the active promoter. Different writers are involved in the genesis of modified
nucleosomes along the transcribed gene body, with the order of nucleosomal histone PTMs shown in the illustration. The IDRs of the proteins involved in
a productive enhancer-promoter coupling contribute to the formation of a transcriptional condensate. Created by Biorender.com

precursors during their spermiogenesis (Fig. 3A-(d))
[76]. The mechanism often includes protein cleavage and
PTMs such as phosphorylation (Fig. 3A-(d)).

Vertebrate sperm, like somatic cells can also exhibit the
presence of chromatin condensates that take different
shapes and conformations that can be visualized during
the chromatin condensation process taking place dur-
ing spermiogenesis and which are unrelated to SD. For
instance in some fish containing protamines such as in
the sea bass Dicentrarchus labrax, chromatin, conden-
sates in the range of 150 + 50 nm in diameter are present
[155]. Other vertebrates, like birds and mammals exhibit
rod-like and toroidal structures in which the rods have a
width of 40-50 nm and the toroids are 40 nm thick and
have an approximate diameter of 90 nm [156]. It is likely
probable that these unique condensates are produced in
a similar way by processes like those of somatic chro-
matin described in the next section. The uniqueness of
their shapes being determined by the different protamine

amino acid composition types present in each of these
organisms [157].

Biomolecular condensate formation in somatic chromatin

The very long chromatin fibers behave like a viscoelastic
polymer [158] and as such they are prone to aggregate
[159]. However, in the case of somatic chromatin con-
sisting of histones organized into nucleosome repeti-
tive units, the dynamics of local functionally relevant
domains can be simulated using chromatin fragment
models such as those in Fig. 2A that might translate
into chromatin dynamics in the cell [160]. In vitro evi-
dence for the LLPS of chromatin using these model sys-
tems was initially described by the Rosen lab [161] using
reconstituted complexes consisting of a defined DNA
template and purified histones (Fig. 3B (a)-(b) similar to
the chromatin models used in the elaboration of the data
displayed in Fig. 2A [139]. Subsequently to this first pub-
lication another paper was published by a different lab
which contradicted the earlier results and indicating that
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chromatin condensates behave as a solid in the mesoscale
and in living cells [162]. In all this experimental work,
especial caution needs to be paid to the ionic conditions
(i.e. ion composition and ionic strength) of the buffers
as well as sample preparation details used [including
DNA length [163] ] that can affect the inter-nucleosomal
interactions and ultimately determine their liquid-like or
solid-like behavior as shown in Fig. 2A [139]. As it was
pointed out in [160], the disagreement between the two
publications could be accounted for by differences with
the sample imaging and further support to the LLPS
nature of the chromatin was provided [160]. Indeed, a
very recent paper from the Rosen’s lab has shed further
light into the problem by elegantly showing that variation
in the internucleosomal linker length affecting histone-
tail interactions at the nanoscale (as it is the case of the in
the in vivo setting at the mesoscale) (Fig. 3B) are behind
chromatin condensate architecture and mechanics, a
process affected by histone acetylation [164]. Interest-
ingly, histone acetylation has the potential to weaken the
nucleosome binding energy E, in Fig. 2A, in agreement
with early structural observations made at the nucleo-
some scale [165, 166].

Chromatin behaves as a viscoelastic nucleoprotein
polymer. The suitability of polymer chemistry to account
for the formation of chromatin condensates, regard-
less of its histone or protamine protein composition has
been long ago described [159]. Hence, despite the new
theoretical approaches further developed more recently
in this field to account for the chromatin compartmen-
talization by polymer-polymer phase separation (PPPS)
[167], this is not a genuinely new concept. It is important
to recognize, however, that it is such polymeric viscoelas-
ticity that bestows chromatin with its dynamic and elastic
properties of the nuclear condensates (Fig. 3B (d)) within
the nuclear setting [158].

In vivo, in the nucleus, interaction of chromatin with
specific partners, such as, for instance, specific histone
H1 variants H1.4 and H1.5 (Fig. 3B (c)) [168, 169] or
MecP2 [113], to provide just a couple of examples, can
lead to LLPS-driven condensates. The histone H1.4 the
foci exhibit a diameter of approximately 250 nm [168]
(Fig. 3B (c)-(d)) which can be estimated to comprise
approximately 7100 nucleosomes assuming each nucleo-
some to correspond to a sphere of 13 nm in diameter and
taking into consideration a factor of 0.74 for the Kepler’s
correction for sphere packing (a schematic represen-
tation is shown in Fig. 3B (d) [170]. Interestingly, a few
IDRs of MeCP2 have been shown to be involved in the
MeCP2-driven condensates [113]. As suggested in [164],
these condensates likely form through phase separation
of small regions from one or more than one chromo-
somes and are consistent with TADs [171, 172].
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A final consideration that affects both somatic and
sperm cells has to do with the mechanical regulation of
the dynamics of their chromatin condensates that can
be affected by external cues such as osmotic pressure,
nucleoplasm fluid flow and contractile forces from acto-
myosin. Conversely, within the same dynamic mecha-
nisms, changes in the condensates can exert mechanical
effects on chromatin and nuclear stiffness [173] a good
example of which is provided by sperm chromatin [174,
175].

The need for further research on membraneless
organelles and the role of IDPs/IDRs in their assembly
still requires further research as recently pointed out
by Uversky. The low resolution techniques used for the
study of MLOs, which are stabilized by weak, transient
multivalent, “touch-and-go” interactions between IDPs/
IDRs and other biological macromolecules, it is like look-
ing at a “fuzzy herd of fuzzy elephants” [176].

Somatic cell chromatin compartments

Chromatin is organized into compartments, with
expressed genes localized in ‘Euchromatin (compart-
ment A)" and repressed genes in compartment B (het-
erochromatin). The nucleosome’s structure and histone
PTMs hold the information to form the two compart-
ments [177] and enable their phase-separated chromatin
immiscibility.

Euchromatin (compartment A)

Compartment A chromatin is associated with “active his-
tone marks” (acetylated histones). For most expressed
genes, there is an order in which the histone PTMs are
associated with the gene body. Next to the transcrip-
tion start site of expressed genes are nucleosomes with
H3K4me3, H3K9ac, and H3K27ac (Fig. 4). Going further
into the transcribed gene body are nucleosomes with
H3K79me2 and H2BK120ub followed by nucleosomes
with H3K36me3. A specific writer catalyzes each of these
histone PTMs. Modification of the histone tail IDRs
alters the structure and position of the tail, as well as its
interaction with other proteins (e.g., readers). Acetyla-
tion and ubiquitination of histones are rapidly added and
removed, contributing to the dynamics of condensate
formation and dissolution [161].

Phase-separated transcriptional condensate

Most phase-separated transcriptional condensates (PST-
condensate) (Fig. 4) form transiently with regulatory ele-
ments within compartment A. Several factors drive the
formation of PST-condensates, including the IDRs of
transcription factors, chromatin remodelers and modifi-
ers, transcription coactivators, and transcription machin-
ery [178]. The dynamic nature of the PST- condensate
enables reconfiguration in response to both external and
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internal environmental changes. In cancer, oncogenic
fusion proteins forge the formation of “oncogenic” tran-
scriptional condensate, which drives the expression of key
genes (for example, HOXAY in acute myeloid leukemia).
Changes in metabolism and cellular stresses will also
impact transcription condensate formation [179]. In the
formation and dissolution of the PST-condensate, several
factors may be involved, including modification of the
IDR and RNA [178]. Protein modification by poly(ADP-
ribosyl)ation catalyzed by poly (ADP-ribose) polymerase
and reversed by poly(ADP-ribose) glycohydrolase may
be involved in PST-condensate formation and dissolu-
tion [24, 180]. Low levels of nascent RNA produced in
the initial steps of transcription support PST-condensate
formation, while transcriptional bursting and production
of increased RNA levels would result in PST-condensate
dissolution [178, 181]. Alternatively, non-coding RNA
could be involved in the formation of PST-condensates
[182]. Clearly, there is still much to be learned about the
formation and dissolution of PST-condensates.

Gene transcription requires the formation of the pre-
initiation complex (complex of TFIID/E/F/H). Several
of the general transcription factors and subunits thereof
have IDRs. The TFIIEa subunit of TFIIE has an acidic
IDR required for its interaction with TFIIH.

Initial events in PST-condensate formation are the
binding of transcription factors and chromatin remod-
elers to nucleosome-free regions of the targeted gene
and its regulatory regions (enhancers, super-enhanc-
ers, promoters) [29]. Many of the histone-modifying
enzymes have IDRs that are likely involved in the for-
mation of the transcriptional condensate. KMT2D (also
known as MLL4) catalyzed the mono-methylation of
H3K4 at enhancers and super-enhancers. KMT2D has
large patches of Q (cluster 11) [13]. The KMT2D sup-
ports enhancer activity independent of its catalytic
activity to produce H3K4mel [183]. It is conceivable
that the IDR mediator complex of KMT2D is one of the
critical functional domains of this enzyme in establish-
ing active enhancers. Transcription factors at enhancers
also recruit the mediator complex and KAT3A/3B (CBP/
p300) [24, 184], which have cluster 11 Q-rich regions in
their IDRs. Together, the IDRs of these proteins regulate
biomolecular condensate formation and transcriptional
activity of genes [185].

Enhancers and super-enhancers, along with the pro-
teins associated with these regulatory regions, are
involved in the formation of transient macromolecular
condensates. Transcription factors, MED1 of mediator,
and reader of acetylated lysines, BRD4, have IDRs which
contribute to the formation of the condensate [186, 187].
The majority of eukaryotic transcription factors have
one or more IDRs [187]. Transcription factor binding
to regulatory sites is governed by multiple mechanisms,
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including accessibility to the binding site within chroma-
tin, typically in nucleosome-free regions, transcription
factor modifications, and protein interactions (e.g. AP1
family of transcription factors). BRD4 has KAT activity
and acetylates H3 at K122. However, when JNK phos-
phorylates BRD4 Thr1186 and Thr1212, BRD4 is dis-
lodged from its chromatin site, disrupts its KAT activity,
and associates with RNA polymerase II, and promotes
BRD4’s kinase activity [188]. Both threonines are within
BRD4’s IDR.

Super-resolution microscopy of live mouse embryonic
stem cells has investigated the formation and dissolution
of clusters comprising mediator and/or RNA polymerase
II. The mediator is present in transient (11-second) clus-
ters approximately 100 nm in diameter. Larger clusters
(condensates) (about 300 nm) had either RNA poly-
merase II or mediator. The movies provided with this
article show a dynamic interaction between the media-
tor cluster and Esrrb super-enhancer and Esrrb promoter,
consistent with the dynamic kissing model for super—
enhancer—promoter interactions [189]. A subsequent
article by these authors demonstrated that the proxim-
ity of the mediator or RNA polymerase II condensates
to the Sox2 transcription site correlated with transcrip-
tion burst size and frequency. In the three-way kissing
model, the Sox2 super-enhancer was in proximity to the
Sox2 promoter, and transcriptional bursts occurred when
the RNA polymerase II moved to encompass the super-
enhancer and promoter [190].

Replication-dependent histones are expressed in S
phase in synchrony with DNA replication in the forma-
tion of new nucleosomes. Transcription of replication-
dependent histone genes occurs within a specialized
biomolecular condensate called the histone locus body
(HLB) [191]. Nuclear Protein, Ataxia-Telangiectasia
Locus protein (NPAT) plays a critical role in HLB forma-
tion. NPAT, which binds to the promoter region of the
histone genes, recruits the TRAPP/mediator complex
and KAT5 (TIP60). NPAT has several large IDR regions:
[192]. The NPAT’s C-terminus region binds to FLICE-
associated huge protein (FLASH), which is also required
for HLB formation. The importin subunit alpha-4 (IMA4,
also known as KPNA3) binds to the nuclear localization
signal of NPAT and regulates its nuclear import. Further,
IAM4 suppresses NAPT condensation, preventing NPAT
condensation in the cytoplasm [192]. Phosphorylation
of NPAT by Cyclin E/Cdk2 plays a critical role in the
replication-dependent histone transcription. This event
is important to the HLB’s formation and growth. Inter-
estingly, the HLB persists after replication-dependent
histone gene transcription ends. There is evidence that
Cyclin E/Cdk2 plays a role in determining the size, orga-
nization and function of the HLB [191].



Davie and Ausié Epigenetics & Chromatin (2026) 19:23

The review authored by Rippe and Papantonis high-
lighted similarities between transcription factories and
PST-condensates [178]. First reported by Jackson et al. in
1993 and subsequently by other groups, multiple genes,
nascent transcripts, and RNA polymerase II were pres-
ent in discrete foci called transcription factories [193,
194]. Studies on transcription factories and PST-conden-
sates have shown that both are often adjacent to nuclear
speckles. Transcription factories and PST-condensates
share the same set of proteins (transcription factors,
mediator, BRD3/4, KAT3A/B, HDAC1/2, CDK9, chro-
matin remodelers). The active form of RNA polymerase
IT is located on the protein core surface [178]. Of note,
Jackson and colleagues showed that transcription facto-
ries were associated with a nuclear substructure known
as the nuclear matrix or nuclear skeleton [195-198].
Reversible histone acetylation was shown to be catalyzed
by KATs and HDACs bound to the nuclear matrix/skel-
eton [199]. The existence of this nuclear substructure has
been debated; however, the nuclear skeleton/matrix may
well be the remnants of protein-protein-RNA conden-
sates once chromatin has been removed.

Transcription elongation machinery

After the initiation of transcription, the C-terminal tail
(an IDR, cluster 28) of the largest subunit (RPB1) of
RNA polymerase II undergoes phosphorylation at the
S5 position of the heptad repeat Y;S,P,T,S;P¢S,. RNA
polymerase II travels about 40-100 nucleotides before
pausing. The elongation factors, the DRB sensitivity-
inducing factor (DSIF) and negative elongation factor
(NELF), stabilize the paused RNA polymerase II. The
subunits of DSIF are SPT5 and SPT4, and the subunits
of NELF are NELF-A, NELF-B, NELF-C/D, and NELF-
E. Activation of the paused polymerase is mediated by
the kinase CDK9 subunit of P-TEFb, which phosphory-
lates NELF, SPT5 and S2 of the RPB1 IDR. P-TEFb is a
heterodimer composed of CDK9 and cyclin T1, with the
active form being present in the super elongation com-
plex [200] NELF phosphorylation results in the removal
of this complex from the elongating complex.

SPT5 has two IDRs; one located in the N-terminal
region and the other in the C-terminal region. Removal
of either of these IDRs results in a reduction of the RNA
synthesis [201]. CDK9 phosphorylation of SPT5 occurs
on its C-terminal and the linker region between the
KOWx-4 and KOW5 domains [202]. SPT5 phosphory-
lation of the C-terminal IDR enhances the relocation of
SPT5 from pausing condensate to an elongation conden-
sate [201, 203].

The Facilitates Chromatin Transcription complex,
FACT, is involved in transcriptional elongation by
facilitating the removal and addition of the H2A/H2B
dimer from the nucleosome during the passage of RNA
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polymerase II. The two subunits of FACT are SSRP1 and
SPT16. SPT16 has two IDRs; one in the center of the
protein and the other acidic IDR at its C-terminal [50].
SSRP1 has a C-terminal IDR, which can be divided into
an acidic part and a basic part. The SSRP1’s IDR has the
HMG box, which binds to the nucleosome. The IDRs of
these FACT subunits are required for the displacement of
H2A/H2B from the nucleosome [50]. The SSRP1 IDR has
several CK2-mediated phosphorylation sites. In the fully
phosphorylated state, this IDR will not bind to nucleo-
somes, while partial phosphorylation states alter the
affinity of this region to the nucleosome [204].

Chromatin remodelers
BAF (SWI/SNF) is an ATP-dependent chromatin remod-
eler involved in re-structuring of the nucleosome and/
or removal of the octamer from DNA, allowing for tran-
scription factor and other chromatin-associated pro-
teins to bind the remodelled region. The subunits of BAF
include the SMARCA4 (BRG1) or SMARCA2 (BRM),
SMARCB1 BAF47, SMARCC1 BAF155, SMARCC2
BAF170, BAF250a/b (ARID1A/B). The 29 genes coding
for the BAF subunits are frequently mutated in cancer
and in neurodevelopmental diseases, with the ARID1
genes (ARID1A and ARID1B) being the highest [13].
ARID1A/B has two IDRs in its N-terminal region, with
most mutations associated with cancer or neurodevelop-
mental diseases occurring in these IDRs. The loss of IDR1
resulted in changes in the targeting of the BAF complex
and a reduction in the formation of nucleosome-free
regions [13]. In AN3CA (dedifferentiated endometrial
carcinoma) cells, nucleosome-free regions enriched in
motifs for the AP-1, NF1 and TEAD transcription fac-
tors were most impacted. Patil et al’s study demonstrated
that the N-terminal IDR and DNA-binding domain of
ARID1A/B contributed to the association of cBAF with
distal enhancers and the chromatin structural changes
in these regulatory regions [13]. Further, the N-terminal
IDR played a role in condensate formation and the asso-
ciation of mediator, RNA polymerase II, KAT3B, and
multiple transcription factors (TEADI1, NF1A, cJUN).
These studies further demonstrated that the grammar
(clusters 10, 11, and 28) of the ARID1A/B N-terminal
IDR was crucial in recruiting transcription factors and
KAT3B, as well as the proper targeting of the cBAF com-
plex. However, the cBAF complex with the ARID1A/C
IDR swapped with IDRs of other proteins did form con-
densates. The study demonstrates that the function of the
IDR in condensate formation and protein interactions is
distinct.



Davie and Ausié Epigenetics & Chromatin (2026) 19:23

Heterochromatin (compartment B)

In addition to the nucleosome properties, histone H1 and
the heterochromatin protein one (HP1) contribute to the
structure of heterochromatin [205, 206].

HP1a has three IDRs, which are located at the protein’s
N-terminal tail, between the N-terminal chromodomain
and the C-terminal chromo shadow domain (also called
the hinge region), and at the C-terminal tail [49, 207]. The
C-terminal chromo shadow domain of HP1a is involved
in dimerization.

The HPla dimer can bridge two neighbouring
H3K9me3-containing nucleosomes, promoting chroma-
tin condensation. It has been shown that HP1a dimers
can undergo LLPS to condense chromatin into a tran-
scriptionally repressed heterochromatin [208, 209]; a
process that is mediated by the phosphorylation of the
N-terminal IDR with the participation of the other two
IDR domains [210]. The binding of the HPla dimer to
H3K9me3 is enhanced with the casein kinase 2-medi-
ated phosphorylation of four serines located in HP1a’s
N-terminal tail IDR. The interaction of the phosphory-
lated serines with the positively charged lysines in the
N-terminal chromodomain is essential for the HP1la to
undergo LLPS.

Although several recent papers present evidence for
phosphorylated HP1a being involved in phase-separated
heterochromatin as well as in DNA-damage response
in repairing DNA breaks in heterochromatin [207, 211,
212], it was reported that mouse heterochromatin com-
paction was independent of HP1a [213-215]. In recon-
ciling the conflicting reports about the role of HP1a in
LLPS and heterochromatin formation, Bensaha et al.
demonstrated that while fission yeast Swi6 and Drosoph-
ila HP1a can drive heterochromatin coalescence by LLPS
in mammalian cells, mouse HP1« did not [216]. Human
and mouse HPla have reduced intrinsic disorder com-
pared to fission yeast Swi6 and HP1la, thereby reducing
mammalian HP1a’s ability to undergo LLPS. Further-
more, mammalian cells have increased levels of HP1
paralogs that counteract LLPS formation [206, 216]. The
nature of the physicochemical interactions that govern
the phase-separation behaviour of its different paralogs
(HP1a, HP1pB, and HP1y) has only recently begun to be
elucidated [217].

H1 undergoes liquid-liquid phase separation in the
presence of DNA or nucleosomes [205]. H1 binds to
HP1aq, and this interaction is regulated by H1 PTMs. H1
phosphorylation hinders the interaction between these
two proteins.

Nuclear bodies and chromatin organization

Nuclear bodies play a role in chromatin organization
and structure (218). Within the human nucleolus are the
short arms of the acrocentric chromosomes 13, 14, 15,
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21, and 22, which code for the rDNA genes. Nucleolus-
associated domains (NADs) are repressed chromatin
regions associated with the histone post-translational
modifications (PTMs) histone dimethylated at lysine 9
(H3K9me2) [24]. The nucleolus has three internal sub-
compartments (the fibrillar center (FC), the dense fibril-
lar component (DFC), and the granular component
(GC)). The IDRs of the nucleolar proteins have different
IDR sequences (grammars/codes) e.g., IDRs with D/E
tracts or K-blocks with E-rich regions. Upstream binding
transcription factor IDR has a D/E tract (located in FC);
Lyl-antibody reactive IDR has a K/E block; nucleolin
IDR has a D/E-tract and RG-rich (located in DFC); and
nucleophosmin 1 IDR has a D/E tract (located in GC).
The D/E track IDR can bind protons and lower the pH of
the nucleolar compartments to 6.5, compared to a pH of
7.2 in the nucleoplasm. King et al. [28] propose that the
proton gradient may influence the specificity of enzyme-
catalyzed reactions. Of note, the H imidazole side chain
has pK, of 6.3. At pH 6.5, the imidazole side chain is
slightly positively charged, while at pH 7.2, the side chain
is mostly neutral. The charge of the H side chain influ-
ences protein structure and protein interactions [218].

Fibrillarin, nucleolin, GAR1, and nucleophosmin are
key nucleolar proteins with IDRs involved in phase sepa-
ration [219, 220]. Fibrillarin is present in the DFC. The
IDR within fibrillarin’s (glycine and arginine rich) GAR
domain promotes phase separation. The IDR is involved
in fibrillarin self-association and in interactions with pro-
teins and RNAs [221]. Nucleolin is present in the GC.
Nucleolin has two IDR; the N-terminal IDR has four
acidic tracts [222] while the C-terminal IDR is rich in
arginine and glycine repeats. GAR1, like fibrillarin and
nucleolin, is an RG/RGG nucleolar protein. The C-ter-
minal RG/RGG repeats are required for phase separation
and sub-nucleolar compartmentalization [223]. Nucleo-
lin, fibrillarin and GAR1 have a phenylalanine-rich motif
present in the RG/RGG motif.

90% of the most highly expressed genes are, to some
extent, associated with nuclear speckles, a biomolecu-
lar condensate [224—-226]. Nuclear speckles (also called
interchromatin granule clusters) house splicing and tran-
scription factors [227], and range from 25 to 50 per cell
[224]. SRRM2 and SON play essential roles in nuclear
speckle formation. The SSRM2 and SON protein struc-
tures are primarily disordered. The IDRs of SSRM2 and
SON have R patches (cluster 26) [35]. The two proteins
differ in that SSRM2 is largely positively charged, while
SON is negatively charged. SSRM2 has serine/arginine-
rich (RS)1 and RS2 domains on either side of the IDR
[228]. Oligomerization by the RS domains is required
for SSRM2 phase separation and nuclear speckle con-
densation. Functional nuclear speckles are formed when
SRRM2 condensates coexist with SON as dense phases.
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Concluding remarks

As early as in 1982, Grau et al. made an observation
according to which, in the presence of 0.5 mM MgCl,
dinucleosomes gave rise to complexes of about 40 nm
in diameter resembling those found in native chromatin
[229]. Although there was no obvious explanation for it
at the time, in 2016, linear 12-mer nucleosomal arrays
in the presence of magnesium were similarly shown to
assemble into reversible globular complexes that range in
size from ~ 50 nm to ~ 2000 nm [230]. Interestingly, in
the elaboration of the model described here to account
for the somatic chromatin LLPS and SLPS, in Fig. 2A
[139] the authors used 12-mer nucleosome arrays and the
change in the nucleosome binding energy of all the inter-
nucleosomal interactions (which requires the minimum
presence of a dinucleosome) as a function of the con-
centration for their analysis. The interesting coincidence
of all of this, confers legitimacy to this model while pro-
viding an important theoretical framework towards our
further understanding of the association behavior of the
chromatin fiber and the nuclear condensates it forms. In
this process, the intrinsic disorder of the histones [231],
like with sperm protamines [76], play a critically impor-
tant role and provide a very good example of the connec-
tion between LLPS and protein IDRs as discussed in this
review.
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